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ABSTRACT

The reduction of machining errors has become increasingly important in modern
manufacturing in order to obtain the required quality of parts. Geometric error makes
up the basic part of the inaccuracy of the machine tool at the cold stage; however, as
the machine running time increases, thermally-induced errors start to play a major
role in machined workpiece accuracy. Dimensional accuracy of machined parts
could be affected by several factors, such as the machine tool’s condition, the
workpiece material, machining procedures and the operator’s skill. Of these, the
machine condition plays an important role in determining the machine’s performance
and its effects on the final dimensions of machined parts. The machine’s condition
can be evaluated by its errors which include the machine’s built-in geometric and
kinematic error, thermal error, cutting force-induced error and other errors.

This research represents a detailed study of the effects of thermal errors of a
machine tool on the dimensional accuracy of the parts produced on it. A new model
has been developed for the prediction of thermally-induced errors of a three-axis
machine tool. By applying the proposed model to real machining examples, the
dimensional accuracy of machined parts was improved. The research work presented
in this thesis has the following four unique characteristics:

e Investigated the thermal effects on the dimensional accuracy of machined
parts by machining several components at different thermal conditions of a
machine tool to establish a direct relationship between the dimensional
accuracy of machined parts and the machine tool’s thermal status.

e Developed a new model for calculating thermally-induced volumetric error
where the three axial positioning errors were modelled as functions of ball
screw nut temperature and travel distance. The influences of the other 18
error components were ignored due to their insignificant influence.

e Employed a Laser Doppler Displacement Meter (LDDM) with three
thermocouples, instead of the expensive laser interferometer and the large
number of thermocouples required by the traditional model, to assess the
thermally-induced volumetric errors of a three-axis CNC machining centre.
The thermally-induced volumetric error predictions were in good agreement
with the measured results.

e Applied the newly developed thermally-induced volumetric error
compensation model for drilling operations to improve the positioning
accuracy of drilled holes. The results show that positioning accuracy of the
drilled holes was improved significantly after compensation. The absolute
reduction of the positioning errors of drilled holes was an average 30.44 pm
at the thermal stable stage, while the average relative reduction ratio of these
errors was 77%. Therefore, the proposed thermally-induced volumetric error
compensation model can be an effective tool for enhancing the machining
accuracy of existing machine tools used in the industry.
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Chapter 1

Introduction

1.1 General

Machining is a significant industrial process carried out in most economically
developed countries. A country’s level of machining activity is directly related to its
level of technology and economic wealth. Typically, machining operations serve
large manufacturing facilities such as automobile, railway, ship building, aircraft
components, home appliance, consumer electronics and construction industries. The
cost of machining amounts to more than 15% of the value of all manufactured
products in all industrialized countries [1]. A survey to 28 principle producing
countries found that the total production of new machine tools was $92.7 billion in
2011 [2]. The national consumption of new machine tools in the USA from April
2010 to April 2011 was about $4.618 billion according to a survey jointly conducted
by the Association for Manufacturing Technology (AMT) and the American Machine
Tool Distributors’ Association (AMTDA) [3].

Machining is one of the most common manufacturing processes and can be
applied to a wide variety of work materials such as metals, plastic and composites.
Although ceramics are difficult to cut because of their high hardness and brittleness,
most ceramics can be successfully cut by the abrasive machining processes. In
addition, machining can be used to create any regular and irregular geometry, such as
flat planes, round holes, cylinders, screw threads and T-slots. Machining can produce
very close tolerance. Some conventional machining processes are capable of
producing tolerance of +0.025 mm [4], much more accurate than most other
manufacturing processes. Machining is also capable of creating very good surface
finishes; roughness values as low as 0.4 micron can be achieved in some
conventional machining operations [4].

In today’s highly competitive market, the quest for high productivity and
workpiece quality has led to major developments in machining. The most significant

revolution in the machining field in the last century is the development of the
1
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Computer Numerical Control (CNC) machine tool. CNC is a form of programmable
automation controlled by a program containing coded alphanumeric data. The data
represent relative positions between a tool and a workpiece. The operating principle
of the CNC is to control the motion of work head relative to the workpiece and to
control the sequence of motions.

The machining efficiency and workpiece accuracy of a CNC system are far
better than the conventional machine tool due to its feedback system. However, it is
impossible to produce any error-free workpiece using any type of machine tool. In
some cases, the error produced by a CNC machine tool can even be higher than what
is expected, despite the high order of machine accuracy claimed by the CNC
machine tool’s manufacturer.

Workpiece accuracy can be affected by several factors of which the following are
the most significant ones [5]:

(1) the type of material machined,

(2) the shape of the part, its rigidity and stability,

(3) the surface area or size of the surface machined,

(4) the number of operations required to finish machine the dimension,

(5) the condition of the machine and

(6) the skill of the machine operator.

The machine condition includes the machine tool’s geometric and kinematic
errors, thermal errors, cutting force-induced errors, and other errors. Geometric and
kinematic errors comprise the basic component of machine errors which affect the
machining accuracy in the cold stage. However, as the machine tool’s running time
increases, thermal expansion and distortion cause significant changes in the machine
tool’s condition. Thermally-induced errors could comprise 40%-70% of total
dimensional and shape errors of a workpiece [6]. Therefore, in precision machining,
the thermal effect plays an important role on workpiece accuracy, the investigation of

which is the focus of this research.

1.2 Overview of Machining Technology

Machining is the broad term used for describing the removal of unwanted material
from a workpiece in the form of chips. It is an industrial activity for changing the

shape of raw material to create component parts. Due to its capability of producing

2
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high tolerance and smooth surface finishes, machining is often performed after other
manufacturing processes such as casting, forging and bar drawing to provide the final
geometry, dimensions and surface finish. However, the two major drawbacks of
machining processes are that it is relatively slow and it produces a large amount of
waste in the form of chips.

There are various types of machining processes, each of which is capable of
generating a certain part geometry and surface texture. The three most common types
are: turning, drilling and milling. Other machining operations include shaping,
planing, broaching and sawing. The common feature of different machining
processes is the use of a cutting tool to form a chip removed from the workpiece. To
perform this operation, relative motion is required between the tool and the
workpiece. This relative motion is achieved in most machining operations by means
of a primary motion, called the cutting speed, and a secondary motion, called the
feed rate. These motions, together with the shape of the tool and its penetration into
the work surface (depth of the cut), produce the desired shape of the work surface.

The three most important elements in a machining process are the machine tool,
the cutting tool and the cutting conditions. The machine tool is used to hold the
workpiece, position the cutting tool relative to the work and provide the power for
the machining process. A cutting tool that has one or more sharp cutting edges is
employed to form chips which are removed from the workpiece. The most
commonly used tool materials are: high speed steel (HSS), cemented carbides,
ceramics, cermets, cubic boron nitride (CBN) and diamond. Cutting conditions
include cutting speed, feed rate, depth of the cut, and cutting fluid. A cutting fluid is
often applied to the machining operation to cool and lubricate the cutting tool.
Decisions on selecting the machine tool, the cutting tool and the cutting conditions
must give due consideration to workpiece machinability, part geometry, surface
finish, and so forth.

Machine tools available today can be classified into two categories: manual
machine tools and CNC machine tools. Manual machine tools are tended by a human
operator, who loads and unloads the workpieces, changes cutting tools and sets the
cutting conditions. CNC tools are designed to accomplish their operation with a form
of automation. Both systems have various errors built-in during the construction of
the machine tool and produced during the machining. These errors have significant

effects on machining accuracy.
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1.3 Machining Accuracy

1.3.1 Accuracy and error

The accuracy is defined as the closeness of agreement between a test and the
accepted reference value. Error is the amount by which a measured value deviates
from its true value. It is closely associated with accuracy. In a machine system,
accuracy is the maximum transitional or rotational error between the desired position

and the actual position [7].

1.3.2 Machine accuracy

The machine accuracy of a CNC machine refers to the ability of the CNC machine to
produce a component within the specified degree of accuracy. The machine accuracy
of a CNC machine depends on the structure of the machine as well as on the NC

system; therefore, it is the accuracy of the machine tool itself.

1.3.3 Machining accuracy

The machining accuracy, also known as the working accuracy, workpiece accuracy
or dimensional accuracy of machined parts, is the accuracy achieved on the
machined workpiece. It is obvious that machining accuracy will depend on machine
accuracy. Machining accuracy (dimensional accuracy of machined parts) reflects the
product quality. According to current dimensioning and tolerancing standards,
product quality is evaluated through [8]:

(1) size tolerance,

(2) geometric tolerance, including form, orientation and location tolerance, and

(3) surface texture characteristics.
Size and geometric tolerances are known as dimensional tolerance, which determines
dimensional accuracy. In turn, dimensional accuracy shows the degree of agreement

of the measured dimension with its desired magnitude.

1.3.4 Why dimensional accuracy of parts is important

Dimensional accuracy of parts is the best way to judge the product’s quality.
High-quality products are capable of performing precision functions which are
widely used in high-technology industries, such as aerospace, biomedical and

precision instruments. Although high-accuracy machining increases manufacturing
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costs, it may generate considerable savings in the long run. For instance, when a

model aircraft’s petrol (gasoline) engine is improved by machining parts to high

accuracy, the gap between the piston and the cylinder can be made small enough that

the piston ring can be eliminated, reducing the cost by 25%. Moreover, without

piston rings, a great engine output is obtained because there is less frictional

resistance, the wear is minimized, and the assembly or disassembly is easer [9, 10].

In general, machining a part to high accuracy is capable of [10]:

Creating a highly precise movement

Reducing the dispersion of the product’s function

Making the parts interchangeable so that corresponding parts made by other
factories or firms can be used in their place

Eliminating the need for adjusting mechanisms and making the assembly
and/or adjustments for subsequent processes easier. Specifically,
high-accuracy parts are capable of making automatic assembly possible
Making functions independent of each other

Maintaining the same level of relative accuracy when the miniaturization is
introduced

Reducing the number of required parts to minimize accumulated error and
improving the probabilistic reliability

Improving the efficiency of the machine

Reducing the initial costs

Reducing the running costs

Extending the life span

Miniaturizing parts for portability

Proving initially the validity of a new design; once proven, the accuracy can
be relaxed while monitoring performance to achieve the required
productivity

Enabling the design safety factor to be lowered

Therefore, it is imperative to move away from the wrong belief that

high-accuracy machining is costly, and realize that high-accuracy machinery often

increases product value. The difference in accuracy may be the factor that determines

the product’s success in today’s competitive market.
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To achieve high accuracy, it is important to learn all the factors that affect the
dimensional accuracy of machined parts. As discussed in Section 1.1, there are six
factors affecting the dimensional accuracy. This research will concentrate on the
effects of machine conditions (or machine tool errors) on dimensional accuracy of

machined parts.

1.4 Machine Tool Errors

In general, a machining centre consists of a bed, column, spindle, slide and various
linear and rotary axes. Each of these elements contributes error components to the
total errors of the system. The total errors of the machine system can broadly be
classified as: geometric and kinematic errors, thermal errors, cutting force-induced

errors and other errors.

1.4.1 Geometric and kinematic errors

Geometric and kinematic errors constitute the largest source of inaccuracy and are
dominant under a machine’s cold-start conditions. Their typical sources are:

(1) within the machine due to its design,

(2) inaccuracies built-in during assembly,

(3) results from tolerance of components used on the machine, and

(4) concerned with quasistatic accuracy of motion surfaces relative to each other.
The total geometric and kinematic errors include errors associated with axial
movements of the carriages, such as positioning error, straightness error, pitch error,
yaw error and roll error as well as errors associated with rotation of the spindle, such
as spindle radial drifts, spindle inclination and spindle radial play. A detailed list of

geometric and kinematic errors is shown in Table 1.1.

1.4.2 Thermal errors

As the machine running time increases, errors caused by thermal expansion and
deformation play a key role in the inaccuracy of machining. The changes of thermal
condition not only increase the level of basic geometric and kinematic errors in value,
but also add more error components to the machine’s error budget, such as spindle

thermal deflection, column bending, workpiece and bed thermal deflection, etc.
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1.4.3 Cutting force-induced errors

In recent years, cutting force-induced errors have become more and more severe due
to the application of extreme cutting conditions, such as high speed machining. In
such conditions, the part is machined from its raw form directly to the finished shape
which involves deep depths of cuts and single operations. Therefore, cutting forces as
well as temperature become an important source of part distortion and subsequently
dynamic or quasistatic errors.

Other errors in CNC machine systems could include the fixture error, controller

error, etc. Table 1.1 shows an accurate list of machine errors.
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Table 1.1: Error Types [7]

Geometric and Kinematic Errors Thermal Errors
Positioning errors Spindle axial growth

Straightness errors of each axis in its perpendicular Spindle radial drift
axes

Pitch angular error Spindle thermal deflection

Roll angular error Distortion of the spindle region

Yaw angular error Expansion of the lead screw drive

Abbé error Expansion and bending of machine
column

Reversal errors Expansion and bending of machine base

Backlash errors Workpiece and bed thermal deflection

Squareness errors between two axes Thermal parasitic errors

Contouring error of each axis Cutting Force-Induced Errors

Hysteresis errors Material instability errors
Non-perpendicularity of axes Vibration

Spindle radial drift
Spindle axial deviation
Acceleration of axes

Workpiece and bed elastic deflection
Instrumentation errors
Tool wear

Spindle inclination (tilt or wobble errors) Spindle elastic deflection

Spindle radial play (run-out error) Cutting force parasitic errors

Friction and stick-slip motion errors Fixture Errors
Inertia force errors while braking/accelerating Axes offset error
Machine assembly errors Workpiece slippage

Parasitic movements Workpiece fixture deformation

Controller Errors

Servo errors

Interpolation algorithmic errors
Mismatch of position loop gain
Instrumentation errors

Noise

1.5 Problem Statement

The performance of machine tools in terms of accuracy is defined by the error of the
relative movement between the cutting tool and the workpiece. This relative error is
commonly known as volumetric error. Volumetric error includes all the errors
presented in the machine tool error budget listed in Table 1.1. However, some error
components are not included in the mathematical model because their effects are

insignificant. The traditional model for a three-axis machine tool includes 21 error
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components, the details of which are given in Chapter 4.

The traditional volumetric error model is effectively applied to a machine’s cold
start stage. As the machine running time increases, the machine’s thermal expansion
and distortion become the main contributors to volumetric errors. The traditional
volumetric error model no longer effectively demonstrates the real error produced
between the cutting tool tip and the designed workpiece dimension. The key
deficiencies of the traditional model are:

(1) the 21 geometric error components included in the traditional model are
constant values which do not vary with the thermal status of a machine tool, and

(2) measuring thermal variations of the 21 geometric errors at different thermal
statuses requires a high-accuracy and costly measuring instrument, such as a laser
interferometer.

During measurement, the laser interferometer has to be located in the proximity
of the machine tool, and a large number of thermocouples must be attached at
different locations which makes it complicated, costly and time-consuming. As a
result, in spite of numerous researches published in this area, the findings cannot be

applied in the industry to improve the dimensional accuracy of machined parts.

1.6 Objective of the Thesis

The objective of this research is to investigate the effects of thermal errors of a
machine tool on the dimensional accuracy of machined parts. To achieve this goal,
first a new model will be developed for calculating thermally-induced volumetric
error by combining the dominant thermal error components into the traditional
geometric error-based volumetric error model. Subsequently, the proposed model
will be simplified to make it suitable for industrial applications. Finally, the newly
developed model will be verified for its accuracy and applied for improving

dimensional accuracy of component parts.

1.7 Layout of the Thesis

The specific objectives and relevance of each chapter of this thesis to the
achievement of the main objective are stated below:

Chapter 1: The objectives of this introductory chapter are to introduce the topic
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and to justify the reason for undertaking this research.

Chapter 2: The objectives of this chapter are to understand the state of the art
regarding thermal error modelling and compensation and to apply the acquired
knowledge in formulating the future direction of this research.

Chapter 3: The objective of this chapter is to perform a preliminary study to
investigate the relationship between dimensional accuracy of the workpiece and the
machine tool’s thermal status. A number of workpieces will be machined at different
thermal statuses while the machine tools and their dimensional accuracies will be
measured offline.

Chapter 4: The objective of this chapter is to develop a new model for predicting
the effects of thermally-induced errors of a machine tool on the dimensional accuracy
of machined parts. The model should be suitable for application in today’s industry.

Chapter 5: The objective of this chapter is to validate the newly developed
thermally-induced error model by performing practical experiments in a CNC
machining centre. The error components of the machined tool will be measured using
a precision measuring instrument, and the predicted values will be compared with the
measured values.

Chapter 6: The objective of this chapter is to apply the newly developed
thermally-induced volumetric model for error compensation during machining to
demonstrate the effectiveness of the model developed in this research.

Chapter 7: The objective of this chapter is to highlight the achievement of this
research, to draw conclusions from the whole project and to propose areas of future

research interest in thermal errors.
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Chapter 2

Literature Review

2.1 Introduction

As indicated in Chapter 1, machine errors originating from the condition of a
machine tool have significant effects on the dimensional accuracy of the component
parts produced on it. Consequently, extensive researches have been carried out in this
area. The objective of this literature review was to identify the state of the art and
apply the acquired knowledge in formulating the future direction of this study. From
the extensive literature review, it has been established that temperature-induced error
has the most significant effects on the dimensional accuracy of machined parts after
continuous usage of the machine tool. Therefore, an investigation of
thermally-induced machine errors and their influences on the dimensional accuracy
of machined parts is of particular interest to today’s industry.

This chapter summarizes the research efforts on the effects of three major types
of machine tool errors on the dimensional accuracy of parts, viz. (1) geometric and
kinematic errors, (2) cutting force-induced errors, and (3) thermal errors. Brief
introductions of geometric and cutting force-induced error research are given in
Sections 2.2 and 2.3, respectively. Section 2.4 presents detailed treatment of the
effects of thermal errors, which is the focus of this thesis. Finally, the limitations of
previous research are highlighted in the concluding remarks.

Over 100 publications were reviewed during this study and have been classified
into three groups according to the error type (as described in Section 1.4). The list of
publications presented in Table 2.1 demonstrates the research progress in the field of
machine errors.

Table 2.1: Summary of Literature Survey

Group No | Research Area References

1 Geometric & Kinematic Errors | [11], [12-25], [97], [100], [101]
2 Cutting Force-Induced Errors [11], [26], [100], [101]

3 Thermal Errors [6], [27-111]

11



Chapter 2: Literature Review

2.2 Research on Geometric and Kinematic Errors

Geometric errors are those errors that are extant in a machine on account of its basic
design, the inaccuracies built-in during assembly and as a result of the components
used on the machine. Kinematic errors are concerned with the relative motion errors
of several moving machine components that need to move in accordance with precise
functional requirements [11]. These errors are particularly significant during the
combined motion of different axes; therefore, such errors are more pronounced
during actual machining.

Geometric and kinematic errors form the basic inaccuracy of the machine tool in
its cold start stage. These errors can be broadly grouped into two classes: one is
errors associated with the axial movement of carriages, such as positioning errors,
straightness errors, pitch error, yaw error, roll error, contouring errors and machine
assembly errors; the other is errors associated with the spindle rotation, such as
spindle radial drift, spindle axial deviation and spindle inclination. A detailed list of
these errors is given in Table 1.1. The most popular way dealing with these error
components is through volumetric error compensation, but not all of the error
components are included in the volumetric error compensation model. For a
three-axis machine tool, the commonly applied compensation model includes 21
error components [12-17]. Further treatment of volumetric error can be found in
Chapter 4.

The first geometric error model was developed in 1977 by Schultschick [18] who
formulated a geometric error model for a three-axis jig boring machine. Shortly after,
Ferreira and Liu [19] developed a general method for modelling the geometric error
of a three-axis machine based on the homogeneous co-ordinate transformation.
Subsequently, extensive researches [20-25] have been carried out in this area. The
current most common method is modelling the whole machine as a rigid body
consisting of a series of linkages. Each linkage has its own error components. Since
the whole machine slide system is a chain of moving linkages, tool position can be
obtained by multiplying linkage error transformation matrices. The three transitional
errors (linear error and straightness errors) and three rotational errors (roll, pitch and
yaw) are described by a 4 x 4 transformation matrix for a typical carriage as Ty, Ty,
and T,. Similarly, squareness errors are also represented by a 4 x 4 transformation

matrices as Ty, and Ty,. The total position error, E, due to the carriage movement can

12
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be represented by the equation Eq. 2.1 [13]:

E=T, +TyZ +T, +Ty +T, (2.1)

Measurement of the error components in a three-axis machine tool is typically
carried out with the help of a laser interferometer that is capable of measuring most
of the errors. However, the angular roll of the axes is measured by an electronic level
[13]. In some cases, error measurement is conducted by a master block and a set of
gauge blocks [20]. Measurement of the error components is also often done off-line
where each error component is measured individually. Ni and Wu [14] devised a
special optical system that could simultaneously track on-line up to five errors on
each axis. In addition to measurements using the laser interferometer and gauge
blocks, certain other tests like contouring accuracy and circular tests are conducted in
order to identify the contouring accuracy of the machine and the backlash in each

axis respectively [15, 16].

2.3 Research on Cutting Force-Induced Errors

Errors in the workpiece could be caused by excessive deformation at the cutting tool
and the workpiece interface due to cutting action [11]. This type of error is one of the
major sources of error in metal-cutting machines as the force involved in the cutting
action is considerable. As a result of the cutting force, the position of the tool tip with
respect to the workpiece varies on account of the distortion of the various elements
of the machine. Depending on the stiffness of the structure under the particular
cutting conditions, the accuracy of the machine tool would vary.

While real time compensation techniques for geometric and thermal errors have
successfully improved machine tool accuracy, most of the current error compensation
research has not considered the errors generated due to cutting forces. The argument
that has been put forward for neglecting cutting force-induced errors is that, in finish
machining, the cutting force is relatively small; as a result, the resultant deflection
could be neglected. However, in some cases, the cutting force could be very large
and therefore should not be neglected. Forces usually are measured by piezoelectric
sensors, strain gauges or dynamometers. The compensation system reads the forces

from the sensors in real time and the slide positions from the linear scales or

13
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encoders before applying the mathematical models to calculate the cutting
force-induced error components. These errors are then synthesised, and the
compensation values for each of the axes are calculated. The values are then

transferred into the CNC of the machine to effect the desired compensation [26].

