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Abstract

A Study on Identification and Compensation of the Dynamic Behavior of CNC Machine
Motion Error

by

Shinya Kidani

Doctor of Philosophy in Mechanical Engineering

University of California, Berkeley

Professor Kazuo Yamazaki, Chair

Computer numerical controlled (CNC) machine tools or simply machine tools play one
of the most fundamental roles in modern society to produce various types of industrial
and commercial products. In order to obtain high performance products, there has been a
continuous requirement for high-performance parts that require tight tolerance. Thus the
accuracy requirement for the machine tools has become higher and higher. As of 2020, CNC
machine tools with 1µm of positioning accuracy are commercially available, and further
requirement for higher accuracy is expected.

In order to achieve high accuracy of CNC machine tools, machine tool engineers and
researchers have developed various technologies and techniques to eliminate the error sources
at the design and assembly stage. Even though, achieving the accuracy in the order of mi-
crometer is still challenging. Therefore, modern CNC machine tools are equipped with the
functionality so called error compensation to cancel the tiny errors by slightly adjusting the
motion of the machine. However, these error compensation functions are not designed to
keep track of the dynamic change of accuracies, such as thermal distortion or aging dete-
rioration, during a machining process. As machine tools are expected to produce a large
number of parts with a constant quality of accuracy continuously, the accuracy deterioration
must be compensated as soon as possible. However, most of the conventional error compen-
sation procedures require manual labor to set up measurement equipment, time to execute
a measurement program, data analysis, and manual updating the compensation parameters.
Therefore, this study aimed to develop a novel error compensation system that enables ma-
chine tools to measure the accuracy and update the compensation parameters automatically.
As a key to the automation system, a built-in automatic measurement and compensation
system based on dual linear scales is proposed, and the following four points are investigated
to realize the system.
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1. The principle of the integrated measurement system

2. The design methodology of the built-in sensor system

3. The feasibility of the proposed system on an actual machine tool

4. The remaining technological problem to be solved and an idea of the solution for future
study

Based on the analysis, a physical prototype was developed, and its feasibility was inves-
tigated by a series of experiments. The results showed that the measurement with the linear
scale system agreed with a conventional measurement method within the uncertainty esti-
mated at the design stage. Based on the accuracy deterioration detected by the scale system,
the compensation of the accuracy deterioration was attempted. With the compensation, the
maximum accuracy deterioration was successfully suppressed from 22 to 3 µm, which is ver-
ified by the laser measurement. This indicates that the accuracy of a machine tool can be
maintained by the dynamic measurement and compensation system. Future perspective of
this study is also discussed. Based on the theory of magnetic field intensity, it was explained
that six DOF measurement would be possible in principle by arranging multiple read heads
on the moving component. Also, in order to realize a dynamic error measurement, a data
analysis scheme with k nearest neighbor algorithm was introduced, and its feasibility was
assessed with a sample data. From these results, the feasibility of the proposed dual linear
scale system has been verified for yaw measurement. The same kinematic model and data
analysis scheme is also applicable to the remaining five DOF elements. Since the scale system
has the scalability of degrees of freedom of measurement, further development of the linear
scale technology still remains to improve the maturity of this system.
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Chapter 1

Introduction

1.1 Machine Tool and its Accuracy

Computer numerical controlled (CNC) machine tools or simply machine tools play one
of the most fundamental roles in modern society to produce various types of industrial and
commercial products. Quite many products are composed of metal parts manufactured by
machine tools: automobiles, industrial robots, constructing machines, aircrafts, injection
molds for plastic products, and medical devices shown in Figure 1.1 are just a few examples
of them. Even a machine tool itself consists of parts that are manufactured by other machine
tools. Thus, machine tools are sometimes called ”mother machines” that implies ”machines
that create other machines” [1].

Industrial products or parts are generally produced by changing the shape of raw ma-
terials by adding, removing, or forming the materials. The manufacturing technology is
broadly categorized into removal and non-removal processes, depending on if the unneces-
sary portion of the raw material is removed or not to change the shape. The non-removal
process is further divided into the melting process and forming process. The removal process
is divided into machining and unconventional process, as shown in Figure 1.2.

Machine tools mean any machines that perform any of the manufacturing process in a
broad sense. However, in a narrow sense, machine tools are defined as machines to perform
the removal process, more specifically the machining process [2]. Figure 1.3 summarizes
the machining methods conducted by machine tools [3]. The cutting process removes metal
materials from a workpiece by using cutting tools such as an endmill or drill to form a
desired shape. The grinding process uses a grinding wheel as the cutting tool and fabricates
a fine surface finish and very accurate dimensions. For workpiece with a specific property or
geometry, other machining methods such as wire electrical discharge machining or ultrasonic
machining is selected. Recently, additive manufacturing receives attention for fabricating
parts with unique, intriguing, and appealing geometric forms, such as sophisticated internal
features to increase functionality and improve performance [4]. The additive process is not a
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machining process in the narrow sense, but major machine tool manufacturers are developing
new type of machine tools for more advanced part production by integrating the additive
manufacturing with the cutting process [5, 6, 7]. In this study, machine tools specifically
means the machines for the metal cutting process. Typical examples of the machine tools
are machining center for milling or drilling of block part and turning center for machining
of cylindrical part, as shown in Figure 1.4.

Figure 1.5 shows an example of a face milling operation performed by a machining center.
In metal cutting by using a machine tool, material removal is achieved by defining relative
motions between a cutting tool and a workpiece during their physical interference. Due to the
physical interactions, the motion of the cutting tool is directly copied on the workpiece. This
interaction determines the geometric and dimensional accuracies of the machined products.
The accuracy of the machined parts depends on and never transcends that of the machine tool
used for the machining process. Due to this ”copying principle” [8], in order to obtain highly
accurate products, there has been a continuous requirement for machine tools with higher
accuracy. Figure 1.6 shows tolerances on some typical mechanical components created by the
machine tools [9]. High-performance parts requires tight tolerance, thus the machine tools
must have high accuracy. As of 2020, CNC machine tools with 1µm of positioning accuracy
are commercially available, and further requirement for higher accuracy is expected.

Figure 1.1: Example of products machined by CNC machine tools.
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Figure 1.2: Classification of the manufacturing process (translated from [10]).

Figure 1.3: Machining methods conducted by machine tools [3].



CHAPTER 1. INTRODUCTION 4

Figure 1.4: Machining center for milling or drilling of block part and turning center for
machining of cylindrical part [11].

Figure 1.5: Example of a face milling operation by a machining center.
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Figure 1.6: Tolerances of typical mechanical components (created based on [9]).

1.2 Technology to build a precision machine tool

1.2.1 Errors in a Machine Tool and the Classification of their
Generation Mechanisms

As mentioned in the previous section, a machining process is achieved by the physical
interference and relative motions between a cutting tool and a workpiece. A highly accurate
machine tool can locate the cutting tool tip or tool center point (TCP) precisely at the target
point on the workpiece. However, just as no mechanical system is perfect, it is impossible to
make a machine tool without error, and there is always a relative displacement between the
TCP and the target point. Figure 1.7 shows an example of a relative displacement between
the TCP and the target point induced by a rotational error of the spindle component. In
this paper, this relative displacement is called the error at the TCP. The error at the TCP
generates as a combination of various types of the mechanism called error sources. Therefore,
it is important to understand the individual error sources.



CHAPTER 1. INTRODUCTION 6

Figure 1.7: A relative displacement between the TCP and the target point induced by a
rotational error of the spindle component.

Inasaki describes a machining process as a mutual interaction between the cutting pro-
cess and the machine [12]. The cutting process generates the cutting force, and the force
deforms the machine components. The deformation alters the relative position of the cutting
tool for the workpiece, and the deviation is fed back to the cutting process. The closed loop
forms the machining process, as shown in Figure 1.8. Therefore, the generation mechanisms
of the errors in the machining process can also be classified into two: the cutting-process-
oriented and the machine-oriented error sources. Here, the cutting-process-oriented error
sources are called the external sources, and the machine-oriented error sources are called the
internal sources. Each category can be further divided into small groups. Although there
can be various way to classify the error sources depending on the point of view, based on
some keynote papers [13, 14], the error sources can be broadly classified into four groups:
Geometric and kinematics of mechanical components, heat, force, and servo control system.
Then, the interaction among the error sources can be summarized, as shown in Figure 1.8.
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Figure 1.8: The mutual interaction between the cutting process and the machine, and the
classification of error sources (created based on [12, 13, 14]).

• Geometric and kinematic errors
Geometric errors stem from the dimensional inaccuracies of the components used

for the machine or the inaccuracies of assembly. Geometric errors include elements
such as straightness and flatness, inclination, squareness. Figure 1.9 illustrates the
flatness, straightness, and parallelism errors of the V-groove slide ways on a machine
component. The errors are initially induced by the errors in the machining process
and can further develop by such as thermal distortion, internal stress, or surface wear.

Kinematic errors are concerned with relative motion errors among several moving
components. The motion errors can be induced by such as the geometric errors of the
axis of the motion or insufficient rigidity of joints.
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Figure 1.9: Example of the geometric errors in a machine component (based on [15]).

• Thermo-mechanical errors
Generally, machine components are made from metal, typically cast iron, steel, or

aluminum. Such materials expand or shrink with temperature. The relative expansion
and bend of the machine components induces deformation of the machine component,
resulting in the deformation of the toolpath. Based on the copying principle, the
deformed toolpath leads to the inaccuracy of the machined geometry, as illustrated in
Figure 1.10. Thermal influence is considered as one of the largest contributors to the
change of the accuracy. Weck et al. addressed that thermal effects can contribute more
than 50% to the overall machine error [16]. Mayr et al. estimated that up to 75% of
the overall geometrical errors of machined workpiece can be induced by the effects of
temperature [17].
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Figure 1.10: The deformation of the toolpath due to thermal influence.

• Static and dynamic forces
A machine tool is exposed to static and dynamic forces during a cutting opera-

tion. Gravity represents a static force. A heavy workpiece on a machine bends the
base structure of the machine, such as the machine bed and work table. Cutting force
represents a dynamic force. During a cutting process, the cutting tool intermittently
collides with the workpiece and generates forces between the cutting tool and the work-
piece. Both the static and dynamic forces induce the distortion of the tool, workpiece,
or other machine components.

• Servo control system
The motion of a CNC machine tool is controlled by a servo control system. The

CNC controller reads the feedback signal of the position of the moving component
by using a linear encoder. Figure 1.11 is a block diagram of the position feedback
loop system of the machine tool [18]. The time delay of the mechanical response of
the moving component or the feedback signal to the control command causes motion
errors such as contour error, as shown in Figure 1.12.
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Figure 1.11: A block diagram of the position feedback loop system of the machine tool [18].

Figure 1.12: Contour error in a XY plane [18].

1.2.2 Design and Assembly Technologies to Suppress the Error
Generation and Build a Precision CNC Machine Tool

As Figure 1.6 implies, today’s machine tool manufacturers are required to build ma-
chine tools in the order of micrometers and further demand for higher precision would be
expected in the future. In order to build such accurate machine tools careful with differenti-
ating precision and accuracy, even under the influence of the above-mentioned error sources,
machine tool engineers and researchers have developed various technologies and techniques
to eliminate the error sources. Figure 1.13 shows some typical error elimination strategies
employed in design and manufacturing of modern CNC machine tools.
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Figure 1.13: The design and assembly technologies to suppress the influence of each error
source.

1.2.2.1 Geometric and kinematic error suppression

• Smooth and precision guideway system
Flatness, straightness, or smoothness of the guideway has a significant impact on

the accuracy of the machine motion [19]. The flat and straight guideway reduces the
geometric error of the moving component, and the smoothness improves the response
of the mechanical system, leading to the reduction of the lost motion and stick motion.
There are broadly two types of guideways: friction and roller guides. In the friction
guides, a moving component and the other component are physically in contact and
slides on each other. Lubrication oil is supplied in the contact zone to reduce friction.
When a relative sliding motion takes place in the contact zone, the lubrication oil film
will be swept away by the sliding motion , leaving nothing but bare metal and the risk
of seizure. In order to reduce the risk, a technique known as scraping is employed to
create a smooth contact surface with high flatness and lubrication functionality. By
using a hand tool called hand scraper, many shallow grooves are created on the surface,
as shown in Figure 1.14. Scraping the surface will leave the original high-quality surface
intact, but the shallow grooves enable the oil film to maintain its depth and surface
tension [20]. Ball or roller bearings are also widely used for the linear guideway of the
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machine tool. A typical roller guide consists of a linear guide rail and a carriage that
has recirculating rollers inside, as shown in Figure 1.15. Roller guides are modular
and do not require manual hand scraping. Thus, they are one of the most popular
guideway systems. For the ultra-precision machine tool that is required to achieve the
accuracy in the order of nanometers, even the tiny vibration due to the rolling of the
balls or rollers is not negligible. Therefore, the magnetic bearing system is employed
to eliminate the physical contact at the guideway system [21, 22].