2.4 Research on Thermal Errors

The accuracy of the workpiece produced in metal cutting machine tools is largely
influenced by deviations from the planned relative movement between the tool and
the workpiece. The deviations might be caused by the thermal expansion and
deformation of the machine structure. Continuous usage of a machine tool generates
heat at the moving elements, which causes expansion of the structural linkages of the
machine that leads to the inaccuracy of positioning the tool. Such errors are called
thermal errors and constitute a significant portion of the total error in a machine tool
[27].

2.4.1 ldentification of thermal errors

The effects of thermal errors on machining accuracy were first recognized by
researchers in around 1960. In a 1967 CIRP (International Academy for Production
Engineering) keynote paper, Bryan [28] reported the state of thermal error research.
Since then, numerous researches in the manufacturing field have been reported
[29-41]. In 1990, Bryan [6] summarised observations of CIRP members in another
CIRP keynote paper. Opitz reported that the errors caused by thermal deformations
have the same or higher order of magnitude as those errors due to the kinematic
accuracy and the static and dynamic compliance [6]. Mottu reported that 50% to 60%
of errors in precision parts result from thermal errors [6]. Peklenik suggested that the
percentage of error from thermal effects may lie between 40% and 70% [6].

As the machine tool accuracy, tooling and cutting performance improve, thermal
effects become more critical in their contribution to workpiece quality. Therefore,
many researchers believe that the problem related to thermal errors will be one of the
most important and troublesome problems in dimensional metrology and precision
engineering in the upcoming decades. Bryan [6] observed that the increasing
application of automatic manufacturing systems may necessitate a wider

investigation into thermal-induced errors. Moore and Victory [32] reported that
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thermal expansion is capable of causing troublesome dimensional changes in both
workpieces and machines; therefore, the potential reduction in accuracy is neither
insignificant nor inevitable. Bryan [28] concluded that the reduction of the thermal
sensitivity of machine tools is of great importance and should be the topic of future
research activities. Bryan [6] reported that machining accuracy is more often
governed by thermal deformation of the structure than by dynamic stiffness.

Since 1967, some significant developments have taken place for improving
tolerance capabilities of machine tools, such as the introduction of computers, laser
interferometers, diamond turning machines and co-ordinate measuring machines
(CMMs). However, in spite of all of these developments and some excellent research
work in this field, not much has changed in industry. There were several versions of
explanation about this phenomenon; most researchers agree that both the high cost of
temperature control and the lack of education in industry theories are responsible for
this. Bryan [6] believes that the problem is lack of education rather than cost. His
theory was supported by a very common fact that the sun was allowed to shine
directly on machine tools and measuring machines in a majority of factories and even
in university research laboratories in that time period. Therefore, he suggested that
the researchers who understand the real situation should make a sufficiently strong
effort to explain this knowledge to industry workers.

The situation changed in the 1990s when the machine tool manufacturers
indicated an increasing willingness to collaborate on research to minimize the
influence of thermal effects [6]. With the cooperation of the industry and the
improvement of computer technology and high-accuracy measuring instruments, the
research of thermal error reduction and its application in industry made significant

progress by the end of the 20th century.

2.4.2 Classification of thermal problems

The overall thermal problems could be divided into two major categories: (1) the
effects of uniform temperature other than the standard temperature of 20°C, and (2)
the effects of non-uniform temperatures, such as temperature gradients and
temperature variations, as shown in Fig. 2.1. For every measuring and machining
operation, there are three elements, namely, the machine frame, the part and the

master (or scale), affected by thermal deformation [6].
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Figure 2.1: Thermal Effects Diagram [6]
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Six heat sources are diagnosed in a machine tool [6], as shown in Fig. 2.1: (1)
heat generated from the cutting process; (2) heat generated by the machine; (3)
heating and cooling influence provided by the various cooling systems; (4) heating or
cooling influence provided by the room; (5) the effect of the people; and (6) thermal
memory from any previous environment. Room environment and coolant systems are
the only influences that can create uniform temperatures other than 20°C. The
remaining heat sources will cause either steady-state temperature gradients or
temperature variation. Therefore, thermal error is a time and space variant error
source.

All sources affect the three-element system through the three possible modes of

heat transfer: conduction, convection and radiation, as shown in Fig. 2.1.

2.4.3 Thermal error reduction

The measures proposed by the researchers to reduce the thermal influence fall into
three categories [42-47][49-67]: (1) control of heat flow into the machine system, (2)
redesign of the frame and scale to reduce their sensitivity to heat flow, and (3)
compensation through controlled relative motions within the frame.

Temperature-controlled rooms, boxes and insulation on sensitive elements of the
machine are examples of the first type of measures, i.e. controlling heat flow into the
frame. As people in industries have begun to realize the thermal influence of the
environment on machining accuracy, some progress has been made on
temperature-controlled rooms (clean rooms) in recent years. The clean rooms
industry is now a mature business with good standards, test methods and design
principles. Nevertheless, the temperature-controlled rooms of the best quality
available are not good enough to do justice to a large percentage of the world’s
existing precision engineering equipment. Air and liquid showered boxes are
necessary to allow the potential repeatability of this equipment to be revealed and
exploited. Boxes consume less energy, they are cheaper than rooms, and they can be
moved with the machine if necessary [6].

The feasibility of special boxes has been demonstrated on liquid showered
diamond turning machines [46], liquid showered production machines [39], and air
showered diamond turning machines [47]. Wirtz [6] kept his Co-ordinate Measuring
Machine (CMM) working at 20+0.1°C by building a box around it and installing an

air shower inside. With this machine enclosed in a temperature-controlled box, he
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was able to (1) save energy; (2) provide better temperature control than before for the
machine that greatly needed it; (3) isolate the machine from the operator’s body heat;
and (4) provide more comfortable temperature control for the students and faculty
that utilise the rest of the laboratory for thermally less critical measurements such as
surface finish. Fig. 2.2 shows individual precision gear grinding machines enclosed

in temperature-controlled boxes in a big industry.

Figure 2.2: Temperature-Controlled Box for Gear Grinding Machine [48]

The selection of aluminium beams for the slide ways of a measuring machine is
an example of the second type of measures, i.e. redesigning the frame to reduce
sensitivity to heat flow. The high conductivity of aluminium minimizes the
temperature difference between the top and bottom of the beam which in turn
minimizes the thermal distortions and consequent angular motion and Abbé error
[49]. Some researchers [50-54] also suggested using less sensitive to heat materials
like cement concrete, fibre-reinforced plastics, etc. in the construction of machine
tools. Spindle thermal growth caused by spindle friction is another source of errors in
a machine tool. As such, a number of researchers [55-57] have dealt with the spindle
friction problem. Instead of the more typical steel, the spindle was made of carbon
fibre [55]. Spindle growth was reduced from 30 microns for steel to 2 microns for

carbon fibre at 5000 rpm. Weck [6] selected ceramics in the design of aerostatic and
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hydrostatic spindles. The ceramic air bearing had axial displacements of only one
micron at 1200 rpm for five hours. If one ignores the cost and concentrates on the
solution, optimizing the design of the machine tool is the most effective measure.
Design measure alone is insufficient; however, to completely avoid thermal
displacements, compensation techniques (the thermal error reduction measures
presented in the third group) are necessary for increasing the working accuracy
especially of numerically controlled machine tools [52]. Trapet and Waldele [49] also
predicted that “...in the future, temperature-related errors will be reduced by
combined approaches comprising numerical correction and thermo-mechanically

advanced construction...”

2.4.4 Compensation techniques

Error compensation is defined as “a method of cancelling the effect of the error by
predicting it using a model built for the purpose” [6]. There are two basic approaches
to error compensation: (1) pre-calibrated error compensation and (2) active error
compensation. The pre-calibrated error compensation technique is based on the
assumption that the errors and the measurements are repeatable. In active error
compensation, the identification of the error and its control are done simultaneously
during machining. There are two general approaches to the identification of errors for
active compensation: (1) through an in-process (on-line) gauging and (2) with a
mathematical prediction.

Active error compensation through in-process gauging is difficult to implement
because it needs highly effective on-line sensors. Due to the developments of sensing,
modelling and computer techniques, real time error compensation based on the
software approach (mathematical prediction) has received wide attention to further
improve the machine accuracy through cost-effective measures [68].

The common procedure for the software approach is: (1) measure the
temperatures of critical points on the whole machine space and also the errors
induced in the machine at these temperature conditions; (2) match the thermal error
data with the temperature readings in order to arrive at a generalized error model that
could predict the error depending on the measured temperature values during actual
machining; and (3) combine the predicted thermal error values into the individual
geometric error components with the help of homogeneous transformation matrices

to calculate the compensation data. The compensation data is then transferred to the
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CNC controller that carries out the actual compensation. These activities, namely
collection of temperature data, collection of encoder feedback signals from the
machine, generation of temperature-thermal error map, evaluation of the
compensation to be carried out at each axis and interfacing of this data to the
machine, are all carried out by an externally situated PC. Compensation is done
either by interrupting the encoder feedback and adding/subtracting quadrature pulses
or by shifting the origin of the axes during cutting. Thus real time compensation of
thermal errors could be achieved.

Measurement of temperature and errors. Measurement of the temperature and
error components is the first step towards the goal of improving the accuracy of
machine tools. It is also an important requirement for accurate modelling and
compensation.

Measurement of temperatures has generally been carried out through
thermocouples, which are mostly of foil type construction, either T-type or J-type.
Some researchers also used platinum resistance thermometers and thermistors to
measure the temperature [69]. The sensors are pasted onto the surface of the heat
source and the data monitored periodically. However, the accuracy of surface
temperature measurements is greatly reduced by a host of factors, such as: (1) the
distortion of the temperature field at the surface area; (2) the presence of a surface
coating (e.g., paints) which acts as an additional thermal barrier; (3) imperfect
contact between the thermocouple and the surface; and (4) the uncertainty associated
with the exact location of the effective junction of the thermocouple [70].

A laser interferometer is widely used to measure the position and orientation
errors between the tool and the workpiece, while an electric level is used for the
angular roll, the capacitance probe and the optical probes for the spindle drift [71].

Modelling of the thermal error. For effective error compensation, accurate
modelling is essential. Homogeneous transformation matrices (HTM) have been
applied to model the geometric errors of the machine tool. A kinematic linkage chain
of the machine tool is established between the various linkages (axes) and the tool.
Thermally-induced errors are typically modelled by various techniques, such as the
finite element method (FEM) [72-74], artificial neural networks (ANN) [75, 76] and
multi-variant regression (MRA) [75, 77].

FEM is an analytical technique which attempts to capture the entire temperature

profile from a finite number of temperature measurements. According to some
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researchers’ experience [52], analytical techniques such as the finite element or
differential method are suitable only for a qualitative description of the thermal
behaviour of machine tools because of unknown boundary conditions. Empiric
equations have to be utilized for calculating the amount of thermal energy as well as
the convective coefficients, as these values cannot be calculated by analytical
methods.

ANN is a popular method to develop empirical models between discrete
temperature measurements and thermal errors. The MRA model has the advantage
that the physical meaning of the model can be easily interpreted. The advantage of
the ANN model over the MRA model is that multiple thermal errors could be easily
modelled, and thus complex models could be automatically learned. However, the

physical meaning of the ANN model is difficult to interpret from the error model.

2.4.5 Research progress on thermal error compensation

Extensive researches have been done in thermally-induced error measurement, error
modelling and error compensation. Representative examples of the works carried out
in these areas are listed herein. These research works have been classified into three
categories according to the machine operating condition during the experiment: (1)
temperature and related thermal errors are measured under air cutting (idle running
the machine); (2) temperature and related thermal errors are measured under real
cutting (i.e. real machining); and (3) complete compensation systems.

Air cutting. Most researchers [77-89] conducted their experiments under idle
running conditions, commonly known as “air cutting”. It is convenient for
measurement and also saves material cost. Yoshida et al. [78] analysed the effect of
thermal deformation on the accuracy of a cylindrical grinding machine. The
temperature distribution of the grinding machine was determined at about 50 points
by means of thermistors. Test stands were built around the machine, and strain
gauges were mounted at the 30 measuring points to measure the thermal
displacements. The distortion of slide ways was calculated using simple regression
equations constructed on the basis of temperature distribution and thermal
displacement of the machine. The bed of the cylindrical grinding machine was
assumed to be a simple beam. Thermal deflection of the beam was calculated under
various kinds of temperature gradients. It was concluded that variation of the

cylindrical accuracy of the workpiece was caused by the thermal deformation of the
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bed of the grinding machine and that this error could be determined by measuring the
temperature distribution or the thermal deformation of the machine.

Experiments conducted at the lab of Purdue University [79] have shown that
thermal effects on the accuracy of NC machine tools could be predicted by
monitoring the temperature of a few selected points on the machine. A laser
interferometer was employed in the measurement of the error components. Four
thermometers were mounted at points around the machine to monitor room
temperature. Both the data acquisition system and the interferometer were interfaced
to a microcomputer. Finite element techniques were employed to obtain the
deformations. Their research showed that the accuracy of the machine tool could be
predicted by measuring the temperature at a few points on the structure applying a
finite element model.

Instead of applying multiple variable regression, Kim and Cho [72] used finite
element methods (FEM) with the bilinear (quadrilateral, four nodes) type of elements
to analyse the temperature distribution along a ball screw system. The proposed FEM
model was based on the assumption that the screw shaft and nut are a solid and
hollow shaft respectively. The problem was defined as transient heat conduction in a
non-deforming media without radiation. The point temperatures were measured by
T-type thermocouples, while the temperature distribution was measured with the help
of an infrared radiation thermocouple. From the data obtained, it was found that the
temperature distribution and thermal deformation of the ball screw shaft could be
considered to vary only in the axial direction; both stop time at each end and the
moving velocity affected the temperature rise.

Thermally-induced positioning errors of the cutting edge for a vertical machining
centre result from a combination of spindle growth, cantilever-arm bending, z-axis
expansion, etc. Chen [82] described a quick set-up measurement system consisting of
on-machine probes and artefacts in order to calibrate these thermal errors. Spindle
drift was calibrated by a spindle-mounted MP7 probe and gauge block fixed on the
work table. Thermal expansion of the horizontal linear axis was determined by the
variation of the calibrated length of a quartz tube put in parallel with the axis, while
that of the vertical axis was achieved by using a granite height gauge. Column
bending was calibrated by measuring the co-ordinates of a gauge block at two z
levels. Four tests were carried out in order to study the characteristics of thermal

errors under different cutting conditions. A three-layer ANN model with a supervised
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back propagation algorithm was employed to map the thermal errors to temperature
measurements.

Yang et al. [84] introduced a novel concept of thermal error mode analysis in
order to develop a better understanding of the thermal deformation on a turning
centre. The thermal error of the machine was treated as the superposition of a series
of thermal error modes with corresponding mode shapes and time constants. Two
basic thermal error modes are thermal expansion and thermal bending. Based on the
basic thermal error modes, four key thermal error modes (base bending mode, base
expansion mode, x-axis ball screw expansion mode and spindle column expansion
mode) were identified for the radius error in the x-axis direction of the turning
machine. A robust modelling approach was also proposed to minimize the errors due
to temperature measuring noise and the adverse effect of environmental changes.
Through the application of thermal error mode analysis and the robust modelling
approach, the number of thermal sensors has been reduced from 16 to four.

A high-speed drive system generates more heat through friction at contact areas,
such as the ball screw and the nut, thereby causing thermal expansion which
adversely affects machining accuracy. Therefore, the thermal deformation of a ball
screw is one of the most important objects to consider for high-accuracy and
high-speed machine tools. Wu and Kung [88] conducted several experiments for a
ball screw system to investigate its temperature distribution and thermal deformation
after a long-term running. Eight thermocouples were attached to specified locations
along the ball screw (front and rear bearing, surface of ball screw, etc.) to detect the
temperature variations, a capacitance probe was installed next to the driven side of
the ball screw with the direction perpendicular to the side surface to record the whole
thermal deformation of the ball screw, and a laser interferometer (HP5528A) was
deployed to measure the positioning error distribution along the ball screw. The finite
element method was used to analyse the thermal behaviour of the ball screw.

Compared with the traditional and stable ball screw feed drive system, linear
motors are efficient tools offering high speed and accuracy, which is very
competitive in modern industry. The main obstacle to the application of linear motors
is the heat generated in the linear motor while operating at high speed. Kim et al. [89]
designed several experiments on a horizontal machining centre equipped with linear
motors in the x-, y- and z-axes to investigate the important heat sources and resulting

thermal errors. The dominant thermal error components were identified from the
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thermal error analysis by applying the finite element method. In total, 32 T-type
thermocouples were attached to specified locations of the machining centre, such as
the linear motors, the linear scales, the linear guide ways, the column and the spindle
to measure the temperature variations. The resultant thermal error was measured at
the end of the spindle, which was considered the cutting point. The thermal error in
the feed direction was measured using a laser interferometer (ML10, Renishaw). Two
gap sensors (AEC5505, Applied Electronics) and a photo sensor (FIRH, Takenaka)
were used to identify thermal errors in the remaining axes. The tests were conducted
at different feed rates with and without coolant to investigate the effects of feed rate
and coolant on the thermal behaviour of the machine tool.

Real cutting. The thermal error model for software compensation is typically
established from air cutting experiments. The accuracy of the air cutting model in
real cutting applications is often questioned. Some researchers think that the thermal
profile generated by real cutting conditions cannot be addressed by air cutting
because of additional factors such as hot chips, cutting load-induced friction, etc. The
following works [90-94] developed thermal error models in real cutting conditions.

Chen [90] studied and compared a multi-variant regression analysis
(MRA)-based error model and an artificial neural network (ANN)-based error model
built from both air cutting and real cutting conditions. Because the cutting load and
applied cutting coolant in real cutting conditions can produce significant thermal
effects not explored by the air cutting test, patterns of temperature rises in real
cutting are very different from those generated in air cutting. Consequently, the air
cutting model performs well in air cutting, but becomes unacceptable in real cutting
applications. In some cases, the air cutting model produces an output in the direction
opposite to the actual error. On the other hand, the hybrid model established from the
air cutting and real cutting data gives satisfactory accuracy in both air and real
cutting conditions.

Chen and Ling [91] developed an on-line multi-error measurement system
during real machining. In the study, 15 E type thermocouples were used, and the
set-up was easy and quick. Seven measurement points were selected over the entire
working zone, of which one point was on the centre of the artefacts. The various
error components were measured at the different points on the artefacts. The thermal
effects at any location of the working zone were then linearly interpolated between

these seven points. Thus, error measurement was carried out using an on-machine
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probe and with the set of artefacts. An artificial neural network (ANN) based model
was applied to map the relationship between the thermal errors and the temperature
measurements. A three-layer feed forward ANN applying the sigmoid function was
employed. The network was trained by a training set consisting of 540 training pairs
of the input vector (temperature) with the output vector (thermal error) collected
from several cutting conditions.

Several experiments were carried out on a three-axis vertical machining centre
[93]. Both air cutting and real machining tests were conducted on this machine to
study the thermal behaviour of the x- and z-axes. Thirty-two T-type thermocouples of
foil construction were glued to different critical machine elements. These sensors
were mounted at critical locations like the ball screw end bearings, the ball screw nut,
the axis feed motor, the spindle head and motor, the guide ways, etc. These
thermocouples were connected to a data acquisition system which in turn was
connected to the controller through the RS-232 interface. The results showed that
there was a significant increase in the axis positioning error on account of an increase
in the temperature of the machine elements due to continuous operation. The specific
operating parameters of the test cycles carried out also significantly affected the
positioning error, and different sets of operating parameters generated significantly
different error values even though the temperature of the machine elements generated
by those operating conditions was similar. Based on these phenomena, this paper
analysed the thermal behaviour of a three-axis vertical machining centre under the
influence of various operating parameters and, through the experimental results
obtained, explained the effect of these parameters on the axis positioning errors. An
improved modelling methodology based above analysis was presented separately in
part Il of this paper [94].

Complete compensation system. There are three loops of machine error
compensation techniques [95], namely, (1) pre-calibrate and real time compensation,
(2) intermittent probing and (3) post machining inspection. Early work on machine
tool error compensation focused on post machining inspection. The post-process
inspection results were used to modify the NC part program [96]. With the increase
of computer capabilities, more research efforts are working towards predicting and
compensating for the machine errors before the parts are being machined. In other
words, current machine tool error compensation techniques focus on pre-calibrate

and real time compensation. The main feature of this technique is the development of
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a “Real Time Error Corrector” which intercepts the feedback signal from an encoder
(or similar devices) and adds or extracts some pulses according to the compensation
command before the feedback signal is sent to the CNC controller. The advantage of
this approach is the fact that no intrusion into the CNC controller is necessary [97]. A
number of publications [97-101] have described a complete procedure of the “real
time error compensation technique,” the details of which are given below.

Chen et al. [97] developed an error compensation system to enhance the
time-variant volumetric accuracy of a three-axis machining centre by correcting the
existing machine errors through sensing, metrology and computer control techniques.
A unique form of volumetric error model has been proposed to combine in a single
expression both the geometric and thermal errors of a three-axis machining centre.
Instead of the well-known 21 geometric errors, 32 thermal and geometric error
components have been synthesized by this volumetric error model. All the error
components were estimated in real time during machining. Instead of directly
identifying the thermal errors, some empirical models (multiple variable, nonlinear
regression models) which relate the thermal errors to the temperature field of the
machine have been pre-established and then the thermal errors can be estimated
on-line utilising the empirical models by monitoring the machine temperature field.
In this study, 17 thermocouples were mounted on the machining centre to monitor
the temperature variations.

This paper [97] also presented a complete compensation scheme, as shown in Fig.
2.3. A off-line data bank identifies the 21 geometric errors of the machining centre.
The temperature field of the machine is monitored on-line by a temperature
measurement system. Based on measured temperatures and the co-ordinates of the
slides, the pre-established empirical models estimate the thermal error components in
real time. A kinematic model then synthesizes the thermal and geometric error
components to determine the volumetric error under the current machine conditions.
Based on the determined volumetric error, an interface module which consists of
three digital 1/0 boards sends out the compensation signals to the 1/O ports of the
controller. The controller cyclically picks up the compensation signals from the 1/0
ports approximately every 10 ms and corrects the volumetric error by shifting the
origin of each slide.

Yuan and Ni [100] depicted a general procedure for the compensation of

geometric, thermal and cutting force-induced errors (Fig. 2.4). Seven error
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components with column thermal deformation were identified in this paper, namely,
two straightness components, pitch, yaw, roll errors of the y-axis and the squareness
errors between the x-y and y-z pairs of axes. Employing the telescopic ball bar system,
the volumetric errors were measured at some points in the working volume, and the
error components were estimated utilising an inverse kinematic algorithm. A total of
19 sensors were needed for the seven error components. The method of origin shift
was also included in this research in order to compensate for the error. Data
regarding temperature, slide position, etc. were collected in real time, and the error
components were estimated by the error models. The resultant errors between the
tool tip and the workpiece were calculated by applying the error synthesis model.
The compensation signals were then sent to the CNC controller and affected the
origin shift. The block diagram of the real time error compensation system is shown
in Fig. 2.5.
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Figure 2.3: The Block Diagram of Error Compensation Scheme [97]
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2.5 Limitations of Previous Research

From this literature review, it appears that, despite a great number of previous works

done in the thermal error research area; there are a number of issues that still remain

to be addressed:

e Both analytical and empirical models require the measurement of temperature

and related thermal error components that have to be obtained by

time-consuming, expensive and difficult experiments. This is hard to achieve

in ordinary industrial settings.

e Most of the modelling techniques employed in the analysis of thermal

behaviour use the overall machine model to arrive at the volumetric error.

This is complicated. Some researchers suggest that individual models for

each major machine element should be developed and then superposed to get
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the overall error model of the system.

e Most of the compensation systems available at present utilise an externally
situated computer to perform the task of data acquisition and error modelling,
and then the compensation values are fed back into the CNC system of the
machine tool through the interface. This is also troublesome and hard to

apply for many industries.

2.6 Concluding Remarks

From the literature review presented in this chapter, the following general

remarks are drawn:

e Geometric and kinematic errors, thermal errors and cutting force-induced
errors are three main contributors to the volumetric error of a machine tool.
All of these errors have been modelled, measured and compensated
respectively.

e In general, geometric and kinematic errors of a machine tool are modelled
using a homogeneous transformation matrix. Measurement of the error
components is usually carried out with a laser interferometer that is capable
of measuring most of the errors. However, for the measurement of the
angular roll of the axes, an electronic level is needed.

e Thermal errors are frequently modelled applying both analytical and
empirical methods, namely FEM, ANN and MRA. Measurement of
temperature variations are usually carried out by thermocouples,
thermometers and thermistors. The corresponding error components are
typically measured directly by a laser interferometer or a ball-bar.

e Cutting force-induced errors are calculated from a mathematical model which
is the functions of cutting force. Cutting force can be measured by
piezoelectric sensors, strain gauges and dynamometers.

e Completed real time error compensation for geometric and kinematic, thermal
and cutting force-induced errors has been developed. However, cutting
force-induced errors are usually neglected; therefore, the geometric-thermal

synthesized model is mostly employed.
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Preliminary Study

3.1 Introduction

There have been numerous researches investigating the thermal behaviour of various
machine tools and proposing various methods for reducing their detrimental effects
on machining accuracy, typically by measuring and numerically modelling the
machine errors. The problem of thermal effects on machining accuracy and its
possible solution were first discussed in the CIRP keynote paper titled “International
Status of Thermal Error Research” in 1967 [6]. Most researchers have concluded that
the thermal error is the major source of error when the machine running time
increases. However, to the best of the author’s knowledge, no publication has yet
investigated the actual relationship between workpiece dimensional accuracy and the
machine tool’s thermal status, which is a basic requirement for accurate modelling
and subsequent reduction/compensation. Therefore, the objective of this chapter is to
fulfil this gap.

This chapter describes the experimental work for achieving this goal. The
experiment was conducted in the following sequence: (1) investigated the specified
CNC machine tool’s temperature distribution over the entire machine space under
idle running conditions; (2) learnt the temperature rise pattern as the machine tool’s
running time increases; (3) made a number of test components at different thermal
statuses of the machine tool; (4) inspected the dimensional accuracy of a machined
workpiece using a precision instrument; and (5) showed the thermal effects on

dimensional accuracy of a machined workpiece.

3.2 Experimental Work

3.2.1 Machine setup

All experimental work presented in this chapter were conducted on an EMCO F1

CNC milling machine (Fig. 3.1) manufactured by Emco Maier, Austria. It is a
31



Chapter 3: Preliminary Study

three-axis machine with 180 x 90 x 170 mm axis strokes along the x-, y-, and z-axes
respectively. It is fitted with a ball screw driving system that is capable of operating
at a maximum feed rate of 400 mm/min along all axes. The maximum available
spindle speed is 2000 rpm. 15 K-type thermocouples were attached to the machine
tool to measure the temperature at the locations given in Table 3.1 and Fig. 3.2. A
data logger system was employed to retrieve the temperature values from the

thermocouples at 15-second intervals.

3.2.2 Temperature measurement

Thermocouples are widely used for measurement and control of temperature. They
are inexpensive, interchangeable, supplied with standard connectors and can measure
a wide range of temperatures. Thermocouple type K was employed in this
experiment. As shown in Table 3.2, thermocouple type K is the most common
general purpose thermocouple with a sensitivity of approximately 41 uV/°C. Because
one of the constituent metals is nickel, which is magnetic, the K-type thermocouples
may undergo a step change in output when the magnetic material reaches its Curie
point (around 354°C). However, this was not a problem for this study as the range of
temperature variation was far below the Curie point. All thermocouples were
shielded and shorter than 40 meters to eliminate the noise effects. The standard limits
of K-type thermocouples are one degree centigrade, based on the manufacturer’s
reports.

The heat sources can be classified into two categories: external and internal.
Environment is probably the largest external heat source. The test machine was
located in a large air-conditioned room, and no part of the machine was exposed to
direct sunlight. To ensure stability of the environmental temperature, none of the
other machine tools in the room were running when the experiments were performed.
The testing machine was enclosed in a box, and two thermocouples (T14 and T15)
were used to measure the ambient temperatures inside and outside the machine box,
respectively. The internal heat sources were drive motors, bearings, ball screw nuts
and the moving slide. A thermocouple was placed at each heat source. The
thermocouples were glued to the machine using high-temperature epoxy. The epoxy
held the thermocouple bead to the machine tool and had very high thermal
conductivity.

Measurement of thermocouple voltages was performed by two 8-channel input
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USB data loggers manufactured by PICO Technology. Measured voltages were
converted to temperatures by the software related to this product.

Figure 3.1: Test Machine Setup

Table 3.1: Thermocouple Locations

Sensor | Location on machine Sensor Location on machine

T1 Spindle nose T8 x-axis feed motor

T2 Spindle side T9 x-axis feed bearing

T3 z-axis feed motor T10 y-axis slide base

T4 Spindle motor T11 x-axis table end (near feed motor)

T5 y-axis feed motor T12 x-axis table middle

T6 z-axis slide way top T13 x-axis table end (far from feed motor)

7 2-axis slide way bottorn T14 Amb?ent temp insic?e of machirTe box
T15 Ambient temp outside of machine box
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Figure 3.2: Thermocouple Locations

Table 3.2: Characteristics of K-Type Thermocouple

Type K

Material Chromel-alumel

Temp. range °C (continuous) 0 to +1100

Temp. range °C (short-term) —180 to +1300

Tolerance C|3.SS One (°C) :|:1.5 between _40°C al"ld 375°C
+0.004xT between 375°C and 1000°C

Tolerance class Two (°C) +2.5 between —40°C and 333°C
+0.0075%T between 333°C and 1200°C

Curie point (°C) 354
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3.2.3 Test components and cutting tool

A simple test component was designed for this experimental purpose (Fig. 3.3).
Twenty-one specimens (120 x 50 x 50 mm) were prepared for these experiments.
Seven of them were used for end milling of faces F1 and F2, another seven
specimens were used for end milling of faces F3 and F4, and the remaining seven
specimens were used for drilling holes H1, H2, H3 and H4. Planes A, B and C were
machined with good surface finish so that they were suitable to be datum planes for
CMM measurements.

Aluminium alloy 6061 was chosen as the workpiece material because it is
readily available and widely used in the industry. It is also relatively easy to machine
and capable producing a good surface finish. A high-speed steel (HSS) end mill of 10
mm diameter was used to machine faces F1, F2, F3 and F4. A HSS drill of 10 mm

diameter was used to drill the holes denoted by H1 to H4, as shown in Fig. 3.3.

3.2.4 Experiment design

The experimental work described in this chapter was split into two stages. In the first
stage, three idle running experiments were conducted before the real cutting tests to
learn the machine’s thermal behaviour and its influences. The applied cutting
conditions are listed in Table 3.3. Experiments for each axis were performed
separately to eliminate the combined effects on thermal behaviour when operating on
multiple axes. The machine tool was operated at the maximum feed rate along each
axis within the maximum stroke to get the machine’s temperature distribution under
extreme conditions. The spindle was rotating at a speed of 1000 rpm, which is a
typical machining speed for this machine. The first experiment was conducted for
more than three hours to let the temperature rise stabilise. It was found that the
temperature rise slowed down to 1°C per hour after running for three hours.
Consequently, following tests were all conducted for three hours for the sake of

uniformity as well as for saving time and power consumption.
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Figure 3.3: Test Component (unit: mm)

At the second stage, three real cutting tests (two end milling and one drilling)
were conducted, and seven workpieces marked Part 1 to Part 7 were machined in each
mode of machining respectively. Because the machine temperature rose rapidly
within the first hour of the experiment, more readings were recorded during this
period. In other words, the seven workpieces were machined in different machine
thermal statuses (as shown in Table 3.4), corresponding to machine running time 0, 10,
20, 30, 60, 120 and 180 minutes, respectively. The real machining time is longer than
the designed time due to the extra time required for loading and unloading the
workpiece (as shown in Table 3.3). Recognizing the effect of the type of milling on
the dimensional accuracy, the same type of milling (down milling) was chosen for

machining all sides of the test component. Other cutting parameters (as shown in
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Table 3.3), such as feed rate, spindle speed, radial depth of cut and axial depth of cut,
were determined according to the requirement for good surface finish and the
machine’s machining capability.

The temperature value measured by thermocouple T9 was taken as the reference
temperature. All tests were carried out on different days so that the machine had
enough time to cool down to room temperature. Neither idle running nor real cutting
tests used cooling systems so that the machining could be conducted among real
thermal surroundings.

For the real cutting tests, datum planes B and C were set as the origin of the x-
and y-axis, respectively. Consequently, the designed positions for machined elements
were as follows: face F1: y; = 0.5 mm; face F2: y, = 49.5 mm; face F3: x3 = 119.5
mm; face F4: x4 = 0.5 mm; hole H1: X3 = 25 mm, yu; = 25 mm; hole H2: x4, = 50
mm, Y2 = 25 mm; hole H3: xp3 = 75 mm, yu3 = 25 mm; hole H4: Xpys = 100 mm, yna
=25 mm.

Fig. 3.4 shows the details of machining operations for milling faces F1, F2, F3
and F4, and drilling holes H1, H2, H3 and H4. Datum planes A, B and C were
chosen as the reference planes, and the same procedures were followed while doing
the CMM inspection.

3.2.5 Workpiece inspection using CMM

The CMM used in this study is Discovery Model D-8, manufactured by Sheffield,
UK (as shown in Fig. 3.5). It is structured with a moving bridge configuration, 508 x
609 x 406 mm measuring range, precision driving systems for all three axes, touch
trigger probe, a microscopic grating scale, and the most popular and powerful
metrology software PC-DMIS. The probes used were spherical probes with a star
configuration, manufactured by Renishaw Electrical Ltd. A large number of points,
11x13 points for faces F1 and F2, 10x11 points for faces F3 and F4, were measured
to determine geometric characteristics of each face, including position of the surface,
that were later used to determine the distance between two machined surfaces. In
addition, eight points were probed at a number of height levels (12 levels per hole) to

determine the hole’s centre position and diameter.
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Table 3.3: Cutting Conditions

Exp. . Feed rate | Spindle | Stroke | Time .
No. AXis (mm/min) | (rom) (mm) | (min) Mode of operation
1.1 | X 400 0 180 180 Idle running
12 |Y 400 1000 90 180 Idle running
13 |Z 400 1000 170 180 Idle running
Down milling face F1 and F2
X: 250 Radial depth of cut: 0.5 mm
21 | X, Y Y'. 400 2000 220 Axial depth of cut: 10 mm
' Machine running time: 8, 28, 80,
115, 154, 188, 219 min
Down milling face F3 and F4
X: 250 Radial depth of cut: 0.5 mm
22 | X, Y Y'. 250 2000 207 Axial depth of cut: 10 mm
' Machine running time: 10, 25, 50,
82, 124, 165, 207 min
: Drilling hole H1, H2, H3 and H4
2.3 >Z( Y, >Z( I(');OO 2000 258 Machine running time: 10, 28, 62,
' 118, 167, 211, 258 min
Table 3.4: Thermal Status While Machining Parts
Part Exp. No. 2.1 Exp. No. 2.2 Exp. No. 2.3
No Time Temp. Time Temp. Time Temp.
| (min) (T9: °C) (min) (T9: °C) (min) (T9: °C)
1 8 26.8 10 21.0 10 28.8
2 28 32.2 25 28.1 28 344
3 80 36.6 50 37.2 62 39.9
4 115 38.0 82 43.0 118 43.7
5 154 39.1 124 46.4 167 46.7
6 188 39.8 165 48.4 211 48.9
7 219 40.4 207 495 258 495
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Figure 3.4: Details of Machining Operations: (a) Down Milling of Faces F1 and
F2; (b) Down Milling of Faces F3 and F4; (c) Drilling of Holes H1, H2, H3, and H4
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Figure 3.5: CMM Used in This Study [112]

3.3 Results and Analysis

3.3.1 Machine tool’s thermal behaviour

Fig. 3.6 illustrates the variations of temperature monitored by all thermocouples
when the machine tool moved along the x-axis, i.e. during Exp. No. 1.1, the details of
which are given in Table 3.3. Three motor temperatures are in colour (Fig. 3.6a) to
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emphasize the temperature variations of the main heat sources. To give a clear view,
variations of temperature at different locations specifically related with x-axis
movement are shown in Fig. 3.7. It can be observed that the x-motor temperature T8
gets the maximum temperature rise, followed by the x-axis end bearing temperature
T9 and table end temperature T11, which are all close to the x-motor. End bearing T9
not only gets heat from the motor but also produces heat due to friction; therefore,
the temperature variations of the end bearing are also significant. The temperature
variation curves illustrated in Fig. 3.7 show that the temperature reduces as the
position of the thermocouples moves away from the main heat source. This
non-uniform temperature variation may have significant effects on the x-positioning
error.

The variations of temperature monitored by all thermocouples when the machine
tool moved along the y-axis (Exp. No. 1.2) are shown in Fig. 3.8. Three motor
temperatures are in colour (Fig. 3.8a) to emphasize the temperature variations of the
main heat sources. It demonstrates that the y-motor temperature T5 gets the
maximum variations, followed by the x-motor temperature T8 and z-motor
temperature T3. Fig. 3.9 compares the temperatures of the y-axis motor and the
y-axis slide base. It indicates that the temperatures reduce along the y-axis from the
motor to the slide base. This non-uniform temperature variation may have significant
effects on the y-positioning error.

The variations of temperature monitored by all thermocouples when the machine
tool moved along the z-axis (Exp. No. 1.3) are shown in Fig. 3.10. Three motor
temperatures are in colour (Fig. 3.10a) to emphasize the temperature variations of the
main heat sources. The variations of temperature at different locations specifically
related with the movement along the column (i.e., z-axis movement) are illustrated in
Fig. 3.11. It shows that the z-motor temperature T3 gets the highest value among all
the machine elements, followed by the temperature of the x-motor T8, the y-motor
T5 and the spindle motor T4. Temperature variation along the column is the main
reason that causes column bending, which leads to spindle drifts and subsequently

affects the dimensional accuracy of machined parts.
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(Exp. No. 1.1)

(a) Full Temperature Range (three motor temperatures are in colour) and
(b) Enlarged Temperature Range
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The following observations can be made from the first stage of experimental

investigations:

All the motor temperatures (T3, T5 and T8) change abruptly during the first
machine running hour, and then the changes in temperature gradually slow
down. After about two-and-a-half hours, the temperature rise slows down to
1°C per hour.

Variations of temperature at locations T1, T2, T6, T9 and T11, which are
close to different motors, follow the same pattern as the motor temperature
variation.

While the machine moves in only one direction, the other two motors still
produce heat that affects the thermal behaviour of the machine tool system.
Significant temperature gradient is observed along the x-axis, y-axis and
column respectively. These phenomena might significantly affect the

positioning accuracy of the cutting tool tip to the designed dimension.
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Figure 3.7: Variation of Temperature along x-axis (Exp. No. 1.1)
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Figure 3.11: Variation of Temperature along z-axis (Exp. No. 1.3)

3.3.2 Thermal effects on dimensional accuracy

Flatness error. Flatness is one of the most important geometric characteristics of a
plane that influences the dimensional accuracy of machined parts, especially when
the plane is a datum plane. It may also influence the properties and performance
characteristics of a finished component part. The flatness error is a measure of the
difference between the highest and the lowest values in the frequency distribution of
all points on a plane; thus, it specifies a tolerance zone defined by two parallel planes
between which the entire surface must lie. The flatness errors of machined faces F1
and F2 at different thermal conditions of the machine tool are shown in Fig. 3.12.
The figure demonstrates that the flatness errors of machined surfaces are greatly
influenced during the machine tool’s warm-up period due to the machine tool’s
thermally unstable conditions. During this period, the flatness errors are high; they
stabilize to lower values when the machine tool enters thermally stable conditions.
The flatness errors of faces F3 and F4 showed similar trends (Fig. 3.13).

The profiles of faces F1, F2, F3 and F4 machined during different thermal
conditions of the machine tool are shown in Fig. 3.14 — Fig. 3.17. It can be seen that
the face F1 of parts 5, 6 and 7 machined during the thermally stable stage is flatter

than that of other parts produced during thermally unstable stages. It also shows that
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the machine tool’s thermal status has a significant influence on positioning errors

(measured position minus designed position).
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Figure 3.12: Variation of Flatness Error of Faces F1 and F2 (Exp. No. 2.1)
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Figure 3.14: Profiles of Face F1 Machined at Different Thermal Statuses
(Exp. No 2.1)
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Figure 3.15: Profiles of Face F2 Machined at Different Thermal Statuses
(Exp. No. 2.1)
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Position error of face F3 (um)

Figure 3.16: Profiles of Face F3 Machined at Different Thermal Statuses
(Exp. No. 2.2)

Position error of face F4 (um)

Figure 3.17: Profiles of Face F4 Machined at Different Thermal Statuses
(Exp. No 2.2)
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Positioning error. In real machining, due to the machine tool’s volumetric error,

the cutting tool tip cannot be placed at its designated position, causing the position to

deviate from the designed value. The positioning error of a machined surface is

defined as the difference between the measured position and the designed position.
Fig. 3.18 and Fig. 3.19 show the positioning errors of faces F1, F2, F3 and F4,

respectively. To depict the position value accurately, the average of 143 points is used
for both faces F1 and F2 and 110 points for both faces F3 and F4. Three times

standard deviations (3c) are adopted to show the skater of measured points, as shown

in Fig. 3.20 — 3.23. From these figures, the following observations can be attained:

With regard to the average position:

During the warm-up period, the position of the machined surface changes
significantly and gradually becomes stable when the machine tool enters a
thermally stable stage.

The relationship between the position and the machine tool’s thermal status is
nonlinear. The reason might be that various parts of the machine tool
expanded differently, in both magnitude and direction. Only the combined
effects of all these growing elements are reflected in the machined
workpiece.

Positioning error is accumulative and proportional to the travel distance. For
example, the positioning error of face F2 is always larger than that of face F1,

and the positioning error of face F3 is always larger than that of face F4.

With regard to the distribution of the measured value:

During the warm-up period, the ranges of the distribution vary as the
machine tool’s thermal status changes, and subsequently, it gradually
stabilizes close to the average value when the machine tool enters a thermally
stable stage.

When the machine tool is in the thermally stable stage, most of the points for
faces F1, F2 and F3 are above the nominal value, whereas most of the points
for face F4 are around the nominal value. This relates to the expansion

direction of the moving axis.
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Although the positioning errors of faces F1, F2, F3 and F4 all stabilize in the
thermally stable stage, their variation trends during the warm-up period are not
identical. The variation trends of faces F1 and F2 are similar, as they are machined
applying the same process; the same applies to faces F3 and F4. On the other hand,
the variation trends for faces F1 and F2 are different from the variation trends for
faces F3 and F4. The reasons behind the differences are as follows: (1) they are
machined applying different processes, and the warm-up programs during the
machining interval are different; (2) the positioning errors of faces F1 and F2
demonstrate the y-axis’s thermal feature, whereas the positioning errors of faces F3
and F4 are evidence of the x-axis’s thermal attributes.

Variations of the centre of the hole’s position with the machine’s thermal status
are shown in Fig. 3.24 — Fig. 3.29. It is observed that thermally-induced position
variations in the drilling process are similar to those that occur in the end milling
process.

Positioning tolerance. The positioning tolerance vector for each hole can be

calculated using the following formula [113]:

T, =2,/D? +D? (3.1)

where T, is the position tolerance and Dy and Dy are centre positioning errors along
the x- and y-axis, respectively. All of them are expressed in microns. The positioning
tolerance calculated using Eq. 3.1 is an important parameter for the application of
geometric dimensioning and tolerancing (GD&T) where the tolerance zone is
specified as round rather than square as specified by traditional plus/minus
tolerancing.