Figure 1.14: A technician performing hand scraping on a slide guideway and a magnified
view of the scraped surface (created with [23, 24]).

Figure 1.15: A typical structure of a roller guideway system (created with [25]).
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• Preload to eliminate the backlash of mechanical components
Backlash is generally a clearance or lost motion in a mechanism caused by gaps

between the parts [26]. In a machine tool, backlash can be typically found at the
bearing systems such as ball screw and linear guideways. For example, the ball screw
shown in Figure 1.16 is one of the most typically used components to move a linear
axis component. In a linear drive axis with a ball screw, rotation of the screw shaft is
inverted to the translational motion of the ball nut that slides the moving component.
The ball screw backlash is a small gap between the lead screw and the ball nut, as
shown in Figure 1.18. When the machine reverses the rotation of the lead screw to
alter the direction of motion, the lead screw needs extra rotation that is not inverted
to the motion of the moving component.

In order to eliminate the backlash, preload is applied to the ball nut. There are
largely three types of preloading methods: adjusting the spacer, creating offset between
the leads or using oversized balls [27].

Figure 1.16: The structure of a ballscrew (edited based on [28, 29]).
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Figure 1.17: Backlash between the lead screw and the ball nut (adapted from [30])

Figure 1.18: Preload methods of the ball nut (based on [27]).

1.2.2.2 Thermal error suppression

• Structural analysis
Structural analysis is performed to analyze the rigidity of a machine tool structure
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on the initial structure design at the beginning of the machine design stage. This
process is important to make the machine tool frame rigid enough to satisfy the target
specification. By the development of numerical analysis such as finite element method
as well as computer simulation technology, today’s machine tool design engineers can
find structural weak points in their design and modify them without making a physical
prototype, which considerably saves the cost and time [31, 32].

• Temperature control
There is a large variety of heat sources inside and outside of a machine tool. Daily

or seasonal ambient temperature of the factory [33], cutting heat, friction between
various mechanical components [16], and Joule heat from electric components such as
motors [34] warm up the machine components and cause thermal distortion. Figure
1.19 shows an example in which the TCP is displaced in each direction of X, Y, and Z-
axis along with the variation of the environmental temperature of the machine. Thus,
control of heat flow inside and outside of the machine tool is important. Figure 1.20 is
an example of the oil cooling system installed into spindle and ball screw to reduce the
heat transfer from the heat source to the machine frame [35]. Cutting coolant oil is
used not only for lubrication at the cutting zone but also for removing the cutting heat
from the machining area [36]. Cumulated cutting chips are also regarded as a heat
source, thus optimization of coolant oil flow and chip conveyor is also an important
issue. To keep the ambient temperature constant, some factories are equipped with an
air conditioning system [37, 38].

Figure 1.19: An example of the displacement of the TCP along with the variation of the
environmental temperature (adapted from [39]).
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Figure 1.20: The oil cooling system installed into spindle and ball screw to reduce the heat
transfer (created with [35]).

• Employment of alternative materials
The mechanical and thermal behavior of machine tool structure strongly depends

on the material properties used for the structure. Therefore, in order to improve the
mechanical or thermal behavior of the machine, the employment of alternative mate-
rials such as stone, ceramics, carbon fiber reinforced polymer (CFRP) to conventional
cast iron for machine tool structures has also been studied [40, 41].

1.2.2.3 Force-induced error suppression

• Structural analysis
Structural analysis is performed to analyze the rigidity of a machine tool structure

on the initial structure design at the beginning of the machine design stage. This
process is important to make the machine tool frame rigid enough to satisfy the target
specification. By the development of numerical analysis such as finite element method
as well as computer simulation technology, today’s machine tool design engineers can
find structural weak points in their design and modify them without making a physical
prototype, which considerably saves the cost and time [31, 32].

• Preload to increase the rigidigy
Eliminating the backlash of the bearings by the preload leads to the elimination of

the room for the mechanical component to move freely. Thus, preload also contributes
to increasing the rigidity of the machine tool. Here, the preload of the linear guideway
is shown. The preload of the linear guide is applied by controlling the distance between
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the rail and the rolling groove of the runner block and inserting oversized balls or rollers,
as shown in Figure 1.21.

Figure 1.21: Preload of the guideway (created based on [42]).

• Hydrostatic and aerostatic bearing to reduce friction and vibration
Figure 1.22 shows the hydrostatic and aerostatic bearing system. (a) is the aero-

static guideway that supports a linear motion table, and (b) is the aerostatic bearing
that supports a rotary shaft. The hydrodynamic lubrication condition can be realized
by supplying the lubricating fluid to the bearing surface as a working fluid. The lubri-
cating fluid is typically oil or air. As a result, the following features are produced in
the hydrostatic machine element: (i) friction coefficient in the bearing surface is very
low compared with other bearing types, and smooth operation without stick-slip is
possible, (ii) wear is not generated, and long-term maintenance of machine accuracy is
possible, (iii) machining error of the bearing surface is averaged by the lubricating film,
and movement with accuracy one order higher than parts accuracy is possible. Be-
cause of these features, the static pressure element is preferably used in ultra-precision
machine tools and measuring instruments [43].
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Figure 1.22: Hydrostatic and aerostatic bearing system (created based on [43]).

1.2.2.4 Motion control error suppression

• Closed loop position feedback control
The position control system of the machine tool can be broadly classified into

two types: semi-closed and full-closed loop system. The semi-closed system can be
composed as in Figure 1.23 (a). The rotary encoder that is built in the servo motor
detects the position and velocity of motion. The position is determined by the lead
and the rotation angle of the ball screw. The lead is defined as the travel of the ball
nut relative to the ball screw shaft for an angle of rotation of 2π rad (one revolution)
[44]. The closed loop system is composed as in Figure 1.23 (b). A linear encoder is
attached to the moving component to detect the position directly. Compared with the
semi-closed loop system, whose the positioning accuracy depends on the accuracy of
the lead of the ball screw, the full-closed loop system has higher accuracy by the direct
measurement [45].
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Figure 1.23: The semi-closed and full-closed loop system (created based on [45]).

• Smooth acceleration and deceleration profile generation
Once the tool path is generated, the CNC controller generates the acceleration

profile. In order to move the machine component from one position to the next within
the servo control loop, sometimes too much acceleration that excess the maximum
torque of the servo motor might be required, as illustrated in Figure 1.24 (a). In
addition, sharp acceleration and deceleration can vibrate the machine structure, leading
to the positioning error. In order to prevent this phenomenon, the CNC controller has
the processor to generate the smooth acceleration or deceleration profile by controlling
the jerk, the differential of the acceleration, as illustrated in Figure 1.24 (b) [46].
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Figure 1.24: Comparison of trajectories generated with (a) simple differential and (b) jerk-
limited profiles ([46]).

1.2.3 Error Compensation to Achieve Higher Accuracy

As explained, machine tool manufacturers employ the state-of-the-art machining and
assembly technologies to achieve the best accuracy of their product. However, even with
the technologies, achieving the accuracy in the order of 1 micrometer under any situation
is challenging. A condition surrounding a machine tool differs depending on the user. The
size, weight, material of the workpiece, the temperature of the factory, type of the cutting
tool, cutting condition, or any other conditions can affect the accuracy of the machining.
These conditions cannot be controlled by the machine builder.

Thus, another approach so called error compensation plays a vital role to achieve high
precision. In the case of error compensation, errors in machine motion are measured after
assembly and the information is recorded in the CNC control system. Then, the CNC
controller uses the information to modify the machine motion to cancel the errors. The
efficacy of error compensation was studied in 1980s to improve the accuracy performance of a
coordinate measuring machine and machine tool [47, 48]. Various types of error compensation
functions have been developed, depending on the type of error to compensate.
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• Ballscrew lead and backlash error compensation
The lead error is induced by the machining inaccuracy of the groove of the lead

screw. The lead error induces the error of the travel length of the ball nut, as shown
in Figure 1.25. The lead error compensation is the function to record the error in the
CNC control system so that the CNC controller can adjust the rotation angle to cancel
the error. Backlash compensation electronically compensates for backlash by adding
the amount of backlash to each axis reversal [49].

Figure 1.25: Lead error of a ballscrew (edited based on [50]).

• Straightness error compensation
Straightness error is a tiny amount of deviation perpendicular to the principal

direction of motion of a moving component, as illustrated in Figure 1.26. In the
figure, the Z-axis has the straightness error in Y-axis. However, the Z-axis linear drive
system does not have a function to move the table in Y-direction. Straightness error
compensation is to cancel this error by moving the Y-axis component so that the
relative distance in the Y-direction between the Z and Y components is kept constant.
The straightness error data is measured and recorded in the CNC controller beforehand,
and the controller adjusts the motion according to the data.
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Figure 1.26: The straightness error compensation.

• Volumetric error compensation
Three dimensional positioning error of three linear axes motion is known as vol-

umetric error [51]. Since typical machine tools are used to cut a workpiece into a
three-dimensional shape, the accuracy of the machine motion should be guaranteed
for the entire machining area. In the volumetric error compensation, the positioning
error of the cutting tool is measured at various measurement points that encompass
the entire machining area, and an ”error map” is created to visualize the magnitude of
the positioning error at each measurement points. Figure is an Example of a 2D error
map of a XY plane of a machine tool [52]. The error map is converted to parameters
and recorded in the CNC controller. In the subsequent machining operation, the CNC
controller adjusts the position command based on the error map.
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Figure 1.27: Example of a 2D error map of a XY plane of a machine tool [52].

• Quadrant glitch compensation
Quadrant glitch is observed when a machine makes a circular motion by moving

two orthogonal axes simultaneously. Figure 1.28 shows the typical quadrant glitch
observed around quadrant changing points [53]. The generation mechanism of quadrant
glitches can be explained as the acceleration changes due to the friction changing after
the motion direction changes, which disturbs the synchronous motion control between
the two axes [54], as shown in Figure 1.29. To suppress the quadrant glitch, CNC
controller has parameters to adjust the acceleration of the linear axis [55].
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Figure 1.28: Typical quadrant glitch observed around quadrant changing points (adapted
from [53]).

Figure 1.29: Conventional generation process model of quadrant glitches (adapted from [54]).

• Model predictive compensation
The error compensation methods introduced above assume that the error to be

compensated is measurable. The amount of the error is measured and recorded in
the CNC control system, and the controller adjusts the motion of the machine based
on the recorded error profile. On the other hand, the machine tool also has various
types of unmeasurable errors or errors that cannot be measured easily. For example,
the measurement of the deflection of a cutting tool, the machine structure due to the
process force or thermal distortion is challenging because the measurement of such
types of errors requires the integration of an additional complex mechatronic compo-
nent into the machine tool. This integration results in higher setup time, extra costs,
and limitation of the machining area. Therefore, instead of the direct measurement of
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the errors, prediction of the error using a model is employed. The model is typically
created based on the mechanical, dynamic, or thermal theory [56]. However, due to
the complexity of the error generation mechanism, the design of an accurate model is
also a challenging task. Thus, rather than building up the model from the microscopic
point of view, some researchers propose to use other approaches, such as deep learning
to globally characterize the error [57].

1.2.4 Precision Error Measurement Technologies for Error
Compensation

In order to accurately compensate for an error, the error has to be accurately measured.
In order to achieve the accuracy in the order of micrometers, errors less than one microm-
eter should be measured accurately. According to the third principle of measurement by
Nakazawa, the measurement must be five to ten times higher [58] than the accuracy to be
achieved. Therefore, measurement instruments are required to have accuracy in the order of
nanometers. Today, a variety of precision measurement devices are commercially available
to measure errors of machine tools. Followings are some examples of them.

• Laser interferometer
A laser interferometer is one of the most frequently used measurement devices to

check machine accuracy. It utilizes a laser beam that is directed at a reflective mirror
placed on the observed object as shown in Figure 1.30 [59]. The interference between
the return beam and the principle beam can be used to determine the linear position
accuracy and repeatability along an axis, squareness between axes, surface flatness,
rotary axis angular positioning, axial pitch, and machine tool dynamics.
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Figure 1.30: Laser interferometer [59].