The variations of positioning tolerance for the centres of holes are illustrated in

Fig. 3.30. The following observations can be made from this graph:

e Similar to the positioning errors, the centre of a hole’s positioning tolerance
also stabilizes after the machine tool runs for two-and-a-half hours (i.e., when
it has reached a thermally stable stage).

e The centre of a hole’s positioning tolerance machined in a thermally stable
stage is at the same low level as one machined at the cold start. However, the
holes drilled during the warm-up period have high position tolerances.
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In the production of workpieces with the same dimensions, the lower is the
position tolerance, the higher is the repeatability. Therefore, for a big industry where
a large number of workpieces with the same dimensions are produced, it would be
beneficial to avoid the machine’s warm-up period and machine workpieces in the

thermally stable stage to increase repeatability.
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Figure 3.24: Positioning Errors of Hole Centres along the x-axis (Exp. No. 2.3)

——Hl -—®—H2 ——H3 —+—H4

200
g 150 /‘\
(%]
: o )\
o
5 50 A\ 7/
£
§ o H——p -
2 ., 0 §0 60/90 120 150 180 210 240 270
o
-100

Machine running time (min)

Figure 3.25: Positioning Errors of Hole Centres along the y-axis (Exp. No. 2.3)

56



Chapter 3: Preliminary Study

25.15

25.10

25.05

25.00

24.95

24.90

Pos. variation in mm
(Avg. £30)

24.85

24.80 : : : : :
0 50 100 150 200 250 300

Machine running time (min)

Figure 3.26: Variation of Position of Centre of H1 in x-axis (Exp. No. 2.3)
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Figure 3.27: Variation of Position of Centre of H2 in x-axis (Exp. No. 2.3)
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Figure 3.28: Variation of Position of Centre of H3 in x-axis (Exp. No. 2.3)
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Figure 3.29: Variation of Position of Centre of H4 in x-axis (Exp. No. 2.3)
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Figure 3.30: Variation of Position Tolerance for Hole Centres (Exp. No. 2.3)

Linear dimensional errors. Linear dimensions are also important when the
workpiece is to be assembled or mated with other parts. Therefore, the accuracy of
linear dimensions X34 and y1, (see Fig. 3.3) is also evaluated in this study. Designed
values for these linear dimensions are as follows: X34 = 119 mm, y12 = 49 mm. The
linear dimensions are defined by two parallel surfaces that are related to the
dimension. For example, the linear dimension x34 is calculated by the following

relationship:
X34 = X3 =% (3.2)

where X3 and x4 are positions of faces F3 and F4 respectively. Due to the positioning
error of the tool, the measured results of x3 and x4 deviated from their designed
values; in consequence, the measured linear dimension xz4 deviated from its designed
value. As for the worst-case tolerance accumulation model, the tolerance of X34 is

estimated by applying the following relationship:

AX34 :AX3 +AX4 (33)

where Axz and Ax,4 are the tolerances of x3 and X4 respectively, defined as three times
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the standard deviation.

Fig. 3.31 and Fig. 3.32 show the linear dimension variations as the machine
tool’s thermal status changes. It is observed that the thermal status does not have
much effect on the average linear dimension value; however, the distribution of

measured points appears more stable at the thermally stable stage.
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Figure 3.31: Variation of Linear Dimension y;, (Exp. No. 2.1)
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Figure 3.32: Variation of Linear Dimension xz4 (Exp. No. 2.2)
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3.4 Concluding Remarks

From this experimental investigation, the following conclusions can be drawn:

e The machine tool has a warm-up period before attaining its thermally stable
status. The length of the warm-up period depends mainly on the machine
tool’s structure.

e During the warm-up period, the positioning error of the machine tool
deteriorates significantly, which has detrimental effects on the repeatability
of machined parts.

e Compared to the positioning error, a machine tool’s thermal statuses do not
have a significant effect on linear dimension errors.

e A machine tool’s thermal statuses have effects on the flatness of a machined
surface. When the machine reaches its thermally stable stage, the flatness
tolerance of the machined surface also becomes stable and narrow.

e When the machine tool reaches the thermally stable stage, positioning errors
also stabilize. This is the optimum stage to improve positioning accuracy and
increase the repeatability of a machined workpiece using the compensation
technique.

Machining after the warm-up period would be a good alternative for big factories

where the machine tools usually run for the whole day. However, this decision should
be made carefully, due to the extra wear and power wastage caused by the

pre-warming of machine tools.
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Model Development

4.1 Introduction

Throughout the preliminary study described in Chapter 3, it has been shown that the
thermal errors of a machine tool have significant effects on the dimensional accuracy
of machined parts produced on it and that these effects vary with the thermal status
of the machine tool. The aim of this research is to propose some control measures to
eliminate or at least reduce the effects of these thermally-induced machine tool error
components and thus improve the dimensional accuracy of component parts. To
achieve this goal, in this chapter a new model is developed for calculating
thermally-induced volumetric error developed by integrating the dominant thermal
error components into the traditional geometric error-based volumetric error model.

The main problem with the traditional model for calculating thermally-induced
volumetric error is that it requires the measurement of a large number of geometric
error components and their variation data at different temperatures. Collecting these
data is cumbersome and time-consuming, especially in an industrial setting. To
overcome this difficulty, here a new model is proposed which is based on the
variation of only three error components. The considered error components are the
three axial positioning errors of the machine tool. This proposition is justified by the
fact that, in comparison with the other geometric errors, the positioning errors and
their thermal variations have the most significant effect on volumetric error for
machine tools. This conclusion was drawn by analysing the data presented by
Venugopal [79].

The positioning errors are modelled as functions of ball screw nut temperature
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and travel distance. Therefore, when the thermal condition of a machine tool changes
due to its continuous usage, only the ball-screw nut temperatures are needed to be
monitored. The other input parameter for the model, the travel distance, is available
from the CNC controller. Although some accuracy will be sacrificed due to the

simplification, it can be a useful tool for industrial applications.

4.2 Volumetric Error Model

4.2.1 General model

A three-axis machine tool is typically composed of three linear moving elements that
are designed to have only one degree of freedom in each moving direction. However,
due to a number of factors, error-free movement is not possible, and the moving
element has six degrees of freedom of movement. Or, to put it another way, six error
components can occur. The six error components of a typical linear carriage designed
to move in the x-direction are illustrated in Fig. 4.1, where J4x(x) represents the
X-positioning error and dy(x) and J,(x) represent the horizontal straightness error and
vertical straightness error, respectively. The angular deviations during carriage
motion (commonly known as roll, pitch and yaw) are represented by &(x), &(x) and
&(X). Hence, for a three-axis machine tool, classification of 18 error components is
possible. In addition to these errors, positioning of the machine tool can be
influenced by the non-perpendicularity of the axes. For a three-axis machine tool,
three such errors can occur (Fig. 4.2), leading to the identification of a total of 21
error components. These 21 error components include three positioning errors, six

straightness errors, nine angular errors, and three orthogonal (squareness) errors.
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Figure 4.1: A Typical Linear Carriage with Six Degrees of Freedom

Zm Zf
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Y

Figure 4.2: Non-Orthogonality Errors

In order to determine the combined effect of individual error components on the
volumetric error, the following method based on the principle of rigid body

kinematics can be applied. Consider an ideal co-ordinate system, called a space
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co-ordinate system (or reference co-ordinate system), attached very close to the
machine co-ordinate system. All initial co-ordinates refer to the space co-ordinate
system, which is regarded as “perfect”. The designated position of any point within
the machine space is represented by a vector Py (X4, Y4, Zg). Due to geometric errors
of the machine tool, carriage movement does not follow the space co-ordinate system,
resulting in a change of position from the original designated position to the new
position, which is then represented by vector Pn, (Xm, Ym, Zm). As the space
co-ordinate system and machine co-ordinate system may have translation and/or
rotation, vector Pn (Xm, Ym, Zm) can be expressed using a homogeneous

transformation of space T as:

=T-P, (4.1)

where T is the transformation matrix capable of translational and rotational
transformations.

As for the linear carriage (Fig. 4.1), the error transformation matrix caused by
roll error &(x) can be expressed by the following equation (Eq. 4.2), derived by the

application of rigid body kinematics and small-angle approximation [99]:

1 0 0 0
1 -&.(x) 0

Rollerror = Rot(x, &, (X)) = ) 81( ) 0 (4.2)
0 0 0 1

Similarly, the transformation matrix attributed to pitch and yaw errors can be

represented using Egs. 4.3 and 4.4:

1 0 ¢£(x O

1 0 0
Pitcherror = Rot(y, ¢, (X)) = 4.3
0e0=| 0 1 o (43)

0 0 0 1
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1 -¢(x) 00
1 00

Yawerror = Rot(z, &, (x)) = gZ(()X) 0 L0 (4.4)
0 0 0 1

Translational transformation due to positioning error oJx(x), horizontal

straightness error dy(x) and vertical straightness error d,(x) is given by:

100 &%

01036
Trans(5,(0.5,(9.5.00 =| ;o (;8 (4.5)

000 1

The homogeneous transformation of space Ty can then be represented by matrix

multiplication of the rotational and translational matrices given in Egs. 4.2 — 4.5.

T, = Rot(x,&,(X))- Rot(y, &, (X)) - Rot(z,&,(x)) - Trans(o, (X),0,(X),0,(x))  (4.6)

Neglecting second order terms,

1 -0 £ 5K
A @)
—e, (0 500 1 5,
0 0 0 1

This transformation matrix Ty takes into account six error components along the
x-axis only. However, in a three-axis machine tool, the position of the tool within the
machine space in general will depend on movement along the three axes. Therefore
the homogeneous transformation of space T for the whole machine system can be

represented by matrix multiplication along three axes:
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T=T,T,T, (4.8)

where Ty, Ty and T, can be expressed by Egs. 4.7, 4.9 and 4.10, respectively.

1 =&(y) &(y) oy
_| &) 1 —&(y) 6,(y)
Tol—e,(y)  &ly) 1 6,0 (4.9)
0 0 0 1
1 -&,(2) ¢,(2) 6,2
| &) 1 -&(2) 0,(2)
l-e, () &(2) 1 6,02 (4.10)
0 0 0 1

where dx(X), dy(y) and d,(z) are the positioning errors;
0y(X), 02(X), ox(Y), d:(Y), ox(z) and éy(z) are the straightness errors; and

ex(X), ey(X), &(X), ex(y), ey(y), &Y), ex(2), &/(z) and &,(z) are the angular errors.

Then Egs. 4.7 — 4.10 can be substituted into Eq. 4.1 neglecting second order

terms and denoting the following variables:

X =5,(0+2,() +4,(2)
5Y =, (x) +,(y) +,(2)
SZ =¢,(X) +&,(y)+é,(2) (4.11)
AX =5,() +8,(y)+5,(2)

AY =6,(X)+0,(y) +0,(2)

\AZ =5,(x)+6,(y) +5,(2)

67



Chapter 4: Model Development

Then the real position vector Py (Xm, Ym, Zm) Can be represented using the

following equation:

X, 1 -3z Y AX][X,
Y Z 1 -> X AY Y
n | & 2 | (4.12)
z | |-y IX 1 AZ||zZ,
1 0 0 0 1 1
where the error transformation matrix for the whole system is demonstrated by:
1 =Xz Y AX
z 1 > X AY
T= 2 2z (4.13)

-3y ¥X 1 AZ
0 0 0 1

In the above analysis, it was assumed that the machine axes are “perfectly”
perpendicular to each other, but in reality this may not be the case, which will
obviously contribute to the volumetric error. In Fig. 4.2, the non-orthogonality error
components are shown. For convenience, it is assumed that the x-axis of the machine
tool (Xm) coincides with the x-axis of the space co-ordinate system (X;). Considering

the effect of non-orthogonality errors, Eq. 4.13 becomes:

1 -YZ Y AX 1 —g(r) &) O
T2 1 SEX AV g 1 —g/(r) 0 (.14
SYYOYX 1 AZ| [ —e, (1) &(r) 1 0
0 0 0o 1 0 0 0o 1

where &(r), &y(r) and &(r) are orthogonal errors (squareness errors).

Neglecting second order terms yields Eq. 4.15:
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1 -2Z-¢g,(r) 2Y+eg,(r) AX
_ >Z+¢g,(r) 1 > X—g,(r) AY (4.15)
—2Y—g,(r) 2 X+g.(r) 1 AZ '
0 0 0 1

The difference between the designed position and actual position is defined as

volumetric error. The volumetric error V can then be expressed by:

V=R ]-[P]=[T]-[P.]-[P.] (4.16)
Or,
V, X=Xy =Yy 2Z+e,(N]+Z4 - [2Y +&,(r)]+AX
[V]: Vv, _ Y., — Yy _ -Z, DX +&,(N]+ X, - DZ+¢,(r)]+AY 4.17)
V, Z. -7, =Xy Y +e,(N]+Y, [ X +&,(r)]+AZ
1 1 1

Then, the volumetric error vector in x, y and z directions for designed position Py

can be expressed by Eq. 4.18:

V, = (V) [SZ +£,(N]+ Zy TSV +£, (1] + AX
V, =(=Zy) XX +&,(N]+ X, [XZ+¢,(N]+AY (4.18)

V, =(=Xg)-[2Y +&,(N]+Y, [ X +,(n]+AZ

4.2.2 Proposed thermally-induced volumetric error model (TIVEM)

The general volumetric error model described previously includes 21 geometric error
components. These components are each expected to vary (by different amounts)
when the thermal status of the machine tool changes. However, analysis of the data

given in Tables 4.1, 4.2 and 4.3 demonstrates that the three positioning errors and
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their thermal variations have the most significant effect on volumetric error for
machine tools (in comparison with the other 18 geometric errors). Less than 20%
accuracy is sacrificed if variations from the other 18 geometric errors are ignored
(Tables 4.4 and 4.5). It is worth pointing out that a high-resolution laser
interferometer is needed to measure geometric error components, making the process
costly, complicated and time-consuming. Conversely, the measurement of the
positioning error components can be performed using a Laser Doppler Displacement
Meter (LDDM). Considering the cost and time, reducing the accuracy of the
proposed model by less than 20% is a justified trade-off.

Thermally-induced positioning error prediction. Thermally-induced
positioning error is a result of the motion of the slide on a lead screw. The basic part
of the motion error comes from the expansion of the lead screw. Assuming that the
lead screw is a simple linear beam and the temperature is evenly distributed along
the lead screw, according to the definition of a coefficient of linear thermal

expansion, the expansion in any point of the lead screw can be calculated as:

Expansion =« - L - (T —20) (4.19)

where « is the coefficient of linear thermal expansion, L is the location where the

expansion is measured and T is the lead screw temperature.
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Table 4.1: Geometric Error Components of the Three-Axis Horizontal CNC Machine

(Cold Start*) [79]

x-axis(mm) | 0 50 100 | 150 |200 |250 |300 |350 |400 |450 | 500
8,(X):um 342 | 810 |922 |1578 | 1545 |17.43 |21.21 | 2363 | 2593 | 32.68 | 39.20
8,(X):um 34.13 | 31.70 | 32.65 | 33.70 | 34.48 | 3523 | 34.37

8,(¥):um 022 | 017 |229 | 189 |044 |-275 |-027

&(X): S 076 | 074 [051 |-010 |-012 |-0.40 |-1.04 |-1.32 |-145 |-1.34 |-157
&(X): s 028 | 026 [131 |270 |430 |58 |750 |931 |11.13 | 1279 |13.32
&x(X): 187 | 208 |207 |18 [208 |173 |157 |1.23 |153 |130 | 1.17
y-axis(mm) | 0 50 100 | 150 | 200 |250 | 300 |350 |400 |450 | 500
3,(y):um 1033 | -1093 | -7.97 | -292 | -3.62 |-2.28 |3.13 |9.68 | 1053

8,(y):um 117 | -048 | -146 |-1.93 |-1.98 |-1.86 |-1.4

8,(y):um 117 | -034 | -058 |-0.60 | 053 |-061 |-1.10

&x(y): 016 | 175 |086 |094 |083 |-071 |-171 |-211 |0.45

&ly): s 026 |035 |-011 |-058 |-1.10 |-1.39 |-205 |-2.61 |-2.51

g(y): s 047 |-158 |-167 |-1.90 |-2.07 |-1.75 |-0.87 |-1.07 |-1.10

z-axis(mm) | 0 50 100 | 150 | 200 |250 | 300 |350 |400 |450 | 500
8,(z):um 279 | -447 | -771 | -5.74 | -547 | -7.48 |-7.95 |-3.36 |-2.23 |-1.03 | 1.31
8,(2):um -0.30 | -0.48 |-0.33 |-0.05 |-0.33 |-0.23

3,(z):um 583 | -381 |-478 |-6.05 |-6.93 | -6.53

&) s -1.78 | -1.87 | -2.24 | -2.58 | -2.88 | -320 |-3.67 |-413 |-457 | 514 | -569
&/(2): s 007 |-009 |[001 |009 |035 |051 |08 |154 |207 |202 |243
e2):'s 0 -0.08 | -007 |-1.08 |-1.92 |-250 |-3.83 |-450 |-525 |-6.50 | -7.00

* cold start: Tx-nut = 24.56°C, Ty-nut = 27.33°C, Tz-nut = 25.72°C
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Table 4.2: Geometric Error Components of the Three-Axis Horizontal CNC Machine

(Thermal Stable Stage*) [79]

x-axis(mm) | 0 50 100 | 150 | 200 |250 |300 |350 |400 |450 | 500
8():um | -63.7 | -55.3 | -49.0 | -369 | -315 | -260 |-1627 | -9.32 | -0.89 | 10.22 | 22.14
5,(00:;um | 487 | 4671 | 46.92 | 47.35 | 48.41 | 50.32 | 48.77
8,(0:um | 17.42 | 1958 | 19.36 | 19.63 | 19.22 | 18.17 | 17.5
&(X): s 127 |-127 |-135 |-142 |-142 |-149 |-157 |-158 |-160 |-167 |-16.9
&(X): s 833 | -773 | -627 | -442 | -249 | -056 |146 |374 |595 |781 |832
&(X): s 2501 | -252 | -25 |-25 |-252 |-251 |-253 |-254 |-26 |-258 |-26
y-axis(mm) | 0 50 100 | 150 | 200 |250 |300 |350 |400 |450 | 500
S,(y)um | 40.87 | 4955 | 61.32 | 73.75 | 81.30 | 91.19 | 104.8 | 120.4 | 126.3
S(yyum | -149 | -146 |-154 |-161 |-161 |-160 |-15.2
S(yum | 14.88 | 1555 | 1556 | 16.27 | 16.03 | 1558 | 14.90
&(y): s 962 |11.94 | 1171 |11.73 | 11.01 | 1029 | 947 |859 | 11.48
&y): s 166 | -172 |-185 |-19.8 | -21.0 | -220 |-233 |-244 |-247
&(y): s 962 |[11.94 | 1171 |11.73 | 11.01 | 1029 | 947 |859 | 11.48
z-axis(mm) | 0 50 100 | 150 | 200 |250 |300 |350 |400 |450 | 500
S(zum | 63.66 | 70.08 | 77.34 | 88.97 | 98.63 | 106.3 | 116.00 | 129.6 | 140.0 | 151.0 | 163.3
S@wum | 152 | 100 |229 |207 |149 | 163
8(zum | 2000 | 19.94 | 18.75 | 19.39 | 19.96 | 20.13
&(2): s 839 |-91 |-909 |-104 |-11.0 |-11.40 | -121 |-129 |-134 |-142 |-151
&(2): s 120 | 147 |190 |191 |210 |215 |238 |268 |304 |323 |3.34
&(2): s 10 [092 |05 |00 |00 |00 |10 |-1.33 |-208 |-333 |-392
* thermal stable stage: Tx-nut = 31.86°C Ty-nut =35.12°C, Tz-nut = 37.61°C
Table 4.3: Axial Origin Offsets as Temperature Rises

(Adapted from Venugopal [79])
Zf,c’:‘)”“emp' 2456 | 2562 | 2717 | 2883 | 2972 |3037 |3075 |3162 |31.86 |31.92
sz:reig?“m) 342 |-013 |-32.20 | -57.55 | -71.54 | -60.85 | -52.9 | -57.70 | -63.70 | -60.13
2(8;” ®MP- | 5733 | 3035 |3357 |3366 |3432 |3493 | 3499 |3512 | 3534
oYf?srei?sir(]um) -1500 | -8.00 | 20.85 | 13.67 | 2580 | 4577 | 4458 | 40.87 | 40.85
égg‘ttemp' 2572 | 2843 | 3143 |31.93 |3369 |3558 |36.26 |36.46 |37.35 | 3761
ffgsggs"(‘“m) 279 | 2184 | 3394 |5737 |5507 |60.95 | 7595 |57.37 | 7533 | 63.66
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Table 4.4: Error Variations between Cold Start and Thermal Stable Stage
(Adapted from Venugopal [79])

Error components X, ¥, z=50mm X, ¥, Z =150 mm X, ¥, Z =250 mm
Err variations Err variations Err variations

Pos. 8,(X): pm -73.60 -66.58 -59.33

Hori. Str. §,(x): um 7.50 7.40 7.67

Ver. Str. 3,(X): um 8.64 7.74 10.31

Pitch g,(x): arcsec -13.50 -14.06 -14.46

Yaw &,(X): arcsec -7.99 -7.12 -6.42

Roll &,(X): arcsec -27.28 -26.83 -26.83

Pos. d,(y): pm 63.93 81.07 97.78

Hori. Str. 8,(y): pm -14.12 -14.17 -14.14

Ver. Str. §,(y): pm 15.14 14.91 14.11

Pitch g,(y): arcsec 10.19 10.79 11.00

Yaw &,(y): arcsec -17.52 -19.18 -20.59

Roll g,(y): arcsec 13.52 13.63 12.04

Pos. 8,(2): pm 86.00 106.04 126.48

Hori. Str. 8,(2): pm 1.48 212 1.86

Ver. Str. 3,(2): pm 5.40 5.17 5.43

Pitch g,(z): arcsec -7.23 -7.82 -8.20

Yaw &,(z): arcsec 1.56 1.82 1.64

Roll g,(z): arcsec 1.00 1.08 2.50

Note: When calculating the volumetric error, the units of angular errors have to be converted into

radian. For example, roll error: -27.28 (arcsec) = (-27.28) - 4.848 e ® = 0.000132 (rad.)

Table 4.5: Comparison of Volumetric Error Calculated Results
(Adapted from Venugopal[79])

X, ¥, Z (mm) V (pm) Vp (um) V-Vp (um) (V-Vp)v

50 162.17 132.74 29.43 18.14%

100 160.45 132.69 27.79 17.32%

150 161.91 134.42 27.49 16.98%

200 161.84 136.74 25.1 15.51%

250 162.71 136.66 26.05 16.01%
*\olumetric error Vp in the thermal stable stage considers only the three positioning error variations; the
remaining 18 geometric errors remain the same with cold start values.

** Volumetric error V in the thermal stable stage considers the variations of 21 error components.
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In reality, the temperature distribution along the lead screw is uneven. The
frictional heat generated by the moving nut dominates the expansion of the lead
screw, while the heat generated by the support bearing is another heat source leading
to temperature increase [88].

An experiment was conducted to map the temperature distribution along a lead
screw of a machine tool. The schematic structure of the lead screw and the locations
of temperature measurement points are depicted in Fig. 4.3. The test results are
illustrated in Fig. 4.4, which shows that the nut temperature (T1) has the most
significant temperature increase during the 4 h of idle running, whereas the bearing
temperature (T4) has the lowest degree of increase compared to other parts of the
lead screw. These findings also show that the temperature at the contact surface
between the nut and the lead screw (T2) is close to the temperature (T1) found at the
nut. Similar results have been reported by Wu and Kung [88].

During the machining period, the nut is continuously moving along the lead
screw, making it difficult to measure the temperature of the contact surface between
the nut and the lead screw. Therefore, the temperature of the nut is used as the lead
screw temperature for the calculation of lead screw expansion.

T-20 is used as the temperature rise since 20°C is the international standard
temperature when describing the length of an object [114]. Apparently, according to
Eq. 4.19, the error will be zero at axis origin. However, previous research [79] has
demonstrated that the error at each axis origin has always been offset by a small
amount. Therefore, modification of the positioning error prediction (Eg. 4.20) on the

basis of Eq. 4.19 is proposed:

Ex (X1Txnut) =Xy (Txnut) + ﬂx - X (Txnut - 20)
Ey (y!Tynut) =Y (Tynut) + ﬂy a-y- (Tynut - 20) (420)

Ez (Z’Tznut) =1, (Tznut) + ﬁz - (Tznut - 20)

where Ex(X, Txnut), Ey(Y, Tynut) and E;(z, Tznu) are the positioning errors along axes,
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defined as the functions of axial travel distance and nut temperature;

Xo(Txnut), Yo(Tynut) and zo(Tonut) are axis origin offsets, defined as the functions of nut
temperature. They can be measured regularly and then stored in a databank together
with basic geometric errors;

X, y and z represent axial travel distance;

Txnut, Tynut @nd Ty represent nut temperature; and

Px, Pyand p, are multiplication factors in the x-, y- and z-axis, respectively.

A machine tool is a complicated structure, and the axis cannot expand freely like
a simple beam. Therefore, it is essential to introduce a multiplication factor to each
error prediction equation. Their values depend mainly on the machine’s structure and
thermal status.

Determination of multiplication factors. The axis origin offsets Xo (Txnut), Yo
(Tynut) @nd zo (Tznut) in EQ. 4.20 can be determined from the pre-calibrated data stored
in a databank, while nut temperature (Txnut, Tynut, Tznut) @nd axial travel distance (X, v,
z) are taken from on-line measurement. The values of multiplication factors (5, Ay, f;)
can be calculated by the least squares method based on experiment data. The

procedure is explained below, using the z-axis as an example.

— J/TZ T\ \—

T1 —d

/

Figure 4.3: Location of Measured Points on a Lead Screw
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Figure 4.4: Measured Temperature Increase vs. Machine Running Time
Fig. 4.5 illustrates the z-axis positioning error data set (z1, Ez), (22, Ez), ..., (Zn,

E.n). The fitting line (f (z) = a + bz) has the deviations di, d, ..., d, calculated from

each data point. The minimum least squares error equation is:

[1 =d2+d; +..+d2, +d? = Zn:df = Zn:[Ezi —f(z)f (4.21)
i=1 i=1

min

Solving the above equation, the line-of-best-fit equation for the z-axis can be

obtained (Fig. 4.5):
f(z) =a+bz =75.33+0.0002z (4.22)

Eq. 4.23 can be derived by equating Egs. 4.20 and 4.22. The unknown £, can
then be determined by solving Eqg. 4.23:

75.33+0.00022 = 2, (T, ) + B, & - 2 (T, — 20) (4.23)
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It should be pointed out that Egs. 4.22 and 4.23 result from the thermal stable
stage; in other words, £, not only depends on the axis structure of the machine tool,
but also varies with its thermal status. Fig. 4.6 shows that, during the machine
warm-up period, S, changes significantly, reaching a stable value when the machine
tool becomes thermally stable. As most compensation for volumetric error is
performed at the thermal stable stage, the average value is taken from several
calculations at this stage. For the tested machine tool, the multiplication factors for
the x-, y-, and z-axes are calculated to be 0.97, 0.76 and 0.67, respectively.

So far, with regard to the prediction Eg. 4.20, the two variable components are
nut temperature and axial travel distance. The positioning errors along each axis at a
certain temperature can now be predicted using Eq. 4.20. Fig. 4.7 shows good
agreement between the positioning error data predicted by Eq. 4.20 and experimental

data.
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Figure 4.5: Curve Fitting for z-axis Positioning Errors at Nut Temperature (37°C)
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Figure 4.6: Variations of 5, with the Increase of z-axis Nut Temperature

Formation of TIVEM. The new thermally-induced volumetric error model can
be formulated based on the general model from Eg. 4.11 assuming that the six
straightness errors (6,(X), d:(X), ox(y), d:(Y), x(z), dy(z)), nine angular errors (ex(X),
&y(X), €2(X), ex(y), ey(y), &y), ex(2), &y(2), &2(z)) and three squareness errors (ex(r), &/(r),
&(r)) do not vary with the machine’s thermal status. Replacing three positioning
errors (ox(x), oy(y), 9,(z)) with thermally-induced positioning errors (Ex(X, Txut), Ey(Y,
Tynut), Ez(z, Tznur)) in Eq. 4.11, the following equation is derived:

AX = E, (X, Tyu) + 6, (¥) +6,(2)
AY =5,()+E, (¥, T, + 6, (2) (4.24)

AZ = 52 (X) + 52 (y) + Ez (Z’Tznut)
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Substituting Eg. 4.24 to Eq. 4.18, the new model for thermally-induced

volumetric error can be expressed through the following equations:

Vo =(=Yg) [XZ+e,(N]+Zy [XY +&,(N]+E, (X Tn0) +6,(y) +6,(2)
V, =(=Zy) XX +&,(N]+ X, - [XZ+&,(N]+6,(0) +E, (Y, Ty) +6,(2)

V, = (=Xg) [2Y +&,(N]+Yy [ X +,(N]+6,() +6,(y) + E, (2. T,0u)
(4.25)
in which all geometric error components and variables have denotations that are the

same as those for the general model.

4.3 Verification of TIVEM

4.3.1 Volumetric error calculation based on measured data

The 3D volumetric error for any given point at cold start and at the thermal stable
stage of a three-axis machine tool can be calculated using the general volumetric
error model (Egs. 4.11 and 4.18) by applying measured geometric error data for the
cold start and the thermal stable stage (Tables 4.1, 4.2 and 4.3) [79]. Comparing
these two results, it is possible to find the magnitude of error induced by temperature

increase in a machine tool.

4.3.2 Compensation point calculation by proposed TIVEM

For any nominal tool position P4 set by the CNC controller, its compensation point
P. can be calculated by applying the proposed TIVEM in conjunction with the
algorithm proposed by Lee et al. [13]. According to this calculation procedure, at a
certain thermal stage (e.g., the thermal stable stage), the CNC controller will set the
cutting tool tip to the compensated point P. instead of to point P4 to achieve
high-quality machining. However, another error exists, Pc-newerror, Which can be
calculated by the general volumetric error model using geometric error data

measured at the thermal stable stage [79]. After compensation, the resultant
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volumetric error (V) can then be predicted as:

V,=P. +P, P, (4.26)

—newerror

where Pc.newerror IS the error vector for point P at the thermal stable stage.
In the same way, the resultant linear displacement error (dex(X), dey(Y), dcz(2)) can

be predicted after compensation as:

50)( (X) = ch + 5)( (X) - Xd
S () =Py +6,(y) - Yy (4.27)

§cz (Z) = Pcz + 52 (Z) - Zd

where Py, Py and P, define vector P¢ along X, y and z-axes respectively;

ox(X), dy(y) and J,(z) define axial positioning error at point P at the thermal stable
stage; and

Xq, Yq and Zg define vector Pgalong x-, y- and z-axes respectively.

Fig. 4.8 illustrates the flow chart for the calculation procedure. The databank
consists of 21 geometric errors at different positions measured at the cold start stage
[79] and a set of axial origin offsets with different thermal statuses. For any given
point Py (X4, Ya, Zg) and on-line measured nut temperature (Txaut, Tynut, @Nd Tznue), the
21 basic geometric errors at cold start and three origin offsets can be obtained

directly from the databank or by the linear interpolation method.

4.4 Results and Analysis

Testing of a traditional model for thermally-induced volumetric error of a three-axis
machine tool requires measurement of 21 geometric error components and their
variation data at different temperatures. Obtaining these data is difficult and
time-consuming. Hence, in this chapter, data presented in other published literature

are used to demonstrate the effectiveness of the proposed model [79].
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4.4.1 Volumetric error

The volumetric errors of a working zone of 210 x 210 x 210 mm in a typical three-
axis horizontal CNC machine (Fig. 4.9) have been calculated to evaluate the
spatial-based and thermal-based volumetric error variation before and after
compensation. The working zone (Fig. 4.10) is from Aq (40, 40, 40) to C; (250, 250,
250), units: mm.

Fig. 4.11 shows the thermally-induced volumetric error on plane A;B1CiD;
before compensation. The top layer shows the volumetric errors on this plane when
the machine is at the thermal stable stage. The bottom layer shows the volumetric
errors at cold start. The thermally-induced error on plane A;B;C;D; increased from a
minimum value 10 pum at cold start to a maximum value 208 pm at the thermal stable
stage, a 198 pum increase.

Fig. 4.12 shows the spatial-variant volumetric errors in working zone AoBoCoDg
— A1B1C1D;. The top layer shows the volumetric errors in plane AoBoCoDo. The
bottom layer shows the volumetric errors in plane A;B;C;D;. The spatial-variant
error observed in this working zone at the cold start stage rose from a minimum
value of 11 um to a maximum value of 33 pum, i.e., a 22 um increase. From this, it
can be concluded that volumetric error caused by thermal distortion in a big industry,
where the machine tool usually runs for the whole day, would be the major error
source.

Fig. 4.13 shows the volumetric errors on plane A;B;C;D; with and without
compensation. The volumetric error rises from a minimum value of 10 um (bottom
layer) to a maximum value of 208 pm (second layer) without compensation, while
the machine tool runs from the cold start stage to the thermal stable stage. The
increase in volumetric error is reduced to 72 pm (64% decrease) when compensated
for by the proposed model (third layer). If only compensated by the geometric model,
the results might be worse (top layer), as the errors at high temperature might trend
in different directions compared to their behaviour at the cold start stage. This

phenomenon can be observed in Figs. 4.14, 4.15 and 4.16.
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Figure 4.9: Test Machine Structure

Figure 4.10: Work Zone

84



Chapter 4: Model Development

Max difference:  198um
Min difference:

97um

Volumetric errors (um)

Figure 4.11: Thermally-Induced Volumetric Errors of Plane A;B;C1D;

before Compensation

B
Max difference: 22um
= 3p! R sir
g | Min difference:  2um
S—
(2]
—
o
e
o)
L2
=
0]
£
=2
o
>

100 -
X(mrn) )

—_£50

Figure 4.12: Spatially-Induced Volumetric Errors of Working Zone

AoBoCoDo—A1B1C1D1

85



Chapter 4: Model Development

4.4.2 Linear displacement error

The linear displacement errors along each axis have been calculated to evaluate the
linear accuracy when the machine travels along the axial direction. Fig. 4.14 shows
the linear displacement errors in the z-axis with and without compensation when the
machine moves along line AoBy. It is observed that the maximum error, which is
defined as the measured value minus the designed value, is reduced from 106.27 um
to -5.14 pm (95% reduction) at the thermal stable stage for the machine after
compensation by the proposed model.

Fig. 4.15 shows the linear displacement error in the x-axis with and without
compensation when the machine moves along line A¢Dy. The maximum error is
reduced by 91% in total after compensation.

Fig. 4.16 shows the linear displacement error in the y-axis with and without
compensation when the machine moves along line BoB;. The maximum error is

reduced by 89% in total after compensation.

4.4.3 Prediction of the dimensional accuracy of cut workpiece

Two kinds of machining jobs have been simulated, and their results have been
predicted. The first one is the milling of surface AjA;D1Do. Its positioning error and
average depth difference between several machining situations have been calculated
to evaluate the effectiveness of the compensation in the z-axis. The second job is the
drilling of four holes in surface ApA1D1Dg. The distance errors between holes are
calculated to evaluate the effectiveness of compensation in the x-axis and y-axis.

Fig. 4.17 shows the positioning error distribution of milled surface AjA;D1Dg
under different machining situations. The top layer shows the results machined under
high temperature without compensation. The second one is machined under high
temperature and then compensated by the proposed model. The third one shows the
ideal position. The bottom one shows the results for cold start. It is evident that the
positioning errors have been reduced. Fig. 4.18 illustrates the average depth

difference of surface ApA1D1Do with and without compensation. The surface jumps
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between workpieces machined at different times have been reduced from 115.40 um
to 45.37 um, for a total reduction of 61% after compensation.

Table 4.6 shows the distance errors between holes under different machining
situations. The designed positions of the holes are shown in Fig. 4.19. The maximum
distance error is reduced from 38.69 um to -0.14 um, for a total reduction of 99%

after compensation.

4.5 A Simple Error Compensation Scheme

Based on the above discussion, a simple on-line volumetric error compensation
system is proposed for existing machine tools, which will provide the opportunity
for manufacturing high-precision parts without the purchase of new, more
sophisticated machine tools. A block diagram of the proposed on-line volumetric
error compensation system is given in Fig. 4.20. The figure shows that the 21 basic
geometric errors (calibrated around 20°C) and temperature-related origin offsets only
need to be checked regularly unless the machine has been remounted. Three
thermocouples need to be attached to the machine to monitor the variations in nut
temperature. A personal computer is also needed to do the calculations and
communicate with the CNC controller. The proposed system is under development

and will be presented as an extension of this work.

Table 4.6: Distance Errors* between Holes under Machine Tool’s
Different Thermal Conditions

Distance error . Compensated by Compensated by
) Cold start High temp.

(unit: um) old model new model

Dis.012 8.81 25.05 16.22 1.75

Dis.023 541 27.31 2191 -0.89

Dis.034 9.45 26.08 16.63 2.16

Dis.041 6.42 29.97 23.53 0.78

Dis.013 8.80 37.98 29.17 2.84

Dis.024 12.5 38.69 26.19 -0.14

* Distance error = measured distance — designed distance
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4.6 Simplification of TIVEM

The main characteristic of the thermally-induced volumetric error model (TIVEM)
developed so far is that it considers the changes of positioning errors only; the
variations of the remaining 18 geometric error components are ignored. As a result,
the need for monitoring the changes of 18 geometric error components with
temperature is no longer required: thus, the large number of thermocouples required
for the traditional model is reduced to three. However, the TIVEM still includes the
same number of error components (21 geometric error components) as the traditional
model. This sub-section attempts to further simplify the TIVEM for expanding its
applications in general industry by ignoring angular errors, straightness errors, and
squareness errors at the cold stage and compensating for volumetric error by
considering only the thermally-induced positioning errors.

The simplified model can be expressed as Eq. 4.28 based on TIVEM (Eq. 4.25):

Vx = Ex (X’Txnut) =X (rxnut) +ﬂx X (Txnut _20)
Vy = Ey (vaynut) = yO (Tynut)+ﬁy a y'(Tynut _20) (428)
Vz = Ez (ZiTznut) =1, (rznut) +ﬂz oz (Tznut _20)

To demonstrate the effectiveness of the simplified model, milling operations
were simulated on a three-axis horizontal CNC machining centre (Fig. 4.9). Fig. 4.21
shows the prismatic component sized 280 x 50 x 50 mm, 150 x 25 x 25 mm, and 30
x 10 x 10 mm, respectively. Faces AoBoCoDy and A1B1C;D; were machined in the
simulation.

For any nominal tool position P4 set by the CNC controller, its compensation
point P, and error-remains after compensation can be calculated by applying the
simplified model in conjunction with the algorithm shown in Fig. 4.8. The

calculation results and analysis are shown in following sections.
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Figure 4.21: Simulated Machining Components

4.6.1 VVolumetric errors

Fig. 4.22 illustrates the thermally-induced volumetric errors of plane A;B;CiD;
(workpiece size: 150 x 25 x25 mm) machined under different machine conditions.
The top layer shows that the average volumetric error is calculated as 192 microns if
machined at high temperature without compensation. The second layer shows that
the average volumetric error is calculated as 82 microns if machined at high
temperature and compensated by the simplified model, which is a 57.3% reduction
from the uncompensated error. The third layer shows that the average volumetric
error is calculated as 77 microns if machined at high temperature and compensated
by TIVEM, which is a 59.9% reduction from the uncompensated error. The bottom
layer depicts that the average volumetric error is calculated as 11 microns if
machined at the cold start state, which does not require any thermal compensation.
Therefore, the difference between the simplified model and the TIVEM is 5 microns

or 2.6% of the uncompensated thermal error, which is negligible.
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Figure 4.22: Thermally-Induced Volumetric Errors of Plane A;B;C,D; (Workpiece
Size: 150 x 25 x 25 mm) at Different Machining Conditions
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Figure 4.23: Linear Dimension Errors of a 280 x 50 x 50 mm Workpiece
(Length: 280 mm)

F - Compensated by full error model TIVEM
S - Compensated by simplified model
N - Without compensation
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4.6.2 Linear dimension errors

Linear dimension, the distance between planes A¢ByCoDy and A;B;C;D;, was
calculated to evaluate the effectiveness of the simplified model on linear dimension
compensation. The linear dimension error is defined as the measured value minus the
designed value. Fig. 4.23 shows that the linear dimension error for a large workpiece
increased by 0.437 microns (|(-8.855)-(-8.418)|) if compensated by the simplified
model rather than the TIVEM. Similarly, for medium and small sized workpieces,
the errors are increased by 0.107 and 0.004 microns, respectively, using the
simplified model (Fig. 4.24 — Fig. 4.25). A comparison of linear dimension errors
between different size workpieces (Fig. 4.26) confirms that the linear dimension

error is proportional to the size of the workpiece.
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Figure 4.24: Linear Dimension Errors of a 150 x 25 x 25 mm Workpiece
(Length = 150 mm)
F - Compensated by full error model TIVEM
S - Compensated by simplified model
N - Without compensation
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4.6.3 Assessment of compensation results by process capability data

It is worth comparing the results with process capability data because it is an
indicator of real machining error. Process capability (also known as natural tolerance)
is the smallest tolerance that can be maintained economically by a particular process;
as such, it represents the precision of a process. The smaller the process capability
value is, the more precise the process is, yielding a higher quality product with
smaller variability in dimensions. Process capability data can be estimated by
applying the following equation [105, 106]:
1T-16

PC = (0.45%/S +0.001S)10 * (4.29)
where PC represents process capability (mm); S presents magnitude of size
dimension (mm); and IT presents international tolerance grade number.

The IT grade indicates the precision of a manufacturing process. Each
manufacturing process is capable of producing an IT grade range. The actual process
capability depends on a number of process factors. Farmer [5] proposed a method for
calculating process capability considering six major factors: (1) type of material
machined, (2) shape of the part, (3) surface area, (4) number of operations, (5)
machine conditions and (6) skill of the operator. The method uses a scoring system,
the details of which are available in Farmer [5]. The change in process capability
value caused by machine conditions can be estimated by assuming the other five
process factors remain the same.

Machine condition is affected by a number of factors, such as the built-in
geometric and kinematic errors, thermally-induced errors, errors caused by the
cutting process and other machine system errors. Considering other aspects
unchanged, the dimensional error caused by the machine’s temperature rise can be
calculated from measured data. From this baseline, the percentage of error reduced
by using the simplified compensation model out of the total dimensional error
caused by machine conditions can be obtained.

The results show that thermally-induced dimensional error comprises 75.94% of
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total dimensional errors caused by machine conditions (Fig. 4.27a). When
compensated by the full-error model, 70.23% of total dimensional errors can be
eliminated, which leaves 5.71% thermally-induced dimensional error remaining (Fig.
4.27b). When compensated by the simplified model, 69.46% of total dimensional
errors can be eliminated, which leaves 6.48% thermally-induced dimensional error
remaining (Fig. 4.27c). This suggests that only 0.77% of total dimension
compensation accuracy will be sacrificed by adopting the simple and economical

model proposed in this research instead of the traditional model.

24.06%

24.06%

(@) (b) (©)

Figure 4.27: The Percentage of Thermally-Induced Dimensional Error with and

without Compensation: Workpiece Size: 280 x 50 x 50 mm

(@) Thermally-induced dimensional error comprises 75.94% without
compensation; 24.06% of total dimensional error is caused by
other machine error

(b) Thermally-induced dimensional error is reduced by 70.23% if
compensated by the TIVEM

(c) Thermally-induced dimensional error is reduced by 69.46% if
compensated by the simplified model

4.7 Concluding Remarks

e Athermally-induced volumetric error model (TIVEM) has been developed to
calculate the volumetric error at any time and at any given point in a
three-axis CNC machining centre working zone.

e The proposed model was applied for two types of simulated machining jobs:
milling and drilling. The results show that, by application of the proposed

model, the thermally-induced volumetric error was reduced from 115.40 pm
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to 45.37 um for the milled surface, and the maximum distance error between
drilled holes for the drilling operation was reduced from 38.69 um to -0.14
pm.

e The model was simplified to take into account only the three axial
positioning errors and their variations with temperature. The simulated
machining results indicate that only a negligible amount of total dimensional
accuracy will be sacrificed by adopting the simplified compensation model
compared with the traditional model.

e The simplified model requires only measurement of the three axial
positioning errors and their variations with temperature; therefore, a Laser
Doppler Displacement Meter (LDDM) will be adequate to meet the accuracy

requirement.
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Model Verification

5.1 Introduction

In Chapter 4, the validation of the developed model was completed using
experimental data available in the literature reported by Venugopal [79]. This was
necessary because a comparison with the traditional model was needed to
demonstrate the effectiveness of the new model. However, the traditional model
requires the measurement of 21 error components, the avoidance of which is the
main objective of this project. In this chapter, the verification of the proposed model
is done by applying new experimental data.