• Precision level
A precision level is apparatus to measure the level of a flat surface. A liquid such

as alcohol or ether is put in a circular glass container, with a bubble left on the surface,
as shown in Figure 1.31 (a). Changes in the angle of the level cause a displacement
of the bubble. The position of the bubble indicates the magnitude of the level or
inclination. A level is placed on the object to be measured, and when it is horizontal,
the bubble is centered. Even if the level is rotated by 180 degrees in the same place,
the bubble is still in the center, as shown in Figure 1.31 (b). When the right side of the
object to be measured is high, the bubble moves to the right side, as shown in Figure
1.31 (c). By reading the position of the bubble, the magnitude of the inclination can
be measured [60].
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Figure 1.31: The principle of the precision level (created based on [60]).

• Double ball-bar
A double ball-bar is widely used to determine the accuracy of two linear axes. As

the name suggests, the components includes two balls, a transducer to measure the
distance between them, and a fixture to secure the balls in place as shown in Figure
1.32. This accuracy measurement method is effective in determining the quadrant
glitch, backlash, servo-gain misalignment, and squareness error [61]. This method is
common as a criterion for acceptance testing in machine tool manufacturing for two-
axis linear drives.
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Figure 1.32: Double Ball Bar (Renishaw QC-20) [61].

• Cross grid encoder (KGM)
A cross grid encoder, sometimes called KGM (abbreviation of a German counter-

part ”Kreuzgitter Messgerät”) is an optical diffraction grating type encoder to mea-
sure two-dimensional position of a optical head by using a grid plate where grids are
aligned orthogonal to each other. The cross grid encoder can be applied to measure
two-dimensional motion errors of high-precision and ultra-precision machine tools, such
as the straightness error or the squareness error [62]. Figure 1.33 shows an example of
the measurement setup [63].

(a) (b)

Figure 1.33: Cross grid encoder [63].
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• Laser tracker
A laser tracker is a type of laser interferometer specifically designed to measure

the three-dimensional position of a moving target. It is a laser tracking interferome-
ter combined with a servo system that allows the laser to track a moving target and
measure the distance and angle of the target in a polar coordinate system. The laser
trackers are used in a large-scale precision manufacturing such as aerospace, shipbuild-
ing, heavy industry as well as machine tool industry [64]. Figure 1.34 shows a setup
of measurement of a coordinate measurement machine [65]. The advantageous feature
of laser tracer is being able to directly measure the accuracy of the tool center point.
Since laser interferometer, DBB, and KGM are limited to measure the accuracy of
one-dimensional or two-dimensional motion, the measurement result provides limited
information of the accuracy of machine tools. As machine tools are generally used
to create three-dimensional shape, three-dimensional measurement with laser tracker
serve the purpose of accuracy measurement of machine tools. [66, 67]

Figure 1.34: Laser tracker [65].

1.3 Issue to be Focused

1.3.1 Dynamic Change of Accuracy

By using the design, assembly, measurement, and compensation technologies mentioned
above, the development of machine tools with an accuracy in the order of micrometers is
now possible. In order to obtain the high accuracies achieved by machine tools, the machine
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tool manufacturer measures the accuracy of the assembled machine before the shipment to
preset the error data for the compensation functions. After the installation at the user’s
side, the accuracy is double-checked to assure that the machine satisfies the accuracy re-
quirement. For example, assume the situation shown in Figure 1.35. The compensation
parameters are registered in the CNC controller before the machine starts the first part ma-
chining. The compensation parameter at this time is represented by P1, and the tool path
is represented by the blue line e1. e1 is a path through which this machine can machine
parts with acceptable accuracy. From a user’s viewpoint, it is desirable that this accuracy is
preserved for the lifetime of the machine. However, the accuracy of a machine tool contin-
uously changes. Operating lifetime of machine tools are generally more than ten years, and
machine tools in a mass production line are used for twenty-four hours a day, seven days a
week. Under such operation, error sources such as thermal distortion, aging degradation of
bearings continuously change the accuracy of the machine tool. Once the accuracy has been
changed, the error compensation parameters set at the installation are no longer valid, and
a certain amount of error will remain uncompensated. In the figure, when machining the
Nth part, the tool path is changed as indicated by eN . eN exceeds the tolerance of the error,
and the correction parameter P1 no longer works effectively. The uncompensated errors are
copied onto the workpiece, resulting in excessive variation in the accuracy of the machined
workpiece geometry. This is a critical issue for the productivity of the machine user.

Therefore, in order to preserve the accuracy of the machine tool, the error compensation
values should be continuously updated to keep track of the dynamic change of accuracy.
In this example, by detecting that the accuracy exceeds the allowable range in the Nth
machining and updating the correction parameter to P2 to cancel this, the accuracy can
be kept within the allowable range again in the N + 1th machining. However, conventional
error compensation functions cannot make such a dynamic error compensation due to several
reasons as following.
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Figure 1.35: Dynamic change of accuracy and its compensation by the parameter update.

1.3.2 Limitation of the Conventional Error Compensation

1.3.2.1 The conventional error compensation procedure

Figure 1.36 shows the conventional error compensation process process. A conventional
error compensation procedure flows as follows:

1. Manual setup:
Stop the machine’s cutting program and remove the workpiece and cutting tool from
the machining area. Manually install a measurement device to the machine.

2. Manual measurement:
Carry out the measurement. The measurement has to be carried out according to the
measurement test code that are defied in the industrial standard such as ISO.

3. Manual compensation:
Normally a measurement software has a functionality to analyze the measurement data
and to generate a compensation parameter. The generated parameter is sent to the
CNC controller by a PC or a memory card such as a USB flash media.

4. Manual setup:
Remove the measurement device from the machine and re-install the workpiece and
the cutting tool.



CHAPTER 1. INTRODUCTION 32

5. Resume the machining process:
During the subsequent machining process, the CNC controller makes the compensation
based on the recorded parameter.

Figure 1.36: A conventional measurement procedure.

As described, the conventional approach requires many manual process and therefore
time consuming. The process must be performed by a skilled technician, but the education
is not an easy task for many machine users as the measurement is not their main operation.

1.3.2.2 Difficulty in applying the conventional method to the dynamic change
of accuracy

In order to update the error compensation parameters with a conventional approach,
user needs to perform the accuracy measurement as shown in section 1.3. However, having
user’s performing the tests is not an easy task for following reasons.

• High cost of the measurement devices
Since the state-of-the-art measurement devices are typically precision electronic

devices, they are expensive. Many machine tools users normally cannot afford them.
For example, the price of the previously introduced devices are listed in Table 1.1.

• Low durability of the measurement devices under harsh measurement environment
As shown in Figure 1.37 (a), the measurement must be performed under a static

condition, actual cutting is done under very harsh conditions. The heavy workpiece is
loaded on the machine. The cutting process generates a large amount of sludge, heat,
dirty cutting oil, and violent vibration. On the other hand, the measurement must be
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Table 1.1: Price of the common measurement devices.

Laser interferometer $ 50,000
Double ball bar $ 20,000
Cross grid encoder $ 35,000
Laser tracker $ 200,000

performed under static conditions, as shown in Figure 1.37 (b) because the measure-
ment devices generally require careful handling to perform an accurate measurement.
The cutting tool and workpiece must be removed, and the machining area must be
cleaned up. Due to this large difference between the measurement and cutting condi-
tions, the conventional measurement methods do not apply during an actual cutting
process.

(a) Accuracy test [59] (b) Actual cutting [68]

Figure 1.37: Comparison between an accuracy test and an actual cutting environment.

• Production interruption and prolonged measurement time
Figure 1.37 shows a comparison between an accuracy test and an actual cutting

operation. As typical measurement devices are designed for offline measurement, the
cutting tool and the workpiece must be removed and the machining area should be
cleaned to use the measurement device. Most of the conventional measurement meth-
ods require the machine to stop any machining process during the measurement, which
is an undesirable interruption in the production for the machine user. Furthermore, the
measurement including the setup can take up to a whole one day. The prolonged mea-
surement time makes it difficult to evaluate accuracy change that occurs in the short
term such as thermal errors (vary in several tens of minutes) or cutting-force-induced
errors (vary in a few seconds or minutes).
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1.3.3 Proposal of the novel method to automate the error
compensation procedure

The approach proposed in this study is to automate the procedure. By the automation,
the compensation process with the new system will become as shown in Figure 1.38.

1. Automatic measurement:
Automatically carry out a measurement by the built-in measurement system without
removing the workpiece and the cutting tool.

2. Automatic compensation:
The measurement data is analyzed by a dedicated software run on the CNC oper-
ation system. The software automatically generates and updates the compensation
parameter in the CNC control system.

3. Resume the machining process:
As the setup procedure can be skipped, the machine can start the subsequent machining
process as soon as the compensation is done.

Figure 1.38: The new measurement procedure.

1.3.3.1 The advantage of the novel method: dynamic error compensation

The conventional method is based on the assumption that the behavior of the motion
error of the machine tool is always the same as the behavior of the error measured. There-
fore, it is a kind of static error correction in which the compensation pattern cannot be
changed without changing the stored error data. The novel system proposed in this study
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can detect the motion error at all times during machining by the sensors permanently in-
stalled in the machine tool, and can use the error data corrected during the machining. Thus,
compensation is possible much earlier and more appropriate than the conventional method.

The elimination of the setup process enables automatic measurement without human
intervention. This elimination integrates a measurement process into an automated produc-
tion process. Seamless switch between a cutting process and a measurement process reduces
the time required for the measurement, and then the accuracy measurement can be done
more frequently. By frequently repeating the measurement, the machine can keep track of
its accuracy and update the compensation parameter as soon as the accuracy has changed.
In this sense, the new compensation procedure is dynamic compared with the conventional
one.

1.4 Objective of This Research

As discussed so far, the accuracy of the machine tool has a direct impact on the machined
workpiece and thus is one of the most important properties of the machine tool. However,
machine accuracy deteriorates during the operational time due to various causes such as
cutting heat, wear of bearings. Since machine tools are expected to produce many parts
with a constant quality of accuracy continuously, such deterioration of accuracy needs to
be detected and compensated as soon as possible. Although various error compensation
methods have been proposed, most of them require manual labor to set up measurement
equipment, time to execute a measurement program, data analysis, and manual updating the
compensation parameters. Little research has been done for error compensation technologies
without human intervention.

Therefore, this study aimed to develop a novel error compensation system that enables
machine tools to automatically measure the accuracy and update the compensation param-
eters. As a key to the automation system, the measurement system must be composed of
sensors built in a machine tool. A built-in measurement system eliminates the manual setup
processes. Optimum sensor position enables measurement without interrupting machining
processes. In this study, a new measurement system that can be integrated in a machine
tool is proposed and the following four points are investigated to realize the system.

1. The principle of the integrated measurement system
The measurement principle of the new measurement system is discussed. To per-

form a measurement without human intervention, the machine tool should be able to
switch from a cutting process to the measurement seamlessly. In this research, the
seamless switch is achieved by building a sensor system into a machine tool. A method
is proposed to determine the TCP error by using the data collected by the sensor sys-
tem. As a key theory, kinematic modeling of machine tool error by using coordinate
transformation is employed.
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2. The design methodology of the built-in sensor system
Among multiple candidate sensors, linear scale has been chosen as the built-in

sensor. A design of the built-in measurement system using the linear scale is proposed.
To realize an accurate measurement system, impact of possible error sources in the
design are analyzed by preliminary calculation. To assure the measurement accuracy,
a synchronous digital data capturing system is developed. To analyze the machine
tool accuracy from the time-series data captured by the data capturing system, a
post-processor is designed. To evaluate the accuracy change, a key measure known as
repeatability is evaluated by a statistical data analysis.

3. The feasibility of the proposed system on an actual machine tool
The feasibility of the proposed system is investigated with a physical prototype of

the hardware. Using the prototype, a series of experiments were conducted. The mea-
surement performance of the developed system is discussed with uncertainty analysis.
Thermal expansion of the linear scales is featured as a major negative impact on the
measurement accuracy and the impact is carefully investigated.

4. The remaining technological problem to be solved and an idea of the solution for future
study

The remaining technological problem to be solved and an idea of the solution
for future study is discussed. Recent advance of linear scale technology is expected to
realize the measurement of multiple degrees of freedom error elements that is necessary
to make the system complete. By integrating the technology to the system developed
in this study, accurate measurement of the volumetric accuracy of machine tool would
become possible.

1.5 Outline of this Thesis

This thesis consists of 5 chapters including this chapter. A brief outline of the thesis is
given for a better understanding of the subsequent chapters and their context.

In Chapter 2, the theoretical background of the new measurement system with a built-in
sensor is discussed.

In Chapter 3, the design methodology of the measurement system and the feasibility of
the proposed system are investigated with a physical prototype of the hardwares. Using the
prototype, a series of experiment were conducted.

In Chapter 4, the remaining technological problem to be solved and an idea of the
solution for future study is discussed.

In Chapter 5, the contents of each chapter are briefly reviewed and the result of this
study is summarized.
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Chapter 2

Concept and Composition of the
Novel Error Compensation System

2.1 Procedure of updating the compensation
parameter with the novel error compensation
system

As discussed in the previous chapter, this research aims to suppress the accuracy dete-
rioration of the machine tool automatically. In this section, the updating scheme is designed
as illustrated in Figure 2.1. The detailed process at each step is explained as follows.

Step 1 Automatic measurement
During the Nth machining operation, the accuracy of the tool path is measured.

This measurement is done by a novel system that does not interrupt the machining.
The detail will be explained in section 2.2. To keep track of the accuracy, the newly
measured accuracy data eN is compared with the initial accuracy data e1 to calculate
the accuracy change ∆e = [∆ex,∆ey,∆ez] ∈ R3×1, where ∆ex,∆ey,∆ez indicates the
displacement of the tool center point (TCP) from the initial path.

∆e = eN − e1 (2.1)

The error data e1 is obtained when the machine has satisfactory accuracy (for
example, when the machine assembly is completed at the machine tool manufacturer
or when the machine is installed at the user’s factory). The machine keeps e1 as the
master data the task of the system is to preserve this accuracy.

Step 2 Judge the accuracy change
Using the difference ∆e, the accuracy condition of the machine can be evaluated
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as follows:
Predefine a threshold ∆eTOL and compare with the calculated accuracy change ∆e.

• If ∆e ≥ ∆eTOL, the machine’s accuracy has been changed. Compensation is
needed. Go to Step 3-1.

• If ∆e < ∆eTOL, the machine’s accuracy change is negligible. No compensation is
needed. Go to Step 3-2.

Step 3-1 Update the compensation parameters
The detected accuracy change will be cancelled out by modifying the relevant

compensation parameters. One straightforward method is to modify the CNC com-
mand position. Assume that p1 is the position command in a CNC program, ∆e is
the accuracy change at the position p1. Then, the modified position command p2 is
derived as:

p2 = p1 −∆e (2.2)

Then, by running the modified version of CNC command, the machine can locate the
tool again at the initial point p1.

Step 3-2 Continue the cutting cycle and repeat the whole procedure periodically
If no error compensation is needed, continue the cutting process of N+1th part

with the compensation parameter P1.

By repeating this measurement and compensation cycle, the machine can update the
compensation value ∆e and preserve the initial positioning accuracy.
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Figure 2.1: Process flow of the automatic error measurement and compensation.

2.2 Establishment of the Error Measurement Method
for the Novel System – Measurement Principle

2.2.1 Problem to realize the automatic measurement

Among various errors of machine tools, machine users would mostly concern the TCP
error because that determines the final dimensional accuracy of the machined workpiece.
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However, as discussed in chapter 1, conventional measurement technologies are designed for
manual process, and there is no technology to measure the TCP error without interrupting
cutting operations directly.

In order to solve the problem, an approach shown in the next section is employed to
determine the accuracy by using a kinematic model of the machine tool.

2.2.2 Kinematic model and its construction procedure

2.2.2.1 Kinematic model

A typical three-dimensional machine tool consists of three mutually orthogonal linear
axis components, which are generally called X, Y, and Z-axis. Each linear axis has motion
errors, which are explained in the next section. The errors are linked along with the structure
of the machine, resulting in the TCP error. The kinematic model is a mathematical tool to
describe how the errors in each axis are linked together and propagate to the TCP error.
The advantage of the kinematic model is that the error at the tool tip can be mathematically
derived even if the error at the tool tip cannot be measured directly, by knowing the errors
at each axis instead. Various methods have been developed to measure the errors of a linear
axis motion – for example, laser interferometer [69, 70], quadrant photo diode [71], inertial
measurement unit [72]. Therefore, even though direct measurement of the TCP accuracy is
still challenging, the measurement of linear axis motion errors is realizable. Based on the
idea, by installing an appropriate sensor system on a machine to measure the linear axis
error, the TCP error can be indirectly identified with the kinematic model. The following
explanation is the procedure of kinematic modeling.

2.2.2.2 Procedure to obtain the kinematic model

i. Definition of errors in a linear axis drive motion

Errors of a single linear axis can be defined in six directions, and they are called six
degrees of freedom (DOF) errors or geometric errors. Figure 2.2 is a schematic image of
the six DOF error of a linear axis (e.g., X-axis). A moving component is supported by the
two guideways and slides along the X-axis. Now we assume that the moving component
was moved by a distance x ∈ R. The actual travel distance in the X direction can have
an error, as indicated by EXX . This is called the linear positioning error motion of the X-
axis. Other than this, translational errors perpendicular to X-axis can also occur due to the
inaccuracy of the guideways. These errors indicated by EY X and EZX are called straightness
error motions. In addition to the translational errors, errors in rotational direction can also
occur. The rotational errors are defined in three directions. In the case of X linear axis
motion, rotations about X, Y, and Z-axis in Figure 2.2 are called the roll, pitch, and yaw,
respectively, and indicated by EAX , EBX , and ECX .
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Figure 2.2: Six degrees of freedom error elements in a linear axis.

ii. Determine the kinematic chain of the machine tool

The next step of building a kinematic model is to determine the kinematic chain of the
machine tool. The kinematic chain represents the order of the link of principal components
(typically linear axis drives, machine bed, cutting tool, and workpiece). For example, a
horizontal machining center in Figure 2.3 can be decomposed into a workpiece, the rotary
table that realizes B axis motion, Z-linear axis, machine bed, column that moves along the
X-axis, spindle component moves along the Y-axis, and the cutting tool. Then, the kinematic
chain can be found as a path indicated by a red arrow connecting the workpiece to the cutting
tool through the work fixture, table, bed, column, and spindle. In order to represent the
kinematic chain, the notations as the designation defined in ISO 10791-1 industrial standard
is used [73]. In this example, the kinematic chain can be represented as [w B Z b X Y t],
where the upper case letters represent the axis components and the lower case letters ”w”,
”b”, and ”t” represent the work holding table, the bed, and the tool, respectively. In this
study, the errors in linear axis motion are focused on, so the motion in the rotary axis (B)
is not considered. Then the kinematic chain can be simplified as [w Z b X Y t].

Once the kinematic chain is determined, the next step is to link the errors in each linear
axis following the kinematic chain. From the next part, the mathematical method to describe
the linkage among the linear axis is introduced.
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Figure 2.3: Kinematic chain of a horizontal machine tool.

iii. Homogeneous Transformation Matrix

In order to quantitatively describe the six DOF errors and their link in the machine
tool structure, a mathematical tool called ”Homogeneous Transformation Matrix (HTM)” is
used. For example, an operation to move a vector p ∈ R3 by a distance x ∈ R in X direction,
or to rotate α ∈ R about X axis can be represented as follows:

Translation : q = p+




x
0
0



 (2.3)

Rotation : q =




1 0 0
0 cosα − sinα
0 sinα cosα



p (2.4)

As shown, a translation can be represented by the addition of vectors, while a rotation
can be represented by multiplication of a vector with a matrix. In a machine motion, both
the translational and rotational errors can occur at the same time. In order to express
them with the above operations, the equation will become a complex one. An HTM is a
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mathematical tool to simplify this operation. The HTMs to operate the translation in X, Y,
and Z directions and the rotation about X, Y, and Z-axis are defined as in Table 2.1:

Table 2.1: HTMs to represents the transformation or rotation in each direction.

Axis Translation Rotation

X DX(x) =





1 0 0 x
0 1 0 0
0 0 1 0
0 0 0 1



 DA(α) =





1 0 0 0
0 cosα − sinα 0
0 sinα cosα 0
0 0 0 1





Y DY (y) =





1 0 0 0
0 1 0 y
0 0 1 0
0 0 0 1



 DB(β) =





cos β 0 sin β 0
0 1 0 0

− sin β 0 cos β 0
0 0 0 1





Z DZ(z) =





1 0 0 0
0 1 0 0
0 0 1 z
0 0 0 1



 DC(γ) =





cos γ − sin γ 0 0
sin γ cos γ 0 0
0 0 1 0
0 0 0 1





Using this, equations (2.3) and (2.4) can be rewritten as follows:

Translation : q = DX(x)

[
p
1

]
(2.5)

Rotation : q = DA(α)

[
p
1

]
(2.6)

Thus, both the translation and rotation can be expressed with the same shape of the
equation. When the translation and rotation occur at the same time, multiple of the ma-
trices associated with the direction can be combined to express the operation. In total,
six multiplications are needed to express all of the six DOF error. However, especially for
machine tool error calculation, the matrix can be further simplified as follows. Generally,
the errors are in the order of 10−6 to 10−5 m or rad, while machine motion is in the order
of 10−3 to 1 m or rad. Therefore, in order to express machine motion error, the following
approximation can be made by ignoring the second-order or higher terms.

DX(EXX)DY (EY X)DZ(EZX)DA(EAX)DB(EBX)DC(ECX) ≈





1 −ECX EBX EXX

ECX 1 −EAX EY X

−EBX EAX 1 EZX

0 0 0 1





(2.7)
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This approximated matrix has an advantage of expressing all of the six DOF errors with
one matrix.

iv. Coordinate transformation with homogeneous transformation to obtain the
kinematic model

Here, a detailed procedure to formulate a kinematic model is shown with an example.
First, define a local coordinate system for each principal component in the kinematic chain.
The local coordinate system is fixed to each component and moves and rotates together with
the component. The six DOF errors in each linear axis are defined in this local coordinate
system. The purpose of the kinematic model is to combine the errors in the local coordi-
nate systems and map into a global coordinate system. In machine tool design, the global
coordinate frame is typically fixed on the machine bed that is the base structural part of
the machine tool. Therefore, in this example, the global coordinate system is fixed to the
machine bed.

Now, define the TCP vector in the Y-axis local coordinate system as t = [tx, ty, tz]
T .

Since the CNC control system needs to know the tool tip position in the reference coordinate
system, HTM XTY (E∗Y ), (∗ = X, Y, Z,A,B,C) are used to map the tool tip position vector
in the Y-axis local coordinate system to X-axis local coordinate system. Here, XTY (·) means
the transformation from the Y-axis coordinate system to the X-axis coordinate system, and
E∗Y in the parenthesis means the error elements in the matrix. Next, the HTM bTX(E∗X)
is used to map into the reference coordinate system located at the machine bed. By the
multiplication of the HTMs, the position of the tool tip to the reference coordinate system
P t can be obtained. This sequence is illustrated in Figure 2.4.
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Figure 2.4: Coordinate transform of the tool tip position.

P t =





Xt

Yt

Zt

1



 = bTX(E∗X)
XTY (E∗Y )





tx
ty
tz
1



 (2.8)

The target position on the work surface is also mapped to the reference coordinate
system in the same way. Define the target position vector w = [wx, wy, wz]

T in Z-axis local
coordinate system fixed at the work table. Then, HTM bTZ(E∗Z) is used to map the vector
into the reference coordinate of the machine. The HTM contains the six DOF error elements
of the Z-axis. This sequence is illustrated in Figure 2.5. The actual coordinates of the
machining point on the work surface P w in the reference coordinate system are given by

P w =





Xw

Yw

Zw

1



 = bTZ(E∗Z)





wx

wy

wz

1



 (2.9)



CHAPTER 2. CONCEPT AND COMPOSITION OF THE NOVEL ERROR
COMPENSATION SYSTEM 46

Figure 2.5: Coordinate transform of the target point on the work surface.

Then, the TCP error can be expressed as the relative displacement between the target
point on the workpiece and the TCP in the reference coordinate system which can be derived
by

e(E) ≡




ex
ey
ez



 =




Xt

Yt

Zt



−




Xw

Yw

Zw



 (2.10)

where E = E∗X , E∗Y , E∗Z (2.11)

In the above equation,Xt, Yt, Zt are functions of 12 variables E∗X and E∗Y , andXw, Yw, Zw

are functions of six variables E∗Z . As shown, the TCP error vector e = [ex, ey, ez] is derived
as functions of 18 error elements of each linear axis. To specify that, the symbol E is defined
to represent all of the 18 variables.