The proposed model requires the measurement of only three positioning error
components; therefore, a Laser Doppler Displacement Meter (LDDM) was adequate
for the error measurements. A number of tests were performed to observe the
variations of the positional errors with temperature along the three axes separately.
The effects of cutting operations on positioning errors were also analysed by
performing two machining operations: drilling and milling. Finally, comparisons
were made between measured and predicted errors to demonstrate the accuracy of

the error prediction model.

5.2 Thermally-Induced Positioning Error

In Eqg. 4.20, 20°C is used as the starting point for the temperature rise because it is
the international standard temperature for describing the length of an object [114]. In
practice, however, guaranteeing 20°C as the initial temperature is difficult to
accomplish when measuring original lead screw errors. In Eq. 4.20, therefore, (T-20)
is substituted by (T-To) in the subsequent prediction model, where Ty is the actual
starting temperature.

As described in Chapter 4, ball screw nut temperature was chosen as the
temperature measurement point to demonstrate the lead screw expansion, and it
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should be measured at a spot facing the driving motor and as close as possible to the
nut—lead screw contact surface, as shown in Fig 5.1. This determination is based on
the fact that the friction heat generated in the nut-lead screw contact surface
dominates the lead screw expansion and the assumption that heat from friction
between the nut and lead screw is equally dispersed to these two parts.

On the basis of the above-stated analysis, the prediction model for
thermally-induced positioning error (Eq. 4.20) can be represented by the following

equations:

Ex (X’Txnut) = Ex (X’TXO) +ﬂx X (Txnut _TXO)
Ey(yiTynut) = Ey(y!TyO) +ﬁy a-y- (Tynut _Tyo) (51)

Ez (Z’Tznut) = Ez (Z’TZO) +ﬂz -z (Tznut _TZO)

where Ex(X, Txaut), Ey(Y, Tynut) and E(z, Tznut) are the positioning errors along axes that
are functions of axial travel distance and nut temperature;

Ex(X, Txo), Ey(Y, Tyo) and E;(z, T,0) denote the original positioning errors, which can be
measured before machine operation;

X, Y, and z represent the axial travel distances;

Txnuts Tynut @nd Ty are the nut temperatures; and

Px, Py and B, are the adjustment factors in the x-, y- and z-axis, respectively. The
adjustment factors are determined from data measured using the least squares method.

The details of this procedure can be found in Chapter 4 of this thesis.

Driving side Driven side

Figure 5.1: Location of Thermocouple (T) on x-axis Ball Screw Nut
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5.3 Experimental Work

5.3.1 Test machine setup

The experiment was conducted on a CNC machining centre at the CAD/CAM lab of
the Department of Mechanical Engineering, Curtin University. It should be pointed
out that an EMCO F1 CNC milling machine was used in the preliminary study.
EMCO F1 is a small CNC milling machine suitable for research and educational
purposes. This machine was chosen for the preliminary study because of the ease of
disassembly of its frame and setting up the thermocouples at various locations. As
the simplified model no longer requires measurement of temperature at a large
number of locations, all the validation tests described in this chapter were conducted
on a bigger machine typically used in the industry, the Leadwell V30 manufactured
by Leadwell, Taiwan. The Leadwell V30 (Fig. 5.2) is a three-axis vertical machining
centre with maximum strokes 760 x 410 x 520 mm along the x-, y- and z-axes
respectively. A ball screw driving system is fitted to each axis and is capable of
operating at a maximum feed rate of 5000 mm/min along all axes. The maximum
available spindle speed is 8000 rpm. The other specifications of the machine are
listed in Appendix A [117]. A thermocouple with a magnetic end was attached to the

nut to measure the temperature variations for each axis (Fig. 5.1).

5.3.2 Measuring instrument

Introduction of LDDM. The positioning error was measured by a Laser Doppler
Displacement Meter (LICS-100) manufactured by Optodyne, Inc., USA. The
LICS-100 system consists of three components: a laser head with processor module,
a retro reflector and a notebook computer, as shown in Fig. 5.3. The technical
specifications of LICS-100 are listed in Appendix B [118].

The LICS-100 monitors the displacement of the objective or target from an
initial position where the display is zeroed to any final position within the range of
the instrument. Displacement is shown continuously as the target moves. At the final
position, the displacement of the target is displayed. The sign of the displayed

number indicates positive or negative displacement.
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Thl‘\eadmi;st(;rr

LEADWELL
V30

Figure 5.3: Laser Doppler Displacement Meter (LICS-100) [118]
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LICS-100 uses an electro-optical device which detects the Doppler shift of a
laser frequency caused by a moving target to measure displacement with a high
degree of accuracy. The range may be from a few microns to several meters. Other
precision displacement measuring devices use interferometric techniques, requiring a
sophisticated laser that calls for critical, time-consuming alignments and causes
additional expense. LDDM is based on the principles used in radar. Its construction is
simpler, less costly and more rugged, and it is much easier to use than a conventional
interferometer.

The frequency of the reflected laser beam is shifted by the motion of the retro
reflector and is proportional to its velocity. The phase shift is proportional to the
displacement. A phase-detector is used to sense the phase shift. For each
half-wavelength of displacement, a counter is incremented. A microprocessor is used
to read the counter and the phase angle before converting them to inches or
centimetres.

The Doppler frequency shift can be expressed as:

Af =(2f/c)-Av (5.2)
or
AG=2r-(2f /c)-Az (5.3

where Af and A@ are the frequency and phase shift, and Av and Az are the velocity
and displacement of the retro reflector, respectively. The variable f is the frequency
of the laser, and c is the speed of light.

A counter is used in conjunction with the phase detector to record the number of
half-wavelengths (A/2) detected. A microprocessor reads the counter and the phase
angle and converts them to output units. Compensation for changes in the speed of
light due to temperature, pressure and humidity variations is programmable.

Setup of the LDDM. Fig. 5.4 shows that the LDDM is set up for measuring
X-axis positioning errors. The laser is launched from the laser head, which is secured
on a stable surface. A 90° beam bender is attached to the laser head to reflect the
laser beam to any desired direction from the incident beam. The laser beam is then
returned by a retro reflector mounted on the moving parts. The reflected beam is

detected near the laser source: the original and the reflected beams run the same
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paths. After detection, the displacement information is calculated and sent to a
notebook PC through a USB interface for displaying the reading, data collection and
analysis. When measuring the y-axis positioning error, the laser head is fixed in the
front of the machine; the reflector is still mounted on the table and facing the laser
head. The white form board and box are used as temporary barriers to protect the
LDDM from cutting coolant and flying chips.

Fig. 5.5 shows that the LDDM is setup for measuring z-axis positioning errors.
The laser head is fixed on the table, which does not move during the measuring. A
90° beam bender bends the laser beam to the z direction. The reflector with the
magnetic end is attached to the moving spindle (no rotations) to reflect the laser

beam. Fig. 5.6 shows a screenshot during measuring.

1

1: Moving table 2: Thermocouple 3: Laser head and beam bender
4: Retro reflector 5: Temporary barrier

Figure 5.4: Setup of LDDM in x-axis
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Figure 5.5 Setup of LDDM in z-axis

. Linear Laser Measurement

ReadCnt
4

100
Digits

b | g

Laser Position

[~ Intensity MTE I:l Unit  mm
[~ Step Cycle [ Multiple Passes =1 Run (back) 1 [T50.0000

Temp. (22 Templ |20

Pressure ‘?53_ | Temp2 | | g
Humidity [50._| || Alpha[ ‘ )
e E| U.UQI/_/
0.00
l 100 200 200 400
0.02
‘ Main ‘ Analyze ‘Qﬂncel ‘ Setup ‘ ‘ Reset

Figure 5.6: Screenshot during Measuring
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5.3.3 Testing procedure

The aim of this experiment is to monitor the variations in the three-axis positioning
errors of a CNC machine with temperature and the effects of operating conditions on
positioning errors. The operating conditions considered in this research were idle run,
end milling, and drilling. During an idle run, the machine does not cut any material;
hence, this stage is called air cutting by some researchers. During air cutting, the
machine was operated at the maximum feed rate and full stroke of the machine tool
to simulate the load generated by the actual cutting process. A test component was
designed for conducting the end milling and drilling operations (Fig. 5.7).
Aluminium alloy 6061, which is readily available and widely used in industry, was
chosen as the work material. It is also relatively easy to machine and is capable of
producing a good surface finish.

Idle run was applied in the three axes separately to avoid the combined effects of
the axes. Two operating modes were adopted in conducting positioning error
measurements under the idle run condition. One was maintaining a constant idle run
at the maximum feed rate along the full backward and forward strokes to generate
heat and warm up the machine; the other mode was idle measurement. During idle
measurement, the table was moved step by step (at an increment of 50 mm for each
step); the positioning errors were measured and recorded during each step as the
table was moved both ways (forward and backward) to inspect the hysteresis caused
by backlash. The values were recorded at each step. Therefore, the machine was
operated in a repeated procedure—idle measurement > constant idle run > idle
measurement—until the temperature reached a steady state.

The idle measurement time is designed for machine run times of 0, 10, 20, 30, 60,
120 and 180 min as temperature increases rapidly in the first hour (Chapter 3).
However, this measurement schedule cannot be sustained in practice because of the
considerable time required to change the operating program. The actual measurement
times are shown in Tables 5.1, 5.2 and 5.3, in which the operation column shows the
first letter that defines the operation name (I: idle measurement; D: drilling; M: end
milling), the second letter denotes the operating axis and the number represents the
machine run time.

The actual cutting operations (drilling and end milling) were performed only on

the x-axis. A high-speed steel (HSS) drill with a 12 mm diameter was used to drill
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holes denoted as H1 to H10. Holes H1 to H5 were drilled under a low temperature
(Table 5.1), and the test procedure was designated as DX15. Holes H6 to H10 were
drilled at a high temperature, and the test procedure was designated as DX315. The
positioning errors of the machine under the drilling operation were measured using
the LDDM when the drill was moved from datum plane A to each hole.

An HSS end mill (12 mm diameter) was used to machine faces F1-F5. Each face
requires four cuts to finish. The depth of each cut was 7, 7, 5 and 1 mm, respectively.
The machine’s positioning errors (travelling errors) under the end milling operation
were measured when the end mill cut off material from datum plane A to faces F1 —
F5. The positioning error for the rough cut (7 mm) and finish cut (1 mm) were

recorded for further analysis.

Figure 5.7: Test Component
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Table 5.1: X-axis Testing Condition

Operations chhine run time | Ball screw nut Spindle speed Feed rate
(min) temperature (°C) (rpm) (mm/min)
IX0 0 225 0 4800
DX15* 15 22.6 4297 172
IX50 50 23 0 4800
X105 105 24.95 0 4800
X145 145 25.6 0 4800
X185 185 26 0 4800
X225 225 26.3 0 4800
X285 285 26.5 0 4800
DX315* 315 25.6 4297 172
22028 220°
MX330 330 25.6 4005" 417"

I---idle measurement; D---drilling; M---end milling; X---x-axis; the following number

shows machine run time.
*Drilling method: G83 mode; ® Rough cut, depths of cuts are 7, 7 and 5mm respectively;
¥ Finish cut, depth of cut is Imm.

During each measurement interval, the machine was heated up by idle run at 4800 mm/min

feed rate.
Table 5.2: Y-axis Testing Condition

Operations chhine run time Ball screw nu;[ Feed ra_te

(min) temperature (°C) (mm/min)
1YO 0 20.1 4800
Y18 18 21.7 4800
Y51 51 229 4800
1Y85 85 24.4 4800
1Y136 136 24.9 4800
1Y194 194 25.9 4800

I---idle measurement; Y---y-axis; the following number shows machine run time.

During each measurement interval, the machine was heated up by idle run at
4800 mm/min feed rate.
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Table 5.3: Z-axis Testing Condition

peraions | pleinerintine | Bl | St

120 0 22.6 4800

1216 16 23.6 4800

1245 45 245 4800

1275 75 25.3 4800

12138 138 26.1 4800

I---idle measurement; Z---z-axis; the following number shows machine run time.

During each measurement interval, the machine was heated up by idle run at 4800 mm/min
feed rate.

5.4 Results and Analysis

5.4.1 Machine tool’s thermal behaviour

Temperature variations with the machine run time. Fig. 5.8 shows the variations
in the x-axis ball screw nut temperature during the entire testing (11 h from 7:00 am
to 6:00 pm). Preparing the measurement program and setting up the measurement
system took more than 3 h, which increased the nut temperature from 21°C to 22.5°C.
The first series of idle measurements (1X0) were initiated at 10:15 am, which is
considered the zero point in the timeline for calculating machine run time (Fig. 5.8
and Table 5.1). This point was taken as the reference in plotting all the graphs for
machine run time in the x-axis. Fig. 5.8 also shows that during the first 30 min, the
machine was in the idle measurement mode, paused, and then proceeded with the
drilling process to measure the original errors. The nut temperature did not vary
much (22.5°C) during this period. When a constant idle run was initiated, the
temperature abruptly increased until it reached a thermal stable stage; this process
took around 2 h for the test machine used in this study. Subsequently, the rate of
temperature increase gradually slowed down (1°C increase during the next 2 h). This
stage was assumed to be a thermal stable stage. After the constant idle run, the
machine returned to the normal milling and drilling process, and the temperature
quickly decreased. The trends of the temperature variations indicate that the machine
usually works in a thermal state below the highest temperature even in large-scale
industries, where machines are operated the entire day. When the workers pause to
reload the workpiece, clean the chips, and so on, the machine goes into a
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running—pausing cycle. Therefore, it does not reach the highest thermal stable stage.
The actual temperature value depends on room temperature and the machining
process.

Temperature variations of y- and z-axis ball screw nut with the machine run time
are shown in Fig. 5.9 and Fig. 5.10, respectively. The test in the y-axis started from
the second morning, and the measuring system was set up in the first evening;
therefore, the ball screw nut temperature started from cold (20°C), as shown in Table
5.2. The test in z-axis was conducted in the afternoon when the machine was in a
warm condition; therefore, the start temperature was 22.6°C, as shown in Table 5.3.

Three operations, idle run, drilling and end milling, were all performed in the
x-axis test; therefore, the x-axis test time lasted for 450 minutes. The y- and z-axis
tests performed only the idle run tests; therefore, each of these tests stopped when the

temperature and thermal growth were close to stable.
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Figure 5.8: Ball Screw Nut Temperature Variations with Machine Running Time
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Maximum thermal growth. Fig. 5.11 shows the maximum thermal growth of
the x-, y- and z-axis lead screw under idle run operating conditions when they reach
the thermal stable stage. The maximum thermal growth for the x-axis lead screw is
close to 55 um (y: 48um, z: 43 um). It can be observed that the lead screw thermal
growth is strongly related to the nut temperature. In the first hour and a half, the
temperature increased abruptly (Fig. 5.8 — Fig. 5.10), as did the thermal growth.
When the temperature increased slowly, the rate of the thermal growth also slowed
down. In fact, the lead screw expansion is related to the temperature of the lead screw.
The reason to choose the nut temperature as the alternative has been depicted in
Section 5.2.

Thermal effects on positioning errors. Fig. 5.12 — Fig. 5.14 show the average
positioning error variations with the temperature in three axes respectively. It is
observed that the positioning error increases when the nut temperature (or machine
run time) increases. The legend about the testing conditions shown in these graphs
and the following graphs coincides with Table 5.1 — Table 5.3.

Fig. 5.15 — Fig. 5.21 show the positioning error variations when the table moves
in both ways along the x-axis at several thermal statuses. It is observed that the
positioning errors are proportional to the travel distance; the x-axis movement of this
test machine is stable as the lines are pretty close to straight lines even in high

temperatures.
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Figure 5.10: Ball Screw Nut Temperature Variations with Machine Running Time

60

50

40

30

20

10

Max.thermal growth (um)

-10

(z-axis)

—e— X-axis —8— y-axis —¥— z-axis

/*/

i

o4

i
V

50 100 150 200 250

Machine running time (min)

Figure 5.11: Maximum Thermal Growth in Three Axes Directions

113



Chapter 5: Model Verification

—e— X0 —+—IX50 —a— X105 —x— |X145
—o— IX185 —m— X225 —*— |X285

100

Avg. positioning error (um)

x-axis travel distance (mm)

Figure 5.12: Positioning Error Variations with Temperature (x-axis)
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Figure 5.13: Positioning Error Variations with Temperature (y-axis)
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Figure 5.14: Positioning Error Variations with Temperature (z-axis)
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Figure 5.15: Positioning Errors When Machine Moves in x-axis (22.5°C)
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Figure 5.16: Positioning Errors When Machine Moves in x-axis (23°C)
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Figure 5.17: Positioning Errors When Machine Moves in x-axis (24.95°C)
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Figure 5.18: Positioning Errors When Machine Moves in x-axis (25.6°C)
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Figure 5.19: Positioning Errors When Machine Moves in x-axis (26°C)
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Figure 5.20: Positioning Errors When Machine Moves in x-axis (26.3°C)
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Figure 5.21: Positioning Errors When Machine Moves in x-axis (26.5°C)
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Fig. 5.22 — Fig. 5.27 show the positioning error variations when the table moves

in both ways along the y-axis at several thermal statuses. Similar phenomena about

the positioning error variations can be observed from these figures.
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Figure 5.22: Positioning Errors When Machine Moves in y-axis (20.1°C)
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Figure 5.23: Positioning Errors When Machine Moves in y-axis (21.7°C)
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Figure 5.24: Positioning Errors When Machine Moves in y-axis (22.9°C)
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Figure 5.25: Positioning Errors When Machine Moves in y-axis (24.4°C)
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Figure 5.26: Positioning Errors When Machine Moves in y-axis (24.9°C)
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Figure 5.27: Positioning Errors When Machine Moves in y-axis (25.9°C)
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Fig.5.28 — Fig. 5.32 show the positioning error variations when the table moves
in both ways along the z-axis at several thermal statuses. The difference between the
forward moving and backward moving is close to zero. This will be further analysed
in Section 5.4.2.
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Figure 5.28: Positioning Errors When Machine Moves in z-axis (22.6°C)
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Figure 5.29: Positioning Errors When Machine Moves in z-axis (23.6°C)
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Figure 5.30: Positioning Errors When Machine Moves in z-axis (24.5°C)
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Figure 5.31: Positioning Errors When Machine Moves in z-axis (25.3°C)
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Figure 5.32: Positioning Errors When Machine Moves in z-axis (26.1°C)

5.4.2 Thermal effects on hysteresis

The error difference between forward and backward movements (hysteresis) is
primarily caused by backlash. The hysteresis on the x-axis was reduced while the
lead screw expanded because the gap between the forward and backward movements
shrank under high temperature (Fig. 5.15 — Fig. 5.21). Fig. 5.33 further demonstrates
that the hysteresis on the x-axis diminished significantly at the point of origin, but
varied less at another end as machine run time increased. This phenomenon can be
attributed to the structure of the x-axis. In CNC machine tools, one end of the lead
screw is usually connected to the driving motor and is supported by a thrust bearing.
This end can be considered fixed, whereas the other end supported by a ball bearing
can be regarded as a free end, i.e., free to expand in an axial direction. Therefore,
temperature had significant effects on the hysteresis in the free end (point of origin of
the test machine). Conversely, the effect on the y-axis hysteresis was insignificant
because the origin of the y-axis is at the fixed end (Fig. 5.34). The z-axis hysteresis
was close to zero at any thermal state because this axis moves in a vertical direction,
thereby eliminating hysteresis through the natural weight of the spindle head (Fig.
5.35).

The original data about positioning errors, average positioning errors and

hysteresis under different thermal statuses are presented in Appendix C — Appendix
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Figure 5.33: Thermal Effects on Hysteresis in x-axis
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Figure 5.35: Thermal Effects on Hysteresis in z-axis

5.4.3 Effects of cutting operations on positioning errors

Idle run experiments are usually employed to simulate cutting load under actual
cutting conditions. Nonetheless, this approach is not universally accepted [11] [27].
In this research, a series of actual cutting experiments were conducted to determine
the influence of ideal and actual machining operations at the same thermal
conditions.

Fig. 5.36 compares the positioning errors produced under the idle run (1X145)
and end milling (MX330) operations. The ball screw nut temperature for these two
operations was the same (25.6°C), as shown in Table 5.1. The positioning errors
produced during the milling-rough cut operation were slightly higher (maximum
difference, 3 um) than those produced under the idle run (IX145) and milling-finish
cut operations. However, this difference is insignificant; thus, the errors can be
considered similar.

Fig. 5.37 shows the comparison of the positioning errors produced under the idle
run and drilling operations at normal and high temperatures, respectively. Under a
normal temperature, the positioning errors produced in drilling process DX15 were
similar to those generated in idle run X0 because the temperature for both operations
was the same (22.5°C). Under a high temperature, the errors produced in drilling
process DX315 were slightly lower (maximum difference, 8 pum) than those

generated in idle run 1X145, even though the temperature for these operations was
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the same (25.6°C). This result may be attributed to the fact that the drilling was a
point-to-point operation and did not exert much load on travel distance compared
with the milling operations. This phenomenon indicates that the positioning errors
produced in actual machining operations can be approximately simulated by a high
feed rate idle run operation as long as the thermal statuses of the machine tools are

similar, especially in low temperature ranges.
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Figure 5.37: Comparison of Positioning Errors between Idle Running and Drilling
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5.4.4 Modification of thermally-induced positioning error prediction model

Based on the test results, the thermally-induced positioning error prediction model
for Leadwell V30 in x, y and z directions is modified from Eq. 5.1 to the following
form. The adjustment factors are determined based on measured data by applying the
least squares method as described in Chapter 4.