The kinematic model for the horizontal machining center is specifically derived as in
(2.12). In the equation, L∗ are constants that are determined by the dimensions of the
machine components. For example, LZY means the Z directional length of the Y-axis com-
ponent.



CHAPTER 2. CONCEPT AND COMPOSITION OF THE NOVEL ERROR
COMPENSATION SYSTEM 47

e(E) =




EXX + EXY − EXZ + LZY (EBX + EBY )− LY Y (ECX + ECY )
EY X + EY Y − EY Z − LZY (EAX + EAY ) + LXY (ECX + ECY )
EZX + EZY − EZZ + LY Y (EAX + EAY )− LXY (EBX + EBY )

+Zt(EBX + EBY )− LY YECX + LZXEBX + LY ZECZ − LZZEBZ

−Zt(EAX + EAY ) + LXXECX − LZXEAX − LXZECZ + LZZEAZ

−LXYEBX + LY XEAX + LXZEBZ − LY ZEAZ + EBZXw

+ECZYw − EBZZw

−ECZXw + EAZZw

−EAZYw



 (2.12)

2.2.3 The limitation and target of this approach

The kinematic model assumes that every machine component is a rigid body. Therefore,
errors that stem from the elastic deformation of the machine structure, tool, and workpiece
cannot be described by this approach. Also, non-linear deformation due to thermal influence
and errors due to the servo control system are outside of the scope of this system. As Figure
2.6 indicates, this measurement approach focuses explicitly on the kinematic error of the
machine tool among the errors introduced in section 1.2.

Figure 2.6: The target area of the kinematic approach.
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2.3 Establishment of the Error Measurement Method
for the Novel System – Hardware

2.3.1 Selection of the sensors

In order to realize the measurement of the six DOF error elements, appropriate sensors
should be chosen. However, the sensors with sufficient accuracy performance are generally
expensive, sensitive, and expensive, so the selection of a sensor is a challenging task. In
Table 2.2, candidate sensors are listed, and their features are compared.

At present, the system which can measure the accuracy of all six DOF with sufficient
resolution has only been established by using the laser [74]. However, as explained in Chapter
1, the laser measuring instrument is expensive and delicate. Thus, it is not practical to use
it as a built-in sensor. Therefore, in this study, though the measurement of all six DOF is
impossible at present, the sensor which is expected to be able to measure all six DOF in the
future was chosen.

Among the multiple options, the use of linear scales is focused. Linear scales are com-
monly used on modern CNC machine tools for position feedback control, so they are already
used as a built-in sensor. Although a single linear scale can only measure the position of a
single axis, by using two linear scales in parallel for one axis, angular error measurement in
yaw direction become possible, as shown in Figure 2.7. Recently the technologies of linear
scale are rapidly growing, and a previous research conducted by Fujimori et al. [75] implies
that the linear scale will be able to measure all of the six DOF error elements, as further
explained in detail in Chapter 4. From this perspective, this research designed a linear-
scale-based system and studied the fundamental elements to develop the system with the
measurement of the yaw error element.

Figure 2.7: Measurement of angular error with dual linear scales.
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Table 2.2: Specifications of candidate sensors (”D” in the resolution column indicates the
distance between the dual linear scales, and the unit is meter. ”M” in the uncertainty column
indicates the measurement distance, and the unit is meter. )

Sensor Error to be measured Resolution Uncertainty Price

Clinometer [76] Rotational 0.1µrad 1µrad $ 5,000
Autocollimator [77] Rotational 0.0005µrad 0.5µrad $ 30,000
IMU[78] Rotational not specified 10µrad $ 5,000

Translational not specified 1µm ”
Laser interferometer [74] Translational 1nm ±0.55ppm $ 20,000

Rotational 0.03µrad
±0.6%±(0.5
+0.1M)µrad

”

Linear scale
Translational
(single use)

10nm (1.5+1.5M) µm $ 1,000

Rotational
(dual use)

(x2 − x1)/D − $ 2,000

2.3.2 Design of dual linear scale system for angular measurement

The principle of the dual linear scale system is explained using an illustration in Figure
2.7. Suppose that a moving component moves along the X-axis. Two linear scales are
installed in parallel on the side of the moving component. The scales are labeled as scale X1

and X2 to distinguish them from each other. First, the moving component is located in a
start position, which is the origin of the measurement. At this point, the position and errors
of the component are regarded as zero. Next, the component is moved to a target point,
and the position reading of the scales X1 and X2 at the target is x1 and x2, respectively.
Then, the yaw angular error ECX can be calculated by the following equation. Here, the
approximation tan−1 θ ≈ θ can be made because, generally, the relative position difference
x2 − x1 is in the order of micrometers, whereas the distance DX between the paired linear
scales indicated in Figure 2.7 is in the order of meters. In this study, scale X1 is the primary
linear scale whose position data is used for the position feedback control, and scale X2 is the
secondary linear scale just for measuring the angle. The angular deviation is calculated as
the relative displacement of scale X2 with respect to X1.

ECX = tan−1

[
x2 − x1

DX

]
≈ x2 − x1

DX
(2.13)

2.3.2.1 Required measurement performance of this linear scale system

Now let us estimate the required measurement performance of the proposed scale mea-
surement system. In the kinematic model equation (2.12), the terms related to yaw error
which is detectable with this system are:
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e(E) =




−EBZ(LZZ + Zw) + EBX(LZX + LZY + Zt)− LY YECY

LXYECY

−EBX(LXX + LXY ) + EBZ(LXZ +Xw)



 (2.14)

In the equation, L and Z are constants, so they do not have uncertainty. Therefore, the
uncertainty that arises from the measurement of this system is derived as follows based on
the error propagation rule for addition or subtraction [79].

σe =





√
σ2
EBX

+ σ2
EBZ

+ σ2
ECY

σECY√
σ2
EBX

+ σ2
EBZ



 (2.15)

According to equation (2.13), the accuracy of x1 and x2 propagates to the accuracy of
the angle ECX . So, let σx1 and σx2 denote the uncertainty of the measurement values. Based
on the error propagation rule,

σ(x2−x1) =
√

σ2
x1

+ σ2
x2

(2.16)

The problem is to determine the tolerable uncertainty of the linear scales. A typical
positioning accuracy tolerance is set at 16 µm in ISO 10791-4 [80]. According to the principle
of measurement [58], the accuracy of the measuring instrument should be at least five times
higher than the expected precision of the measured object. So, the target specification is
set at 3.2 (one-fifth of 16). When using the same model type of linear scales for all of the
linear drive axes, the uncertainty of each linear encoders can be assumed as the same, i.e.
σx1 = σx2 = σy1 = σy2 = σz1 = σz2 . Then, the tolerable uncertainty is calculated as follows:

σe =
√

σ2
x1

+ σ2
x2

+ σ2
y1 + σ2

y2 + σ2
z1 + σ2

z2 = 3.2 (2.17)
√
6σ2

x1
= 3.2 (2.18)

∴ σx1 =

√
10.24

6
≈ 1.31µm (2.19)

So, the linear scale which satisfies this uncertainty should be selected. This calculation
result is used in chapter 3 to assess the measurement performance of the prototype system.
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2.3.3 Hardware architecture

Figure 2.8 illustrates the architecture of the system designed for the study. To realize
the measurement principle of yaw angle shown in Figure 2.7, six linear scales are installed
to a machine tool.

Figure 2.8: The arrangement of the scales and a synchronous data capturing system on a
machine tool.

In order to measure the angle based on the principle, it is necessary to obtain the
position data of the two linear scales at the same moment. Since the error calculation is
done with a digital or discrete sampling system, the position data must be synchronized to
obtain the accurate calculation result. Therefore, synchronous data sampling is required. In
this study, synchronization is achieved by controlling the timing of the data acquisition of
the read heads with the following principle.

Distribute a clock signal from the data capturing device to the read heads. Figure 2.9
(a) illustrates the clock signal sent from the synchronous data capturing device to a read
head. In the figure, only one read head is shown, but the same signal communication takes
place for the other read heads as well. Suppose that the digital circuits in the systems are
designed such that the signal communications between the read head and the data capturing
device takes place at the rising edge of the clock signal. The data capturing device send a
request signal to the output interface in the read head at a certain rising edge of the clock,
as shown in Figure 2.9 (b). Then, the interface sends the position data in the read head back
to the capturing device at the next rising edge of the clock, as shown in Figure 2.9 (c). Since
all of the read heads share the clock signal, the above step is executed at the same timing.
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Thus the position data from multiple linear scales can be obtained at the same time.

The following calculation assessed the required time accuracy of this synchronization.
Assume that a moving component is moving in X axis at a feed speed of F [mm/min]. The
scale x1 is sampling the position at a sampling interval of t [s], while the sampling of the
scale x2 has time misalignment with respect to x1 by ±∆t [s], i.e. the sampling of the scale
x2 takes place every t±∆t [s]. Then, the position reading of x1 and x2 is Ft and F (t±∆t).
Thus, the angular deviation of ECX of the moving component is calculated as:

ECX ≈ x2 − x1

DX
=

±F∆t

DX
(2.20)

This is the measurement error caused by the time misalignment. Assuming that the
feed speed is at 60m/s, which the maximum speed of the CNC machine tool, the angular
error can be ±60∆t/D rad. Using the kinematic model (2.21), the tool tip error caused by
the error is rewritten as in equation (2.21). This equation will be used in chapter 3 to assess
the measurement performance of the developed prototype system.

e(E) =




−±F∆t

DZ
(LZZ + Zw) +

±F∆t
DX

(LZX + LZY + Zt)− LY Y
±F∆t
DY

LXY
±F∆t
DY

−±F∆t
DX

(LXX + LXY ) +
±F∆t
DZ

(LXZ +Xw)



 (2.21)

2.4 Establishment of the Error Measurement Method
for the Novel System – Data Analysis

So far, the measurement principle has been established, and the hardware for the mea-
surement has selected. By making a physical prototype, the measurement would be possible.
Assuming that the prototype was implemented and measurement data were obtained, the
data needs to be post-processed and analyzed in an appropriate manner. In this section, the
data analysis procedure suitable for this system is discussed.

2.4.1 Definition of systematic and random error elements in
machine tool error

In the theory of machine tool error analysis, error data obtained by the iterative mea-
surement is regarded as a combination of two elements: systematic error and random error
[81]. Systematic error is the reproducible and predictable part of the data set and thus re-
garded to represent the iterative motion of the machine. Random error is the variance of the
data points, which is typically due to the signal noise of the measurement, small vibration
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(a)

(b)

(c)

Figure 2.9: The synchronous data capturing by distributing a request signal.
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of machine components, or any other disturbance of the motion or the measurement. There-
fore, in order to determine the dynamic change of the repeatability, this systematic error
should be extracted from the data points. Machine tool error analysis typically assumes the
data distribution is subject to a normal distribution [81]. Then, the mean value represents
the systematic error, and the variance of the distribution represents the random error.

Let Eir denotes the raw data of an error sampled at a measurement position i, where
i = 1, ...,m is the index of the data point. Then, the systematic error Ei at the position i
can be calculated as:

Ei =

∑m
r=1 Eir

m
(2.22)

On the other hand, the random error σi of the error sampled at a position i can be
calculated as:

σi =

√√√√ 1

m− 1

m∑

r=1

(Eir − Ei) (2.23)

2.4.2 Example of extraction of systematic and random errors
from measurement data

Figure 2.10 is an example of yaw angle data measured in this study. All data points
sampled with a sampling rate of 100Hz in five iterative measurement cycles were overlaid in
one figure. As can be seen, at each measurement position (horizontal axis), the measured yaw
values distribute within a certain range and show certain repeatability. Figure 2.11 shows a
magnified view of the data plot at position Y=-280mm and Fig. 2.12 is the histogram of the
data. The histogram implies that assuming that measurement values are subject to a normal
distribution is a reasonable assumption. By applying the equation, the systematic error at
each measurement position was calculated. Figure 2.13 shows the systematic error extracted
from the raw data plot in Figure 2.11. The random error is also derived and indicated with
the vertical bars. The random error is treated as uncertainty in the measurement and will
be used to evaluate the reliability of the measured result in the next chapter.
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Figure 2.10: A sample yaw angle data measured with this system.

Figure 2.11: The magnified view of the yaw data plot at position Y=-280mm.
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Figure 2.12: The histogram of the yaw data sampled at Y=-280mm.

Figure 2.13: The systematic error ECY extracted from the raw data.

2.5 Summary

In this chapter, the concept and composition of the dynamic error compensation system
were explained.
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In section 2.1, the author first pointed out that conventional error compensation is a
manual procedure and proposed an approach to automate the process. For that purpose,
machine tools need to detect their accuracy change and adjust the compensation parameters
without human intervention. To realize that, the author proposed to evaluate the TCP
accuracy by using a kinematic model of the machine.

In section 2.2, the procedure to build a kinematic model was explained in detail with
an example of a horizontal machining center.

In section 2.3, the appropriate sensors to build the system were discussed, and the
linear scale was selected to make a prototype system for yaw angular error. Based on the
measurement principle of yaw with dual linear scales, the requirement for the measurement
accuracy was discussed.

In section 2.4, the procedure of detection and compensation of machine tool accuracy
with the proposed system was explained.
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Chapter 3

Verification Study with a Prototype
System

3.1 Prototyping

In order to investigate the effectiveness of the error measurement and compensation
method, a physical prototype was required for experimentation. In this chapter, the pro-
totype system developed for this study is introduced. The system consists of following
hardware:

• Machine tool

• Linear encoder

• Synchronous data capturing device

The detailed specification of each hardware will be provided in the following sections.

3.1.1 CNC Machine Tool

For this study, a medium-size horizontal machining center, NHX4000 2nd Generation
designed by DMG MORI Co., Ltd., is chosen as the test bench. Figure 3.1a is the exterior
view of the machine. There are mainly two reasons for choosing this machine. One is to
evaluate the feasibility of this system on a real machine in the market. Another reason
is that the machining center is not an exception to general machine tools that consists of
three mutually orthogonal linear axes. Figure 3.1b illustrates the axis configuration of the
machine. Although the machine has a rotary axis (B axis) other than the three linear axes,
in this study, the B axis is not rotated to focus on the kinematic errors of the linear axes.
Thus the machine can be treated as a three-axis machine tool. The axis configuration and
kinematic chain of this machine are the same as the one previously explained in Figure 2.3 in
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section 2.2.2. On this machine, the linear encoders are installed. The detail of the encoder
is introduced in the next section. The location of the linear encoders was decided, as shown
in Figure 3.2. The stroke length and the distance between the paired scales on each axis are
summarized in Table 3.1.

(a) Exterior [82] (b) Axis configuration

Figure 3.1: DMG MORI NHX 4000 2nd Generation.

Figure 3.2: The location of the linear encoders.
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Table 3.1: The stroke length and the distance between the paired scales.

Axis Stroke [mm] Scale Distance D [mm]

X 390 240
Y 440 600
Z 495 870

3.1.2 Linear encoder

Linear encoder plays a vital role in this system as the internal sensor to collect the
machine’s position data, which is necessary to calculate the angular error of the moving
component. An exterior view of a linear encoder is shown in Figure 3.3. A typical linear
encoder consists of two main components: a scale on which position data is recorded and a
read head which read the information and convert it to an analog or digital signal.

There are mainly two types of linear encoders depending on the record and read method
of the position data: optical and magnetic encoder. Generally, the optical encoder has a
higher resolution because of the use of laser, but the measurement is sensitive to contamina-
tion [83]. During the machining process, a lot of coolant mist and cutting chips are generated,
and they can contaminate the encoder. In order to perform precision measurement under
such a harsh environment, contamination durability is required in addition to high precision.
A magnetic encoder is immune to contamination in principle, and the resolution is com-
parable to that of optical encoder by the recent development of magnetic scale technology
[83].

Linear encoders can also be divided into two groups depending on the encoding type of
the position data: incremental and absolute type. For incremental type, position data are
encoded with evenly separated tick marks. By counting the number of tick marks from the
start position, the relative distance of motion is measured. On the other hand, for absolute
type, the tick marks are encoded with a certain length of bit number so that the absolute
position can be detected. The absolute type scale has several advantages with respect to
the incremental type: low risk of miscounting, immune to noise, no need to find the home
position, and so forth [84].

Based on these reasons, the author decided that a magnetic and absolute type linear
encoder is suitable for this system. In this study, SmartSCALE, a production of Magnescale
Co., Ltd., was chosen to develop a prototype system. SmartSCALE type SQ57 shown in
Figure 3.3 is an absolute type magnetic linear encoder, and its specification is summarized
in Table 3.2.
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Figure 3.3: SmartSCALE by Magnescale Co., Ltd. [85]

Table 3.2: Specification of the SmartSCALE type SQ57 (L = measurement distance in
meter).

Type SQ57
Material Steel
Accuracy (1.5+1.5L) µm
Resolution 10 nm
Coef. of thermal expansion 12 µm/m·K
Waterproof IP 67

3.1.3 Scale Data Capturing Device

As discussed in section 2.3.3, In order to measure the angle based on the principle,
a synchronous data-capturing system is required to obtain the position data of two linear
encoders at the same moment. For this study, a data-capturing device BD200 was developed
by Magnescale Co., Ltd. Figure 3.4 is an exterior view of BD200 connected with six linear
encoders. Figure 3.5 is the block diagram of the signal communication between the read
head and BD200. The linear encoders and BD200 are synchronized with a 40MHz clock
signal. The clock signal is then distributed to all read heads. By communicating with
this clock signal, the position data from all of the read heads are sent to BD200 at the
same moment. With this high sampling frequency, the time misalignment is reduced to 5ns.
Based on equation (2.20), the measurement error of yaw angular deviation due to the time
misalignment is estimated. For NHX4000, the maximum feed speed of the linear axes is 60
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m/min. Then, the yaw measurement error ∆EY AW due to the misalignment can be:

∆EY AW ≈=
±60m/min · 5ns

D
=

±5nm

D
(3.1)

= 0.021 [µm/m] (Xaxis) (3.2)

0.008 (Y axis) (3.3)

0.006 (Zaxis) (3.4)

By plugging these values into the kinematic model equation (2.14), the measurement
error of the TCP position due to this time misalignment is derived as up to 0.016µm (X
axis), 0.004µm (Y axis), and 0.003µm (Z axis). As the measurement target of this system is
errors of µm order, so this data capturing system is capable of capturing the scale position
data with sufficient time accuracy.

Figure 3.4: Magnescale BD200 data acquisition system.
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Figure 3.5: The block diagram of the data communication of the scale read head and BD200.

Data Acquisition Software for BD200

The position data collected by BD200 is exported to a PC for post-processing and
further analysis. For data acquisition, a dedicated software GUI was also developed by
Magnescale. The software enables a PC to communicate with BD200 via a USB Type-A
connection. Figure 3.6 shows the screenshot of the GUI. The six waves in 1© labeled AXIS1
through AXIS6 are the real-time-series plots of position count data sent from the six read
heads. The assignment of the six linear encoders for each AXIS is as shown on the left
side of the figure. The eight-digit numbers in 2© is the instantaneous position count at the
moment. The delta followed by eight-digit numbers in 3© are the peak-valley differences of
the position counts in the window.
The user of the software can control the data sampling rate from 100Hz up to 20kHz by
choosing one from the pull-down list in 4©. Then, press 5©”Select File” button to select
a directory where the captured data will be saved. The start and stop of data sampling
are done by clicking the 6©”Rec” and 7©”Stop” button on the screen. 8©”Reset” button
refreshes the GUI.
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Figure 3.6: Data acquisition GUI software for BD200.

3.2 Requirement of Assembly Accuracy of the
Hardware

Six linear encoders were installed on the machine tool to build the test machine. Here,
additional error sources should be taken into consideration due to the difference between the
conceptual design and the physical prototype.
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Figure 3.7: The constitution of the dual linear encoder system.

3.2.1 Parallelism of dual linear encoders

In the design of the measurement principle, the dual linear encoders are assumed to
be perfectly parallel. However, it is virtually impossible to align the two scales with such
perfect accuracy on a machine. Therefore, the dual linear scales are assumed to have a
certain amount of parallelism error, as illustrated in Figure 3.8. The measurement error
due to the imperfectness of the parallelism of the dual linear encoders should be taken into
consideration. In order to evaluate the impact of the parallelism error on the measurement
accuracy, the following calculation was performed.

As shown in Figure 3.9 (b), assume that the dual linear encoders are aligned with a
parallelism error of δ. Assume that the table does not have any rotational or translational
errors. Move the table by a distance of L. Ideally, the yaw angle error should be zero at
any position over the stroke. However, in the actual case, the system has yaw measurement
error due to the misalignment, and the value is:

∆EY AW =

(
L

cos δ
− L

)
/D (3.5)

This equation indicates that the measurement error increases as the travel length L and
the parallelism error δ become large. The maximum values of L for each axis are the same as
the stroke of the axis listed in Table 3.1. Based on the drawing of the machine component, the
parallelism error δ is assumed to be up to 0.61mm/m. According to equation (3.5), the yaw
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measurement error due to the parallelism δ is calculated as up to 0.30, 0.14, and 0.11µm/m
for the X, Y, and Z-axis, respectively. Based on the kinematic model, the resulting TCP
error due to this error can be 0.20, 0.10, and 0.11µm for the X, Y, and Z-axis, respectively.

Figure 3.8: Yaw measurement error due to the parallelism error of the paired linear encoders.

Figure 3.9: Relationship between the parallelism and the yaw measurement error.
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3.2.2 Offset of zero reference position

Another point to be considered is where to set the zero point of the yaw angle. As
illustrated in Figure 3.10 (a), ideally, the yaw should be zero when the moving component is
perfectly perpendicular to the linear encoders. However, in reality, the moving component
has a small amount of tilt and it is quite difficult to align it perfectly. Therefore, as shown in
Figure 3.10 (b), the zero reference point has to be set at a point that has some initial deviation
from the ideal zero reference point, and the yaw is measured as relative angular displacement
from the reference point. The impact of this initial deviation on the measurement error needs
to be taken into consideration.

The measurement error was evaluated as follows: As shown in Figure 3.11, assume that
the reference point of the moving component is set at a position with an offset δ from the
ideal zero position. This is the initial tilt of the component. Starting from the point, rotate
the table with a small angle α. This is the yaw angular motion of the component, and let
dx denote the change of the position reading of the scale 2. Then, the yaw angle calculated
by the position reading is:

dx

D
=

D sin(δ + α)−D sin δ

D
= sin(δ + α)− sin δ (3.6)

≈ δ + α− δ (3.7)

= α (3.8)

Approximation in equation (3.7) can be made because the deviations δ and α are at
most several tens of microradians, whereas D is several hundreds of millimeters. Therefore,
the initial offset from the ideal orientation does not affect the measurement result.
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Figure 3.10: Measurement error due to zero position offset.

Figure 3.11: Determination of the angle α from the change of the position reading of scale
2, considering the zero position offset δ.

3.2.3 Thermal expansion of the linear encoders

The linear encoders on the machine tool are subject to heat and expand during the
operating time of the machine. The expansion would affect the measurement accuracy of
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the dual scale system. Therefore, the influence of the thermal expansion of the linear encoders
should be carefully investigated. In this study, the impact of the thermal expansion of the
linear scale is experimentally investigated. The result is explained later in section 3.3.3.

3.3 Experiments and Results

3.3.1 Proof of Concept: Evaluation of the Measurement
Accuracy of the Scale System

At first, the proof of concept of this measurement system was done. The yaw error
was measured by two different methods at the same time: a laser interferometer and the
linear encoder system. The measurement of the scale system was validated by comparing it
with the measurement of the laser interferometer, whose accuracy is assured by calibration.
Figure 3.12 describes a conceptual image of the experiment.

Figure 3.12: The idea of the verification measurement by a laser interferometer to prove the
measurement concept of the dual linear encoder system.

3.3.1.1 Instrument for the verification measurement

For the verification measurement, XM60, a laser measurement system produced by
Renishaw, is used. XM60 is capable of measuring the six DOF error elements at one time by
using four parallel laser beams, as shown in Figure 3.13 [74]. The measurements are realized
by a laser launcher that is mounted on the workpiece table and a reflector that is attached
to the spindle. The detailed performance specifications are summarized in Table 3.3.
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Figure 3.13: Multi axis calibrator XM60 by Renishaw [74].

Table 3.3: Performance specification of Renishaw XM60 [74].