X-axis positioning error prediction model (tests were conducted between 22.5°C
and 27°C):

When T, <T,, =225

xnut —

)= RE(XTyo)

-

xnu

RE, (x,T

When T,, <T,,,, <27

xnut —

< REx(X'Txnut) = REX(XiTx0)+ﬁx 'a'x'(Txnut_Txo) ﬁX: 0.96
When T, . >27

xnut

K REX (X’Txnut) = REX (X’27)

(5.4)
Y-axis positioning error prediction model (tests were conducted between 20.1°C
and 26°C):

-~ When T, <T,=201

REy (y’Tynut) = REy (vayO)

When T, <T,, <26

ynut —

REy(y’Tynut) = REy(leyo) +,By a-y- (Tynut _TyO) ﬁy =1.13

When T, . > 26

ynut

- RE, (Y, T,n) = RE, (¥,26)

ynut

(5.5)
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Z-axis positioning error prediction model (tests were conducted between 22.6°C
and 27°C):

~When T,,<T,, =226
REZ (yaTznut) = REz (Z’TZO)
<27

nut —

When T,, <T
REZ (ZiTznut) = REZ (Z’TZO) +ﬂz a7 (Tznut _TZO) B.=2217

When T . > 27

znut

\- RE,(z,T,,,,) = RE, (2,26)

znut

(5.6)

5.4.5 Comparison of measured and predicted positioning errors

The predicted positioning errors along three directions are calculated by equations
5.4, 5.5 and 5.6 respectively. Fig. 5.38 — Fig. 5.43 show the comparison between
measured and predicted positioning errors in the x-axis under different thermal
conditions. The predicted positioning error agrees well with the measured values.
However, the agreement level from Fig. 5.38 to Fig. 5.43 is not the same. The
predicted value for 1X185 is closer to the measured value than is the predicted value
of other test conditions. This result is attributed to the averaging of adjustment factor
B in Eq. 5.4 — Eq. 5.6 for different thermal conditions (Chapter 4). The prediction
results for the y-axis (Fig. 5.44 — Fig. 5.48) and the z-axis (Fig. 5.49 — Fig. 5.52)
show similar phenomena. Table 5.4 — Table 5.6 show the relative difference between
the measured and predicted positioning errors in three axes at normal and high

temperatures, respectively.
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Figure 5.38: Comparison of Measured and Predicted Positioning Errors
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Figure 5.40: Comparison of Measured and Predicted Positioning Errors
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Figure 5.46: Comparison of Measured and Predicted Positioning Errors
(y-axis, 24.4°C)
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Figure 5.48: Comparison of Measured and Predicted Positioning Errors
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Figure 5.50: Comparison of Measured and Predicted Positioning Errors
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Figure 5.52: Comparison of Measured and Predicted Positioning Errors
(z-axis, 26.1°C)

Table 5.4: Relative Difference between Measured and Predicted Errors (x-axis)

- IX50 (23°C) IX185 (26°C)
?n(?]ilqt)lon Predicted Measured Difference* | Predicted Measured | Difference*
Error (um) | Error (um) (%) Error (um) | Error (um) | (%)
150 7.62 6.73 13.30 15.10 15.51 -2.64
200 10.08 9.05 13.57 20.24 20.38 -0.67
250 13.64 12.43 9.67 26.09 25.99 0.38
300 16.38 14.97 9.44 31.33 31.07 0.85
350 19.80 17.84 11.04 37.24 37.64 -1.06
400 23.24 20.92 11.11 43.17 42.89 0.66
450 26.52 24.15 9.84 48.94 48.72 0.45
500 29.57 26.57 11.29 54.48 55.14 -1.18
550 32.62 29.64 10.07 60.03 60.80 -1.27
600 37.38 33.43 11.83 67.28 67.51 -0.35
650 40.00 36.63 9.21 72.39 72.68 -0.40
700 43.55 39.47 10.34 78.42 78.27 0.19
750 44.55 40.56 9.82 81.92 81.51 0.50

*Difference =100 x (predicted error — measured error)/measured error
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Table 5.5: Relative Difference between Measured and Predicted Errors (y-axis)

» 1Y18 (21.7°C) 1'Y136 (24.9°C)
Position : . . .
(mm) Predicted Measured Difference* | Predicted | Measured | Difference*

Error (um) | Error (um) (%) Error (um) | Error (um) | (%)
100 5.86 7.21 -18.70 12.12 1151 5.32
150 10.86 11.94 -9.07 20.24 19.50 3.81
200 16.37 18.67 -12.30 28.88 29.36 -1.61
250 20.30 22.92 -11.42 35.94 37.10 -3.13
300 26.49 29.82 -11.18 45.25 47.01 -3.74
350 33.59 37.19 -9.69 55.48 57.35 -3.26
400 39.00 41.96 -7.06 64.02 64.48 -0.71

*Difference =100 x (predicted error — measured error)/measured error

Table 5.6: Relative Difference between Measured and Predicted Errors (z-axis)

. 1216 (23.6°C) 1275 (25.3°C)
Zz?:)lon Predicted Measured Difference* | Predicted Measured Difference*
Error (um) | Error (um) (%) Error (um) | Error (um) | (%)

100 4.26 3.66 16.18 9.51 9.02 5.35

150 7.04 7.35 -4.26 14.91 14.94 -0.20

200 12.36 13.32 -7.24 22.85 22.36 2.22

250 16.37 18.02 -9.15 29.49 29.38 0.38

300 22.29 24.58 -9.32 38.04 38.17 -0.35

350 28.09 31.47 -10.73 46.46 46.41 0.12

400 32.92 36.46 -9.69 53.92 53.56 0.68

*Difference =100 x (predicted error — measured error)/measured error

5.5 Concluding Remarks

On the basis of the analysis presented in this chapter, the following conclusions can

be made:

Thermally-induced positioning errors are closely related to ball screw nut

temperature. They increase significantly for an initial period of time,

typically for 1.5 h, and then the rate of error increase gradually slows down.

Thermally-induced positioning errors are linearly proportional to travel

distance.
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e The thermal condition of a machine tool significantly affects the error
hysteresis of non-vertical axes. This hysteresis also depends on the structure
of the axis. Vertical axis hysteresis is close to zero at any thermal state.

e The errors generated in milling operations can be simulated by those
produced in high-feed rate idle runs. At high temperatures, the errors

generated in drilling operations are slightly lower.
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Model Application

6.1 Introduction

Improving the dimensional accuracy of parts has increasingly drawn the attention of
manufacturers who desire to be competitive in modern industry. From the literature
review conducted in Chapter 2, it has been established that temperature-induced error
has the most significant effects on dimensional accuracy of machined parts after
continuous usage of the machine tool. These errors can be predicted and
compensated for by using mathematical models. A new model for calculating
thermally-induced volumetric error has been developed in Chapter 4 and verified in
Chapter 5. The aim of this chapter is to demonstrate through a number of cutting
experiments how the proposed thermally-induced volumetric error compensation
model can be applied to improve the dimensional accuracy of parts.

Two types of experiments were conducted: a test without compensation termed
as initial test and a test with compensation termed as compensation test. To monitor
the effects of temperature, both tests were conducted at the cold stage and the
thermal stable stage of the machine tool. Finally, component parts were measured for
their dimensional accuracy, and comparisons are made between the dimensional
accuracy of parts produced with and without compensation at two thermal stages of
the machine tool.

6.2 Accuracy, Repeatability and Resolution

A machine tool’s performance is frequently assessed by three specifications:
accuracy, repeatability and resolution.

Accuracy is the ability of a machine to move to a commanded position. Its value
demonstrates how close an attempted position is to the true position; therefore, it can
be represented as the difference between average measurements to the true value.

Repeatability is the ability of the machine to re-visit a location. Its value shows
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how close a number of successive attempts are to each other. Repeatability (R,) can
be calculated by using the following Eq. 6.1 — Eq. 6.3.

1 N
Xavg :W;(XI _Xd) (61)
S :\/LZN:(X. —X,0)? (6.2)
N_1%& i avg :
R, =+1-S (6.3)

where X; denotes the measured position;
Xqdenotes the designed position (nominal value);
Xavg IS the average position deviation from the designed position;
S is the standard position deviation; and
the coefficient t (Student’s t) depends on the confidence level and the number of
observations [119].

Resolution is the least increment of movement that the machine is capable of
making. The least count of resolution will affect both accuracy and repeatability.
High resolution is subsequently easy to accomplish, so the actual effect on accuracy

and repeatability is generally small.

6.3 Experimental Work

6.3.1 Component design

A test component (Fig. 6.1) was designed to monitor the positioning accuracy of the
centres of a number of drilled holes. A drilling operation was chosen because it is
relatively simple to compensate for positioning errors of drilled hole centres. The
datum planes B and C were machined with care to assure the uniformity of reference
surfaces for the co-ordinate measuring machine (CMM) inspection. A 12 mm
diameter HSS drill mill combo cutter was employed to machine datum planes B and
C and the five holes to reduce tool setup error. Sufficient space was left before hole
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H1 (100 mm) and after hole H5 (102 mm) for clamping the workpiece. Aluminium

alloy 6061 was chosen as the work material.
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Figure 6.1: Test Component

6.3.2 Cutting conditions

All of the experiments were performed under the same cutting conditions. Coolant
was applied through the entire cutting process. The cutting parameters used for
milling the datum planes were: cutting speed, 151 m/min; feed rate, 417mm/min; and
depth of cut, 0.5 mm. The cutting parameters used for drilling the holes were: cutting

speed, 162 m/min; and feed per revolution, 0.04 mm/rev.

6.3.3 Experimental design

The aim of experiments conducted in this chapter was to evaluate the positioning
accuracy of drilled hole centres with and without the application of the newly
developed thermally-induced volumetric error compensation model (Eq. 5.1).
Therefore, the experiments were divided into two categories: the first was an initial
test (IT) in which the workpiece was machined according to the designed dimension
without any compensation; the second was a compensation test (CT), in which the
test was conducted in exactly the same way as the initial test, but with compensated
values. A total of 30 components were machined, 20 during the initial test and the
remaining 10 during the compensation test (see Table 6.1 for details).

In the initial test, 10 of the 20 components were machined using identical cutting

conditions and design dimensions at the cold stage (22.5°C) of the machine tool.
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These components were marked as ITCS1-ITCS10 (ITCS; initial test in cold stage).
The remaining 10 components were machined using the same cutting conditions and
design dimensions at the thermal stable stage (24.5°C) of the machine tool. These

components were marked as ITSS1-ITSS10 (ITSS; initial test at thermal stable

stage).
Table 6.1: Details of Experiments
Test Test type Temperature (°C)
ITCS1-10 Initial 22.5
ITSS1-10 Initial 24.5

CTCS1-5 Compensation 22,5
CTSS1-5 Compensation 245

In the compensation test, five of the 10 components were machined using
identical cutting conditions, with compensated values for the dimensions at the cold
stage (22.5°C) of the machine tool, which were marked as CTCS1-CTCS 5 (CTCS;
compensation test in cold stage). The remaining five components were machined
using identical cutting conditions and compensated dimensions for the thermal stable
stage (24.5°C) of the machine tool, which were marked as CTSS1-CTSS 5 (CTSS;
compensation test at thermal stable stage).

The temperatures (22.5°C and 24.5°C) refer to the nut temperature along the
x-axis, which is the optimum temperature point when calculating the expansion of
the lead screw used (Fig. 4.3 — Fig. 4.4). The reason for choosing these two
temperatures is that when the test machine is used for only a short period of time it
works at 22.5°C (the room temperature in our laboratory is controlled at 21°C);
however, when the machine runs continually for normal machining over several

hours, the x-axis nut temperature might increase to 24.5°C (Chapter 5).

6.3.4 Experimental procedure

The experiments were conducted on the Leadwell V30 CNC machining centre that
was also used in the model verification tests performed in Chapter 5. A laser
thermometer was used to measure the x-axis nut temperature. The measuring point
was at the motor end and was as close as possible to the contact surface between the
lead screw and the nut (as shown in Fig. 5.1). The details of the experimental
procedure for the initial test and compensation test are as follows.

Initial test. The initial test components ITCS1-ITCS10 were machined at
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22.5°C to examine the repeatability of the machine tool at its cold stage. Each
experiment was performed on a different day to ensure that all the tests were
conducted at 22.5°C. The blank material was initially clamped onto the machine
table, according to the work co-ordinate system (WCS), and the machine was
switched on (cold start). The relationship between the machine co-ordinate system
(MCS) and the WCS is shown in Fig. 6.2. The blank material was secured at the
same nominal position on the machine table for all of the conducted tests, and the x
work offset was 350 mm for the convenience of loading and unloading the workpiece.
The machine was then warmed up to 22.5°C by moving the table along the x-axis,
which took approximately 20 minutes, after which the machine was moved back to
the origin of the MCS. At last, the drilling process started with following the cutter
path shown in Fig. 6.3. The reason for moving the table back to the origin of the
MCS before starting the cutting process was to ensure that all the tests had exactly
the same tool path.

The initial test components ITSS1-1TSS10 were machined at 24.5°C to assess
the machine tool’s repeatability at its thermal stable stage. The test procedure
followed was the same as that which was used for ITCS1-ITCS10, with an exception
being that the machine was warmed up to 24.5°C. This took approximately 100

minutes.

Machine coordinale
system (MCS)

g N
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J Zwork,  gystem (WCS)
J offset |

Figure 6.2: Machine Co-ordinate System and Work Co-ordinate System [120]

144



Chapter 6: Model Application

[mmmmmmmmmm e O
0w e 24
— - —————————————————————
R
H1 H2 H3 H4 H5

WCS

%

MCs ,

Start here

Figure 6.3: Cutter Path

Compensation test. The compensation test components CTCS1-CTCS5 and
CTSS1-CTSS5 were machined at 22.5°C and 24.5°C, respectively, to assess the
improvement of hole positioning accuracy after applying the proposed volumetric
error compensation model. The same procedures were followed as for ITCS-
ITCS10 and ITSS1-ITSS10, respectively, with the exception being that the drill tip
was moved according to the compensated values instead of the designed values. The
calculation of compensation value is explained in the results and analysis section.

The machined parts were inspected by the Discovery Model D-8 CMM that was
also employed in Chapter 3 for dimensional measurements. With regard to the
components machined in this chapter, measurements were taken from datum planes
B and C, respectively, along the x-axis and y-axis, and 10 points were probed at each

height level (five levels per hole) to determine the centre position of the hole.

6.4 Results and Analysis

6.4.1 Analysis of initial test results

The positioning errors of holes in the x-axis at the cold stage of the initial test
(ITCS1-ITCS10) are shown in Fig. 6.4. The measurement refers to datum plane B,
which is the origin of the WCS. A positioning error is defined as the measured
position minus the designed position. As shown, all of the positioning errors were
negative, and the positioning errors for different workpieces had significant
variations, although they were machined in similar thermal conditions (22.5°C).

The positioning errors of holes in the x-axis at the thermal stable stage of the
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initial test (ITSS1-ITSS10) are shown in Fig. 6.5. As demonstrated, all the
positioning errors remain negative; however, there is less variation between the
components of the positioning error, compared to the workpiece machined at 22.5°C.
Fig. 6.6 compares the holes’ average positioning error and the error distribution
(plus/minus three standard deviation) between tests ITCS and ITSS. The comparison
between these two tests reveals that the average positioning errors increased in a
negative direction as the temperature increased to the thermal stable stage.
Nevertheless, the components machined at the thermal stable stage produced
improved repeatability of positioning accuracy compared to the workpiece machined
at the cold stage. The explanation for the increase in positioning errors in a negative

direction is outlined below.

—e—MCS1 —a—MCS2 —B—[MCS3  —=— [TCS4
——TCS5  —»—MCS6  —+—MCS7  ——— TCS8
—+—MCS9  —+— MCS10
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Pos. errors (um)

Holes in machined order

Figure 6.4: Positioning Errors of Holes for Initial Test at Cold Stage
(ITCS1-ITCS10)
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Figure 6.5: Positioning Errors of Holes for Initial Test at Thermal Stable Stage
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Figure 6.6: The Comparison of Holes’ Average Positioning Error and the Error

Distribution (+3c) between Tests ITCS and ITSS

With regard to the structure of the lead screw of the test machine used (x-axis),

one end of the lead screw was connected to the driving motor and supported by a
thrust bearing. This end can be considered as fixed. The other end, where the x-axis
for the test machine originates, was supported by a ball-bearing and can be
considered as the free end. Therefore, when the temperature increased, the origin of
the MCS drifted in a negative direction (point P, as shown in Fig. 6.7), due to the
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thermal expansion of the lead screw. When the drill tip moved 350 mm from the
origin of the MCS to reach the origin of the WCS as designed, the drill tip could not
actually reach the precise origin of the WCS because of the negative thermal drifts
Ax, even though the travel produces positive travelling errors En,, (Chapter 5). In fact,
the real machining started from plane B; rather than datum plane B; i.e., the origin of
the WCS had negative deviations caused by thermal drifts of the origin of the MCS.
This is the primary reason behind significant negative positioning errors.

On the basis of the above analysis and the machining procedure performed in the
workpiece (Fig. 6.1), the positioning error of the drilled hole (along the x-axis)
calculation model can be modified from Eq. 5.1 to the following form:

{ Err)( (X’Txnut) = OX + REer (X’Txnut)

RErrx (X1Txnut) = RErrx (X1Tx0) + ﬁx a-X- (Txnut _TXO) (6 4)

where X: designed position on the x-axis with respect to the origin of the WCS;
Oy: origin thermal deviations of the WCS, Oy = Ax + En, (see Fig. 6.7);
Ax: thermal drifts of the origin of the MCS; its variations with the temperature can be
measured and stored in the machine’s databank;
Emw: travelling error when the drill tip moves 350 mm from the origin of the MCS to
the origin of WCS; its value can be determined from Eq. 5.1, as has been verified in
Chapter 5;
RErr«(X, Txnut): relative positioning error when the machine travels from the origin of
the WCS to the target position at temperature Tyny;
RErr«(X,Txo): relative positioning error when the machine travels from the origin of
the WCS to the target position at the cold start (Tyo) of the machine; its value can be
determined from the measured results (Chapter 5);
Sx. multiplication factor in the x-axis; its calculation is explained in Chapter 4.

The compensation value is calculated by the nominal position of the hole minus
the positioning error. For example, the nominal position of the first hole H1 is 100
mm, and this will be substituted with a compensation value Xcomp When drilling the

first hole H1 in the compensation test (CTCS and CTSS). Xcomp IS calculated by:

=100—Err, (X, Typue) (6.5)

Xcomp
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where Erry(X, Txnut) can be calculated from Eq. 6.4.

The positioning error (Erry(x, Txnu)) calculation program is composed using
Excel-based Microsoft Visual Basic (VB). The advantage of using the Excel-based
VB is that the calculation program can be embedded in the Excel document as
macros and the three main input variables—the workpiece’s absolute position in
MCS, the hole’s position in WCS, and the ball screw nut temperature—can be
arranged in the same worksheet in which a RUN button can be assigned to the related
macros. The output results also present in the same worksheet. This makes the

compensation procedure simple and quick.

6.4.2 Analysis of compensation test results

As explained above, the components machined in the initial test stage (ITCS and
ITSS) are the components without compensation, while the components machined in
the compensation test stage (CTCS and CTSS) are the components with
compensation. The results are summarized in Fig. 6.8 — Fig. 6.11. Fig. 6.8 shows the
positioning errors of holes for compensation tests at the cold stage (CTCS1-CTCS5).
Fig. 6.9 shows the positioning errors of holes for compensation test at the thermal
stable stage (CTSS1-CTSS5). It can be observed that the negative positioning errors
are reduced after applying the proposed thermally-induced volumetric error
compensation model for both thermal stages. Fig. 6.10 compares the positioning
errors and their distributions between machining with and without compensation at
the cold stage. Fig. 6.11 compares the positioning errors and their distributions
between machining with and without compensation at the thermal stable stage. As
shown, after application of the proposed thermally-induced volumetric error
compensation model, the average positioning errors of machined holes are improved
significantly; however, there was little variability in the error distribution range.
Although the amount of negative positioning errors was reduced significantly
after application of the thermally-induced volumetric error model, some negative
errors still remained. This is because some of the factors that have important effects
on the positioning accuracy of the drill tip, such as spindle tilt caused by continuous
rotating and column bending, workpiece thermal deformation, and natural variation

of the drilling process, were not considered during the course of this research.
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¥ Ax: thermal drifts of the onigin of MCS5 (negative)
& s 0,: deviation of the origin of WCS when drlling holes H1- HS
E o travelling emmor when the dnll tip moves 330 mm from the ongin of MCS to the
origin of WC5 (positive)
350: x-axis work offset (positive)
O,=Ax+Eg,

Figure 6.7: Thermal Drifts of the Origin of the Machine Co-ordinate System
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Figure 6.8: Positioning Errors of Holes for Compensation Test at Cold Stage
(CTCS1-CTCS5)
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Figure 6.9: Positioning Errors of Holes for Compensation Test at Thermal Stable
Stage (CTSS1-CTSS5)
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Figure 6.10: Comparison of Average Positioning Errors (+30) between Machining
with Compensation (CTCS) and without Compensation (ITCS) at Cold Stage
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Figure 6.11: Comparison of Average Positioning Errors (£30) between Machining
with Compensation (CTSS) and without Compensation (ITSS) at Thermal Stable
Stage

Despite these limitations, the proposed thermally—induced volumetric error
compensation method significantly improved the positioning accuracy of drilled hole
centres. The reduction of positioning errors by compensation is summarised in Table
6.2. The average absolute reduction of the positioning errors of drilled holes was
1550 pm at the cold stage (22.5°C) and 30.44 um at the thermal stable stage
(24.5°C), while the average relative reduction ratio of these positioning errors was
53% at the cold stage (22.5°C) and 77% at the thermal stable stage (24.5°C).
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Table 6.2: Positioning Error Reduction after Compensation

Without With Absolute Relative
Holes compensation | compensation reduction reduction
(um; IT--) (pm; CT--) (nm)+ (%) ++

1 -23.61 -8.32 15.29 65

2 -27.76 -12.00 15.76 57
22.5-avg* | 3 -29.82 -14.35 15.47 52
(--CS) 4 -32.13 -16.93 15.19 47

5 -34.11 -18.35 15.77 46

Average** | -29.49 -13.99 15.50 53

1 -38.42 -7.60 30.82 80

2 -39.04 -8.68 30.36 78
24.5-avg* | 3 -39.64 -9.32 30.32 76
(--S9) 4 -39.64 -9.76 29.88 75

5 -40.30 -9.50 30.80 76

Average** | -39.41 -8.97 30.44 77
+ Absolute reduction = abs (error without compensation) — abs (error with compensation)
++ Relative reduction = 100*absolute reduction/abs (error without compensation)
* Average of holes in different workpiece and the same x position, such as H1 in
ITCS1-ITCS10
** Average of all holes in the same type of test, such as all holes in ITCS

6.4.3 Calculation of accuracy and repeatability
The x-axis linear positioning accuracy in test ITCS (or ITSS) is calculated from
position readings of 50 holes drilled in test ITCS (or ITSS) using average deviations
of the measured position from the designed position (AcC = Xayg; Xayg IS calculated
from Eqg. 6.1, N = 50), while the x-axis linear positioning accuracy in test CTCS (or
CTSS) is calculated from position readings of 25 holes drilled in test CTCS (or
CTSS) using the same method (Acc = Xavg; Xavg IS Calculated from Eq. 6.1, N = 25).