Linear

Accuracy ±0.5ppm (with environmental compensation)
Resolution 1 nm
Range 0 m to 4 m

Angular

Accuracy ±0.006A ±(0.5µrad+0.1Mµrad)
(A = displayed angular reading)

(M = measured distance in meters)
Resolution 0.03µrad
Range ±500µrad

Straightness

Accuracy ±0.01A ±2µm
(A = displayed straightness reading)

Resolution 0.25µrad
Range 250µm radius

Roll

Accuracy ±0.01A ±9.1µrad
(A = displayed angular reading)

Resolution 0.5µrad
Range ±500µrad
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3.3.1.2 Measurement procedure

The measurement setup on the test machine is shown in Figure 3.14. Figure 3.15
illustrates the measurement process. In this experiment, the Y-axis is measured. yi denotes
the Y-axis coordinate of the ith measurement position, where i = 0, 1, 2, · · · 11 denotes the
index of the measurement position. The 0th position is the start position y0 = −440mm,
and the measurement points are set at every 40mm to the 12th position y11 = 0mm. The
process flows as follows:

1. At the 0th measurement point, all of the measurement values are set to zero as the
zero reference (position readings of the linear scales y1i and y2i, the yaw measurement
value of the laser interferometer XM60 ELaser

CY i and the yaw measurement value of the
linear scale system EScale

CY i ). Every measurement value at the ith measurement position
is obtained as the relative change from the 0th point.

2. At each position yi, the position readings of the linear scales y1i and y2i are captured
by BD200.

3. From the position readings, the yaw measurement value of the scale system EScale
CY i is

calculated by using equation (2.13):

EScale
CY i =

y2i − y1i
D

(3.9)

At the same moment, the laser interferometer also measures the yaw and record it as
ELaser

CY i .

4. EScale
CY i is compared with ELaser

CY i to verify the measurement accuracy of the scale system.
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Figure 3.14: The measurement setup.

Figure 3.15: The measurement procedure.
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3.3.1.3 Result and discussion

Figure 3.16 shows the comparison of the yaw measurement result. In the figure, the
horizontal axis is Y coordinate yi of measurement position, and the vertical axis is the yaw
angle ECY of the Y-axis component. The measurement value of the linear encoder system
(EScale

CY i ) is plotted in red, and the result of the XM60 (ELaser
CY i ) is plotted in blue. The

scale measurement result shows a behavior similar to that of the laser measurement. This
agreement implies that the scale system has a comparable measurement performance to
the laser interferometer. The measurement accuracy was further investigated in detail as
following.

The red shaded zone indicates the uncertainty of the linear encoder system (2u) was
estimated as follows. As discussed in section 3.2, there are broadly four contributors to
the overall measurement uncertainty of the scale system, as summarized in Table 3.4: linear
encoder accuracy, noise in the position signal, the parallelism of the paired scales, and timing
misalignment of the data sampling. They may be included in the measurement result, but
cannot be identified by this experiment. Therefore, they are treated as uncertainty in the
measurement. The overall uncertainty is estimated by the Type B evaluation [86]:

u =
√

σ2
encoder + σ2

noise + σ2
parallel + σ2

timing (3.10)

In the case of the Y-axis, plug D = 0.6m into the equation, and the calculated combined
standard uncertainty is indicated as the red shaded zone. As can be seen, the measurement
of the scale system agreed with that of XM60 within the uncertainty boundary at 10 out
of 11 measurement points. This result indicates that the scale system can measure the yaw
error based on the measurement principle of the dual linear scale system.

Table 3.4: Uncertainty of the error sources.

Contributor Symbol Standard uncertainty Sensitivity coeff.

Linear encoder accuracy 2σencoder (1.5+1.5L) µm 1/D
Signal noise 2σnoise 0.08 µm 2/D
Parallelism of the paired scales 2σparallel

L
cos 0.61×10−3 − L µm 1/D

Timing misalignment 2σtiming 0.005 µm 1/D
Combined standard uncertainty 2u 1.5+1.5L

D µm/m −
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Figure 3.16: Comparison of the yaw measurement result. The red shaded zone indicates the
uncertainty of the linear encoder system (2u).

3.3.2 Detection and Compensation of Accuracy Change

In the previous section, it is shown that the scale system can measure the yaw angu-
lar deviation of the machine component based on the proposed measurement principle. By
plugging EScale

CY in the kinematic model of the machine (equation (2.14)), the TCP error e is
determined. By periodically repeating the measurement of EScale

CY , the chronological change
of the yaw accuracy ∆EScale

CY and its associated TCP error change ∆e can be detected, as
illustrated in Figure 3.17. The next test is to investigate the feasibility of the system for de-
tection and compensation of the accuracy deterioration. In the test, a situation was assumed
in which the machine accuracy deteriorated with age, and the detection and compensation
for the deterioration were attempted by this system. The deterioration was replicated for
the purpose of the experiment by intentionally distorting the linear guideways, as illustrated
in Figure 3.18. By comparing the yaw before and after the deterioration, the deterioration of
yaw can be determined, and its associated positioning accuracy deterioration at the TCP can
be calculated by the kinematic model. The detected accuracy deterioration is compensated
by modifying the machine motion.

The experiment assumed a situation that the machine accuracy degraded with age and
tried to detect and compensate for the degradation to realize the compensation procedure
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explained in section 2.1. The degradation was replicated for the experimental purpose by
intentionally distorting the linear guideways. By measuring the yaw change ∆EScale

CY , the po-
sitioning accuracy change at the TCP ∆ey can be calculated by the kinematic model. Then,
the accuracy change ∆ey is compensated. One of the most straightforward compensation
schemes is to change the position command: i.e., if the positioning accuracy change ∆eyi
was observed at a position yi, the accuracy change can be canceled out by modifying the
position command from yi to yMODi = yi −∆eyi, as shown in Figure 3.17

Figure 3.17: The conceptual image of the detection and compensation of the accuracy change.
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Figure 3.18: The measurement setup: The guideways were intentionally distorted to replicate
degradation.

3.3.2.1 Experimental procedure

Three measurement tests verify the effectiveness of the detection and compensation of
the accuracy change. Let T1, T2, and T3 indicate the test before the deterioration, after
the deterioration, and after the compensation, respectively. The experiments are carried out
with the following procedure.

1. Test T1: Measurement before the deterioration
At T1, the yaw and the positioning accuracy before the deterioration are measured by
the linear scale system.

2. Test T2: Measurement after the deterioration
After T1, the linear guideways are distorted, and the measurement test T2 of the

yaw and the positioning accuracy is done. Let E
(T1)
CY and E

(T2)
CY denote the yaw value

measured at T1 and T2, respectively. Then, the accuracy deterioration ∆ECY is
calculated as:

∆ECY = E
(T2)
CY − E

(T1)
CY (3.11)
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Then, using the kinematic model, the TCP accuracy is calculated as:

e(T ) = HY · t−w (3.12)
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This equation is derived by replacing all error elements except for ECY with 0 in
equation (2.12) since only Y-axis motion was considered in this experiment. Then, the
TCP accuracy deterioration ∆e can be determined as:

∆e = e(T2) − e(T1) (3.15)
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 (3.16)

In order to compensate for the deterioration ∆ey, one of the most straightforward
compensation schemes is used. The scheme is to subtract ∆ey from the initial CNC
command and generate the modified command yMOD = y −∆ey, as shown in Figure
3.17.

3. Test T3: measurement after compensation
After the compensation, the measurement T3 of the yaw and the positioning accuracy
is done. If the compensation is successful, the accuracy deterioration is canceled out,
and the positioning accuracy of T3 should be the same as T1.

The test setting is the same as shown in Figure 3.14. The verification measurement by
XM60 was done in the three tests. In addition to the yaw change∆ECY , the TCP positioning
accuracy change ∆y was also measured to verify the effectiveness of the compensation. As
XM60 can measure the two error elements at the same time, the measurement data are used.
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3.3.2.2 Result

Figure 3.19 shows the measurement result. The graph shows the relative change in
yaw induced by the distortion of the guideways for the yaw before the distortion. As can
be seen, the scale measurement values EScale

CY well agree with ELaser
CY in both of the mea-

surements before and after the accuracy change. This agreement indicates that the scale
system can detect the change of yaw with comparable accuracy to the laser measurement.
When focusing on the relative change of the yaw ∆EScale

CY = ∆E(T2) Scale
CY − ∆E(T1) Scale

CY , it
exceeds the tolerance ∆ECY TOL at the measurement positions between y = −160mm and
y = 0mm. Therefore, this system judged that the machine’s yaw repeatability had been lost,
and compensation was required.

Figure 3.19: The measurement result
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Figure 3.20: The TCP accuracy measurement after compensating the accuracy change.

Figure 3.20 shows the positioning accuracy ey measured at each test. The positioning

accuracy before the accuracy deterioration e(T1)
y is indicated with a solid grey line. The

accuracy after deterioration without the compensation e(T2)
y is indicated with the grey dashed

line. As can be seen, without compensation, the accuracy change∆ey = e(T2)
y −e(T1)

y was up to
approximately 22µm. Since the system judged that accuracy compensation was needed at the
previous step, the CNC position command was updated, and the measurement was performed
again after the compensation. The accuracy with the compensation e(T3)

y is indicated with
the solid red line. With the compensation, the TCP accuracy change ∆ey = e(T3)

y − e(T1)
y

was up to approximately 3µm. Therefore, the system compensated approximately 86% of
the accuracy deterioration. This result shows that the linear-scale-based measurement and
compensation scheme successfully suppressed the TCP accuracy deterioration.

3.3.3 Technological Issue: Thermal Influence on the Scale
System and Countermeasure

As mentioned in section 3.2.3, the thermal expansion of the linear encoders is expected
to have a significant impact on the measurement accuracy of the scale system. The impact
can be estimated as follows.

Assume that the machine temperature is uniform at t. At the temperature, a yaw
angular deviation ECY was measured at a position y. Then, the machine warmed up, and the
temperature of each linear encoder Y1 and Y2 rose by ∆t1 and ∆t2, respectively. Supposing
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that the coefficient of thermal expansion of the linear encoders was C, the thermal expansion
∆L1 and ∆L2 of the linear encoders was calculated as ∆L1 = C∆t1 and ∆L2 = C∆t2,
respectively. Therefore, linear encoder Y2 relatively expands or shrinks with respect to linear
encoder Y1 by ∆L2−∆L1. If the yaw of the machine was measured again with this expanded
scales, the measurement value differs as∆ECY = ∆L2−∆L1

D even if the machine’s yaw accuracy
did not change.

In order to use this system for the real-time measurement, the scale system should
preserve its measurement accuracy during the machine is in operation. If the above esti-
mation is correct, the measurement accuracy degradation can be calculated and suppressed
by compensating for the thermal expansion of the linear encoders. The next experiment
was carried out to evaluate the relationship between scale temperature and measurement
accuracy. Based on the test result, thermal compensation was performed so that the scale
measurement system can preserve its measurement accuracy even when the thermal expan-
sion has occurred while the machine is in operation.

3.3.3.1 Experimental Setup

The measurement instruments and the errors to be measured are the same as the previ-
ous experiment. The measurement procedure is as follows. As in 3.3.1, the yaw of the Y-axis
is measured by the scale measurement system and XM60 simultaneously. Then, the measure-
ment values are compared. In this experiment, the measurement was performed at various
temperature conditions. The change of measurement accuracy due to the temperature was
calculated as explained above. Figure 3.21 is the schematic image of the experimental setup.
Thermocouples are attached to the linear encoders at a constant interval of 110mm to mea-
sure the temperature of the linear encoders. At the beginning of the experiment, the machine
was at a uniform temperature, and the first measurement was performed. Then, the ma-
chine’s Y-axis was continuously moved back and forth for the full-stroke length. This running
is done to replicate the machine’s warm-up during operation. The running was paused ev-
ery few hours, and the accuracy measurement was performed. After the measurement, the
running was resumed. This cycle was repeated over and over again.
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Figure 3.21: The measurement setup.

3.3.3.2 Result and Discussion

In Figure 3.22, measurement data of XM60 and the scale system are compared. The
measurement of XM60 did not show a remarkable change after 20 hours of running. On the
other hand, the measurement value of the scale system has changed. Since XM60 has built-
in functionality to compensate for the environmental condition change automatically, the
thermal influence on the measurement accuracy of XM60 can be assumed small. Therefore,
it can be said that the yaw of the Y-axis did not change before and after the running.
Therefore, the apparent change of the measurement result of this scale system could be
induced by the change of the measurement accuracy of the system during the running.

As shown in Figure 3.23, the temperature data of the linear encoders measured with
thermocouples indicates that the temperature of the linear encoder (Y1) was higher than
the other (Y2). This unbalanced temperature change implies the unbalanced expansion of
the linear encoders, leading to the change in measurement accuracy.