The machining repeatability in test ITCS (or ITSS) is calculated from position
readings of 50 holes drilled in test ITCS (or ITSS) using Eg. 6.2 and Eq. 6.3 (N = 50).
The coefficient t is selected as 2.011 according to the Student’s t table [119] when the
number of observations is 50 and the expected confidence level is 95%, while the
machining repeatability in test CTCS (or CTSS) is calculated from position readings
of 25 holes drilled in test CTCS (or CTSS) using the same method (Eq. 6.2 — Eq. 6.3;
N = 25; t = 2.060).

The calculation results are shown in Fig. 6.12. It can be observed that machining

accuracy and repeatability demonstrate different aspects of machining performance.
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The machining repeatability could be high (the magnitude of R, is small) although
the machining accuracy is low (the deviation value is large), such as the machining
performed in ITSS in which the repeatability range is as narrow as + 7.42 um,
although the accuracy is low at -39.41 um. Sometimes the machining repeatability is
low although the accuracy is high, such as the machining performed in CTCS in
which the accuracy is increased (-13.99 pum) in comparison with test ITSS, but the

repeatability range is much wider (+ 17.22 um).

CTss CTCS ITCS ITSS
Nominal e
Value +4.94 [-5.9? +18.74_
o P -13.99
2 -29.49
2 -4.94
8 -39.41
g _
E E k. 4
o =
> 722 L
E +7.42
=
U L
. 3
2 18.74+
742

Machining conditions

Figure 6.12: Accuracy and Repeatability of Different Machining Processes

The results shown in Fig. 6.12 also indicate that the machining accuracy is really
improved after applying the proposed thermally-induced volumetric error
compensation model (compare CTSS with ITSS and CTCS with ITCS); however, the
repeatability shows less improvement when comparing the accuracy. It is also worth
pointing out that the thermal stable stage is a better stage for repeatable machining
and thermal error compensation. The repeatability range in the thermal stable stage
(ITSS) is + 7.42 um instead of = 18.74 um in the cold stage (ITCS). After applying
the proposed thermal error compensation model, the machining accuracy improves
77% in the thermal stable stage ((ITSS — CTSS)/ITSS = 77%) as compared with 53%
in the cold stage ((ITCS — CTCS)/ITCS = 53%).
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6.4.4 Application of proposed method in real machining

Fig. 6.13 outlines the structure of the proposed compensation method. The
compensation procedure should be performed in the following steps.

Preparation of the databank. LDDM and a 3D sensor are used in this stage.
LDDM is employed to calibrate the three positioning errors that do not have to been
calibrated for each machining. It is recommended to check them every two years
depending on the machine tool’s condition. The details of positioning error
calibration using LDDM are demonstrated in Chapter 5. The calibration results can
be stored in the databank to modify the compensation model.

A 3D sensor is employed to determine the machine tool’s origin thermal drifts.
The 3D sensor is a new generation of edge finder for accurate tool setting. Its
measuring accuracy can achieve measurements of 1 pm. Determining the origin
thermal drifts using a 3D sensor is a simple and cheap method; therefore, it can be
performed any time it is needed, such as every one year or two years depending on
the machine’s condition. The results can be stored in the databank to modify the
compensation model.

The procedure of measuring the origin thermal drifts using a 3D sensor is as
follows:

e Set up a fine machined (the application of a 3D sensor requires that all
surfaces are in good condition) prismatic workpiece on the machine table in
the machine’s cold stage; find the origin of the workpiece (origin of WCS)
using the 3D sensor and record the origin of the x-axis in WCS as X,; move
the machine back to the machine origin (origin of MCS); then move the
machine to the origin of WCS again; and check the x-axis nut temperature
(T1) and the co-ordinate of the origin of WCS over again (symbolized as x;)
using the 3D sensor. The difference between X and x; is the origin thermal
drifts at temperature Ty (AX1 = Xo— X1).

e Idle run the machine along the x-axis full stroke for ten minutes; move the
machine to the origin of WCS; record the nut temperature (T>); and check the
co-ordinate of the origin of WCS (x;) using the 3D sensor. The difference
between X, and x; is the origin thermal drifts at temperature T, (AX2 = Xo— X2).

e Idle run the machine to 20, 30, 60, 120 and 180 minutes, respectively; and

measure the origin thermal drifts AXs AXs, AXs ... following the same
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procedure.
e Save the origin thermal drifts and their corresponding temperatures in the
databank. These values can be automatically collected while running the

compensation program.

Before each machining. When the databank is ready, there are still some
parameters required by the compensation program before each machining. Take the
drilling as an example. The procedure for determining these parameters should
follow the order listed below:

e Set up the work on the table and find the co-ordinate of the origin of WCS

using a 3D sensor;

e Input the co-ordinate value and the hole’s designed position (in WCS) into the

compensation program;

e Collect the nut temperature from the data logger and input it into the

compensation program;

e Run the compensation program and use the results (compensation value for

each designed hole) to modify the CNC operating program; and

e Load the CNC operating program onto the CNC controller and start the

machining.

This compensation method recommends starting each job from the machine
tool’s cold stage as the measurement of origin thermal drifts are based on the
machine tool’s cold start. However, it costs a lot of time for the real industry to wait
for the machine to cool down. Solving this problem needs more testing; therefore, it

should be our future research focus.

6.4.5 Comparison of application of traditional method and proposed method

The proposed thermally-induced volumetric error compensation method not only
improves the dimensional accuracy of machined parts but also simplifies the
compensation procedure and subsequently brings considerable cost savings to the
industry. Table 6.3 compares the application of the traditional method and the
proposed method. Researchers who employed the traditional model for thermal error
compensation have used different compensation procedures. In Table 6.3, the method
applied by Chen et al. [97] is considered as the traditional method that followed the
outline shown in Fig. 2.3. A laser interferometer, model HP-5526A, was used for the
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error measurement which is capable of measuring 18 geometric error components:
three positioning errors, six straightness errors, three yaw errors, three pitch errors
and three squareness errors. For the measurement of the three roll errors, an
electronic level was needed. A laser interferometer is an expensive piece of
equipment; as such, it is hard to obtain at its current price. The price quoted in Table
6.3 is for an older model made in 1976. Table 6.3 shows that the proposed method is

considerably cheaper with marginally lower accuracy improvement capabilities.

External Computer with
R Proposed Model and
" Compensation Program -—
> Installed
Data Logger Y
'y A
+ i CNC Controller
A J
Thermocouples : y LDDM
< Machine v
Tool
* o N 3D Sensor- | |
Workpiece " Edge Finder
Position

Figure 6.13: Structure of Proposed Compensation Method
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Table 6.3: Comparison of Application of Traditional Method and Proposed Method

Compensation

Traditional method

Proposed method

method

Model Eq. 4.18 and Eq. 4.11 Eq. 4.28

employed

Error

components 21 3

involved

Number of

temperature

inspection 17 [97] 3

locations

required

Compensation | fig. 2.3[97] Fig. 6.13

outline
17 Thermocouples $426 3 Thermocouples $75
!_aser $62,880* | | pDM $16,003
interferometer

Equipment

required and Electronic level $2,520 3D sensor $400

their costs

(USD) External computer | $949 External computer | $949
3-8 channel data $1,095 1-8 channel data $365
logger logger
Total costs $67,870 | Total costs $17,784

Accuracy 80% [97] 77%

improves

USD [121]: 1 USD =0.9488 AUD, 1 USD = 6.249 Chinese Yuan;
Thermocouple [122]: PFA T/C with miniature plug, K-type, 5 metres;
Laser interferometer [123]: HP-5526A,;
LDDM [124]: LICS-100;

Electronic level [125]: Digi-Pas DWL3500XY;
3D sensor [126]: Haimer 3D sensor universal;
Computer [127]: HP ENVY Phoenix h9-1315t Desktop PC;

Data logger [128]: PICO USB TC-08, 8-channel thermocouple data logger;

*$62,880: a reference price for HP-5526 A made in 1976.
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6.5 Concluding Remarks

Based on the experiments and subsequent analysis, the following conclusions are

drawn:

Thermally-induced positioning errors include two key components:
thermally-induced origin drifts and relative or travelling positioning errors.
Although a travelling positioning error for the test machine is positive and
proportional to the travel distance, the test machine used for the present study
has a considerable negative origin thermal drift, which significantly affected
the dimensional accuracy of the machined workpiece.

For a small-sized workpiece, the thermal origin drifts could dominate the
positioning error, so it is essential to avoid, or compensate for, the origin
thermal drifts when planning the machining procedure.

A machine tool produces reliably high dimensional replication at the thermal
stable stage, so this stage is the optimal stage at which to conduct thermal
error compensation.

After application of the proposed thermally-induced volumetric error
compensation model, the positioning accuracy of drilled holes improved
significantly. The absolute reduction of the positioning errors of drilled holes
was an average 30.44 pm at the thermal stable stage, while the average
relative reduction ratio of these errors was 77%.

Comparing with the traditional method, the proposed thermally-induced
volumetric error compensation method is a simple and cost-effective way to

enhance the existing machine tool’s machining accuracy.
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Conclusion

7.1 Introduction

The thermal condition of machine tools can profoundly affect the dimensional
accuracy of machined parts; consequently, the reduction of its influence has become
increasingly important to modern machining. One of the most convenient and
effective ways to reduce the thermal error of a machine tool and increase its working
accuracy is volumetric error compensation, especially for CNC machine tools.
However, currently available compensation methods based on the traditional
volumetric error model do not consider thermal errors. In addition, they are
complicated and difficult to apply in industry. They require a high-precision laser
interferometer to measure the 21 geometric error components, which is costly and
time-consuming; additionally, the large number of thermocouples employed by the
traditional model to monitor temperature variations could obstruct the machine tool’s
routine work.

The objective of this project is to investigate the effects of thermal errors of a
machine tool on the dimensional accuracy of machined parts and develop a new
model for calculating thermally-induced volumetric error suitable for industrial
applications. It has been achieved by combining the dominant thermal error
components into the traditional geometric error-based volumetric error model to
develop a synthesized model for thermally-induced volumetric error calculation.
Subsequently, the model has been simplified by ignoring the error components which
show insignificant variations with the temperature. As a result, the final model does
not require an expensive laser interferometer or a large number of thermocouples for
error measurement.

This chapter examines the success of this project in achieving the above-stated
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objectives and then outlines possible improvements in the proposed methodology as

well as future research interests on this topic.

7.2 Achievement

The main achievement of this thesis is the development of a new model for

calculating thermally-induced volumetric error suitable for industrial applications.

This goal has been achieved by integrating major thermally-induced error

components into the traditional volumetric error model. The newly developed model

has been verified experimentally and efficiently applied in real machining. The

detailed conclusions drawn from this research are as follows:

The machine tool has a warm-up period. During the warm-up period, the
positioning error of the machine tool deteriorates significantly, which has
detrimental effects on the accuracy and repeatability of machined parts,
especially in the first hour after starting a machine. For a typical machine tool,
it takes around two-and-a-half hours to get to its thermal stable stage, which
is the optimum stage to improve the positioning accuracy and increase the
repeatability of machined workpieces by the compensation technique
(Chapter 3).

A thermally-induced volumetric error compensation model (TIVEM) has
been developed. Instead of using 21 measured geometric errors and their
variations with the temperature to calculate the volumetric error, the newly
developed model consider the thermal effects on only three axial positioning
errors; the remaining 18 error components are assumed to remain the same as
the pre-calibrated cold start value. The proposed model has been tested by
simulated machining jobs. The total reduction of distance error between
holes could be up to 99% (Chapter 4).

The TIVEM is further simplified by ignoring all 18 geometric error
components so that the simplified model includes the axial positioning error

components only. The simplified model has been testified by simulated
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machining jobs which indicate that only a negligible amount of total
dimensional accuracy will be sacrificed by adopting the simplified
compensation model instead of the full-error model comprised of 21 error
components (Chapter 4).

The simplified thermally-induced volumetric error compensation model has
been verified experimentally on a vertical machining centre typically used in
the industry. The thermally-induced positioning error under different
operating conditions (idle running, milling and drilling) has been measured,
predicted and analysed. The results show that the predicted positioning errors
agree well with the measured values; errors generated in the milling
operation can be simulated by errors generated in high-feed rate idle running.
However, in high temperatures, errors generated in the drilling operation are
a little bit lower (Chapter 5).

The thermally-induced volumetric error compensation model has been
applied on a vertical machining centre by compensating centre positions of a
number of holes. The results show the position accuracy of drilled holes is
significantly improved after compensation. The positioning error decrease

ratio is up to 77% (Chapter 6).

7.3 Suggested Improvements and Future Research Interests

Spindle drifts caused by spindle rotation and column bending affect the
cutting tip’s positioning accuracy, but they are not included in the proposed
model due to time constraints. It is worth investigating the spindle drifts (six
error components; see Table 1.1 for details) with the temperature variations,
finding the dominant drifts, modelling the drifts as functions of a key
temperature, and lastly, modifying the proposed model (TIVEM) by this
model (spindle drifts with the temperature).

A machine tool’s thermal origin offsets make the major part of the positioning

error. Further investigations are needed to understand the thermal behaviours
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of origin offsets; then the proposed model can be modified according to the
research findings.

Thermal expansion of a workpiece is another factor which affects the
dimensional accuracy of machined workpiece accuracy. Future research on
the effect of workpiece thermal expansion is suggested.

The three major elements that have significant influence on the positioning
accuracy of a machine tool are: the lead screws, the spindle and the column.
Therefore, individual numerical models for these elements can be developed
and integrated into the overall error model of the system.

A simple on-line volumetric error compensation scheme suggested in Chapter
4 needs further development. In the future, it can be an economical method
for enhancing the machining accuracy of existing machine tools used in

today’s manufacturing industry.
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Appendices

APPENDIX A

Specifications of Leadwell V30 [117]

MACHINE SIZE:

Length mm (inch) 2250 (88.5)

Width mm (inch) 2100 (82.7)

Height mm (inch) 2368 (93)

Weight kg (Ib) 4500 (9900)

TABLE:

Table size mm (inch) 890 x 400 (35 x 15.7)
Table height mm (inch) 780 (30.7)

Max. load capacity kg (Ib) 300 (660)

TRAVEL:

XIYIZ axes travel mm (inch) 760/410/410+110 (30/16/20)
Spindle centre to column mm (inch) 438 (17)

Spindle nose to table surface | mm (inch) 130-540 (5-21)
SPINDLE:

Spindle motor kw (hp) 5.5(7.4)-continue, 7.5(10)-30min
Spindle speed (Fanuc) rpm 80-8000

Spindle taper 7/24 (Mas-bt40)

Gear ratio 1:1

FEED MOTOR:

XIYIZ axes (Fanuc) kw (hp) 1.0/1.0/2.1 (1.3/1.3/2.8)
X/YIZ motor type (Fanuc) AC a-6/AC a-6/AC a-12
FEED RATE:

XIYIZ rapid feed rate m/min(in/min) 20/20/15 (787/787/590)
Feed rate X/Y/Z m/min(in/min) 0-5(0-196)
AUTOMATIC TOOL CHANGER:

Tool shank type BT-40

Pull stud type

ATC type

Tool capacity

Max. tool diameter (adjacent)
Max. tool length

Max. tool weight

ATC tool to tool

ATC chip to chip

Tool pocket pitch

Mas 407-T40-1
Armless (drum)
20

80mm (3.1inch)
250mm (9.8inch)
7kg (151b)

8sec

14sec

95mm (3.74inch)

ACCURACY:
Positioning
Repeatability
Power requirement

4 0.01mm/full travel
+0.005mm
20KVA
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APPENDIX B

Technical Specifications of LICS-100 [118]

Laser

Stability: 0.1 ppm

Resolution: 1(0.01) pin (pm)

Range: 0-50 (0-15) ft (meters)

Rate (max.): 40 (1000) inch/sec. (mm/sec.)
ATC Probe

Pressure: 2 mmHg

Sensitivity: 0.2 degree, C

Outputs Computer interface, USB

Operating Environment

Temperature: 50-95°F (10-35°C))

Altitude: 0-10,000 feet (0-3000 m)

Humidity: 0-95 percent (non-condensing)

Components | Width (in) Height (in) Length (in) Weight (Ib)
Laser head 5 (127mm) 2.43(61.7mm) | 8.5(215.9mm) | 5(2.3kg)
Retroreflector | ®0.5 (12.7mm) | --- 0.35(8.9mm) 0.1(90gm)
Interconnection

Cables number: lor2

Length (USB cable) 12 ft (3.6m)

Power Requirements: 85-264 VAC, 50-60HZ, 100W
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Position
(mm)

0
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50

Unit: pm
Machine: Leadwell V30
Air Temp = 21.5°C, Air Pressure = 765mmHg, Humidity = 50

1X0
0.13
4.20
7.52
8.40
11.23
14.65
16.63
19.64
22.48
25.29
28.04
30.22
3431
36.52
39.94
40.84
35.80
35.53
32.69
30.49
25.90
22.80
20.28
17.36
14.15
11.16
8.47
6.01
4.35
2.46
-0.86
-3.81

1X50

0.42

3.51

7.58

9.10
11.89
15.35
18.03
20.71
23.76
26.78
29.30
32.12
35.64
38.70
41.74
42.78
38.35
37.19
34.56
31.22
27.16
23.84
2151
18.08
14.96
11.92

9.52

6.21

4.35

2.51
-0.93
-3.77

APPENDIX C

X-Axis Positioning Errors

1X105
0.02
4.78
10.67
12.86
17.55
22.88
26.35
31.30
36.39
40.48
44.56
49.09
54.55
58.39
62.71
64.89
60.48
58.91
54.23
50.16
4481
39.49
36.01
31.34
26.63
21.91
18.46
13.76
10.33
7.54
2.83
-1.87

1X145
0.25
7.33
13.28
16.78
22.69
28.96
33.50
39.42
45.40
50.75
56.09
61.45
67.54
72.80
78.14
81.00
76.59
74.00
68.81
63.82
57.64
51.69
46.89
41.58
36.31
30.33
25.54
20.71
16.16
12.87
7.25
2.52
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Bi-direction measuring
Date: 15/06/2011

1X185
-0.02
5.33
11.95
15.42
21.14
28.03
33.63
40.54
45.67
51.54
57.36
62.70
69.32
74.66
80.15
83.56
79.45
76.39
70.69
65.70
58.90
5291
45.91
40.11
34.75
28.51
23.96
19.62
15.59
12.06
6.14
0.59

1X225
0.02
6.67
13.89
18.02
23.97
30.87
36.52
43.19
49.21
55.29
60.65
66.58
73.18
78.56
85.13
89.23
84.80
81.06
75.35
70.01
62.44
56.11
50.78
44.78
38.65
32.31
27.43
21.19
16.71
12.84
6.40
0.65

1X285
0.20
7.30
14.54
20.51
26.50
33.41
39.29
46.43
52.90
59.64
66.21
72.28
80.04
85.92
92.17
96.29
92.45
88.38
82.08
76.35
68.58
62.48
56.13
49.55
43.22
36.42
30.65
25.12
19.27
14.68
8.52
2.01
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APPENDIX D

Y-Axis Positioning Errors

Units: pum, Bi-direction measuring
Machine: Leadwell V30 Date: 16/06/2011
Air Temp = 22°C, Ai r Pressure = 768mmHg, Humidity = 50

Position
(mm) YO Y18 Y51 1'Y85 Y136 Y194
0 -0.15 0.22 -0.42 -0.69 0.00 0.00
50 2.15 5.43 5.02 6.43 7.45 8.51
100 3.69 9.92 9.94 13.09 14.92 16.48
150 7.17 14.59 15.33 20.31 22.26 25.92
200 11.45 21.85 25.04 29.85 32.62 36.96
250 13.61 25.68 30.57 38.59 40.72 4551
300 17.96 32.45 38.13 47.75 49.64 55.38
350 23.90 39.15  47.17 56.28 59.43 66.15
400 28.57 43.89 53.86 63.80 66.86 75.34
400 24.41 40.03  49.48 60.33 62.10 70.93
350 21.38 3523 4352 53.63 55.27 62.64
300 16.25 27.19 33.91 44.32 44.39 51.43
250 11.36 20.17 25.32 32.50 33.49 39.80
200 8.78 15.49 20.04 24.02 26.10 30.77
150 5.16 9.29 10.90 15.05 16.73 20.95
100 1.78 4.50 4.29 6.84 8.09 10.97
50 -0.91 0.33 -1.00 -0.43 151 2.75

0 -3.97 -5.23 -7.55 -8.27 -6.33 -6.22
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APPENDIX E

Z-Axis Positioning Errors

Units: pum, Bi-direction measuring
Machine: Leadwell V30  Date: 16/06/2011
Air Temp = 22°C, Air Pressure = 768mmHg, Humidity = 50

Position
(mm) 120 1716 1245 1275 17138
0 -0.01 0.01 -0.01 0.01 -0.01
50 0.26 3.33 5.29 5.98 6.57
100 -1.43 3.65 6.84 9.34 10.02
150 -1.16 7.14 11.51 15.88 17.79
200 1.02 12.99 18.10 22.50 26.28
250 2.81 18.20 24.72 30.07 34.36
300 5.83 24.24 32.46 38.17 43.88
350 9.32 31.48 39.70 46.67 52.36

400 11.47 36.78 45.66 53.83 60.20
400 11.47 36.14 45.02 53.29 60.16

350 9.32 31.45 39.69 46.15 52.14
300 6.57 24.92 32.49 38.17 43.88
250 3.11 17.83 24.62 28.70 3351
200 2.24 13.65 18.71 22.22 26.25
150 -0.85 7.56 11.01 14.00 17.19
100 -0.79 3.68 6.50 8.71 10.62

50 0.88 2.98 4.01 5.93 6.57

0 0.01 0.63 0.08 0.70 0.63
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