In order to verify the assumption, an analysis was performed based on the following
principle. Let L be the length of the linear encoder measured at a temperature T . By
comparing the length with another length data L0 measured at temperature T0, the amount
of expansion ∆L can be derived. If thermal expansion is the cause of this expansion, the
following equation is satisfied.

∆L = L− L0 = CL0(T − T0) (3.17)

The scale length was measured as follows: Move the Y-axis precisely by a distance L.
The L is measured by the laser interferometer in the order of one micrometer. Meanwhile,
calculate the travel distance of the read head from the reading value of the linear encoder.
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Record it as Yreading. Without thermal expansion, the position reading should be L. With the
thermal expansion, the position reading does not agree with L but indicates a different value
Lread. Then derive the deviation between the theoretical position reading and the actual
reading dL = L−Lread. Although L is independent of the length of the linear encoder, Lread

varies depending on the length. Thus, the amount of the expansion of the linear encoder
can be derived. Figure 3.26 is a conceptual image of the analysis.

Based on the idea, the thermal expansion of scale Y1 and Y2 are derived, and the result
is shown in Figure 3.25. Blue bars indicate the scale expansion measured by XM60. The
authors also calculated the theoretical amount of thermal expansion of the linear encoders
based on the temperature data. The result is shown in the same figure with red bars. On
average, the two values agreed 74% for scale Y1 and 65% for scale Y2. This result indicates
that the thermal expansion of the linear encoders actually occurred in the experiment and
affected the measurement accuracy. The result indicates that by measuring the temperature
of the linear encoders, the amount of thermal expansion can be estimated, and thus the
degradation of measurement accuracy can be compensated.

By using the estimation result, the change in the yaw data of the scale system was
compensated. As can be seen in Figure 3.27, the change in yaw angle error in the 20
hours was suppressed and showed similar behavior to that of the laser measurement. At
the beginning of the test (0h), the difference between the measurement values of scale and
XM60 was up to 3.9µm. This value became 11.7µm after 20 hours of running. After the
application of the thermal compensation, the value was reduced from 11.7µm to 4.7µm.
Therefore, measurement accuracy deterioration was suppressed by 90.3%. The elimination
of the change indicates that the measurement performance of the dual scale system can be
maintained even under the influence of heat.



CHAPTER 3. VERIFICATION STUDY WITH A PROTOTYPE SYSTEM 83

Figure 3.22: The comparison of the yaw measurement result.

Figure 3.23: The temperature data of the linear encoders.
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Figure 3.24: The measurement of thermal expansion (dL) of the linear scale by the laser
interferometer.

Figure 3.25: Thermal expansion of the linear encoder Y1.
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Figure 3.26: Thermal expansion of the linear encoder Y2.

Figure 3.27: Yaw measurement result with the compensation of the thermal expansion of
the linear encoders.
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3.4 Summary

In this chapter, a physical prototype of the dual linear encoder system was constructed,
and a series of experiments carried out to verify the effectiveness of the system was explained.
Followings are the summary of this chapter.

• The physical prototype has been developed based on the design and preliminary anal-
ysis. In order to achieve sufficient time accuracy of the sampling of the position signal,
a synchronous data capturing device was specifically designed.

• The basic measurement performance of the dual linear scale system was studied. The
measurement of the yaw of the Y-axis component was performed by the dual scale
system and a laser interferometer at the same time. The reliability of the measurement
of the scale system was evaluated by comparing it with the laser measurement. The
scale measurement agreed with the laser measurement within the uncertainty of (1.5+
1.5L)/D, which has been estimated by the preliminary analysis.

• The TCP accuracy change detection and its compensation were conducted. Aging de-
terioration of yaw accuracy was replicated by intentionally distorting the linear guide-
ways, and the scale measurement system was successfully able to detect the deterio-
ration. The associated TCP accuracy deterioration was calculated by the kinematic
model, and its compensation was attempted. The compensation was able to suppress
86% of the accuracy deterioration.

• The measurement test was conducted under time-variant temperature conditions to
evaluate the thermal impact on the measurement accuracy. It has been found that
the thermal expansion of linear scales had a significant impact on the measurement
result of the scale system. In order to overcome this issue, thermal compensation of
the measurement value was proposed, and that successfully suppressed 90.3% of the
thermal impact.
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Chapter 4

Outlook and Future Work of This
Study

The final goal of this system is the full automation of the detection and compensation of
the accuracy deterioration of the machine tool without interruption in the cutting process.
There are two technological challenges to realize the goal:

• TCP accuracy measurement without interruption in the cutting process.

• Real-time measurement during a cutting process.

This study specifically focused on the first challenge, and the dual linear encoder system
was proposed. As the start point, the feasibility of the dual linear encoder system was
investigated for the measurement of the yaw error of the machine components. However, in
order to determine the TCP error accurately with the kinematic model, all of the six DOF
error elements of the linear axis need to be measured. In this section, as a future perspective,
the principle of the six DOF measurement with the dual linear scale is explained, and related
research is introduced.

4.1 Expansion of the Degrees of Freedom of the
Measurement

4.1.1 Measurement of the pitch and roll angle

In this section, the idea to measure the pitch and roll errors is explained. Figure 4.1
illustrates an example of the dual linear encoder system that can measure all of the three
rotational error elements. Two linear scales labeled as X1 and X2 are installed on both
sides of the moving component, and three read heads labeled as 1, 2, and 3 are fixed to the
component. If the linear encoder system could measure the gap between the linear scale
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and the read head, as indicated by Z1, Z2, and Z3 in Figure 4.1, the angular error can be
calculated from the relative difference between the two gaps. Fujimori et al. [75] indicates
that a property of the magnetic field recorded on a media can be used to measure the gap
between the read head and the scale.

Figure 4.1: Pitch and roll measurement by multiple linear scale system.

In the vicinity of a surface of a magnetized media, the intensity of the magnetic field at a
position P in Figure 4.2 is expressed with the following equations [87]. In the equations, Mr

is the residual magnetization at the point P, µ0 is the space permeability, δ is the thickness
of the magnetized layer, and λ is the recording wavelength.

Hx = −Mr

2µ0
sin

2πx

λ
· e−2πz/λ(eπδ/λ − e−πδ/λ) (4.1)

Hz = −Mr

2µ0
cos

2πx

λ
· e−2πz/λ(eπδ/λ − e−πδ/λ) (4.2)
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Figure 4.2: Magnetic field in the vicinity of a magnetized surface [87].

The Hz element is detected by the magnetoresistive sensor in a read head. Notice that
Hz is a function of not only x but also z. Therefore, the deviation of the gap z between the
read head and the surface of the scale can be detected by comparing the Hz at the same
position x. Based on the principle, for example, by arranging two linear scales and three
read heads, as shown in Figure 4.1, pitch and roll measurement can be achieved. In the
figure, the pitch can be measured from the relative difference between Z1 and Z3, and the
roll can be measured from that between Z1 and Z2.

4.1.2 Measurement of the translational error elements

With the configuration explained above, all of the three rotational error elements (yaw,
pitch, and roll) can be measured. The remaining three DOF errors are the errors in transla-
tional directions, and they are measured as follows. In Figure 4.1, the X-directional deviation
is straightforward. It is directly determined from the reading position. The Z-directional
deviation can be determined by measuring the gap, as explained in the previous section.
Y-axis measurement is challenging since the magnetic field does not change in the direction.
To overcome the issue, Fujimori et al. also proposed to arrange the magnetic field in a tilted
way [75]. In Figure 4.3, they proposed a linear scale that has tick marks tilted by θ to the
direction of motion X.

The measurement principle of the translational error elements is as following. Let Xhi

and Y hi denote the X and Y directional displacement of the read head i, and Shi denote
the associated signal value of the read head i. Then, the relationship among them can be
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expressed as:
Shi = Xhi cos θ + Y hi sin θ (4.3)

Assuming that the distances between read head 2 and 3, 4 and 5 are very small, following
approximation can be done:

Xh2 ≈ Xh3, Y h2 ≈ Y h3 (4.4)

Xh4 ≈ Xh5, Y h4 ≈ Y h5 (4.5)

By plugging (4.4) and (4.5) into (4.3), the translational displacement of the read heads can
be derived as:

Xh2 ≈ Xh3 =
Sh2 + Sh3

2 cos θ
(4.6)

Y h2 ≈ Y h3 =
Sh2 − Sh3

2 sin θ
(4.7)

Xh4 ≈ Xh5 =
Sh4 + Sh5

2 cos θ
(4.8)

Y h4 ≈ Y h5 =
Sh4 − Sh5

2 sin θ
(4.9)

Figure 4.3: Tilting of the magnetization of tick mark for translational error detection
(adapted from [75]).

By integrating the novel linear encoder technology to the dual encoder system, the
measurement of the six DOF error elements is realizable in principle. Further study on the
measurement accuracy of the gap and translational deviation needs be done to translate the
six DOF measurement scale system into practical applications.
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4.2 Real-time Measurement

With the conventional error measurement methods, the machine component needs to
stand still at measurement positions to perform the measurement. The increase in the num-
ber of the measurement points elongates the measurement time. Therefore, the automatic
measurement system should be able to measure the accuracy of the machine in a real-time
manner during the cutting process. In this section, an approach is introduced to replace the
static measurement with a dynamic one.

For example, assuming that the machine is cutting a workpiece, the yaw of the X-axis
component was measured while the X-axis moved at a feed rate of 1000 mm/min. The data
capturing device BD200 can capture the position data from the read heads continuously at
a constant sampling rate while the machine is in motion. Figure 4.4 shows the measurement
data. The data sampling rate was 100 Hz. Assuming that the machine cuts five workpieces
in a row with the same geometry, the measurement was repeated five times, and all of the
five measurement data are overlaid in one figure.

Figure 4.4: Yaw angle measured during a continuous motion of X axis.
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4.2.1 Challenge in determining the systematic error element of
the real-time measurement data

The plot indicates that the X-axis yaw had repeatability during the measurement. As
explained in section 2.4 Based on the theory of machine tool error analysis, the random
elements should be eliminated, and only the systematic elements should be extracted to
measure the yaw accurately. In conventional quasi-static measurement, the systematic ele-
ment is obtained by taking the arithmetic mean of iterative measurement performed at the
same measurement position, as defined in equation 2.22. On the other hand, in the real-time
measurement, the measurement data is obtained as scattered data points, as shown in Figure
4.4. In this case, no two data points are obtained precisely in the same position. So, the
arithmetic mean cannot be used to determine the systematic element.

In order to overcome this problem and identify the systematic element from such scat-
tered data points, the use of statistical analysis is discussed in this study. Curve fitting is
one of the most commonly used methods for this type of analysis. In a typical curve fitting,
it is assumed that the scattered data points are subject to a function, typically a polyno-
mial, and the coefficients are determined by an optimization method such as the least square
method. In the approach, the function needs to be defined beforehand. However, the shape
of the scattered data differs depending on the machine type, axis to be measured, load on
the axis, or friction of the guideways. Therefore, pre-defining a function applicable to any
error data distribution would be very difficult. In order to solve the problem, an approach
known as nonparametric regression has more flexibility. The advantage of this approach
is that there is no need to pre-define the function (polynomial, trigonometric, exponential,
etc.), which gives more flexibility of the shape of the curve. For example, Zhu et al. used
a B-Spline model to extract the systematic error from a scattered machine tool error data
[88]. In this study, another approach known as k-nearest neighbor (kNN) algorithm is used.
kNN algorithm is one of the most straightforward nonparametric algorithms and thus it can
be easily implemented with simple math. In the following section, the feasibility of the kNN
algorithm to the extraction of the systematic error element is assessed.

4.2.2 k nearest neighbor algorithm for systematic error
extraction from the real-time measurement data

The following example shows the systematic error extraction with kNN algorithm. Given
a data set D = {xi, Ei}(i = 1, ..., N),where xi is the X axis position of the machine and Ei

is its associated yaw error, assume that we would like to find the systematic error E0 for a
query point x0. In the kNN algorithm, we look for k data points xr(r = 1, ..., k) closest in
distance to x0, and then calculate the arithmetic mean of the Ers associated with the xrs to
obtain the estimation of E0. In the example of Figure 4.5, the task is to estimate the value
of E0 for x0 = 2. In this case, 1 nearest neighbor of x0 = 2 is x = 1.6, 2 nearest neighbors
are x = 1.6 and 1.0, 3 nearest neighbors are x = 1.6, 1.0, and 3.1, and 4 nearest neighbors
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are x = 1.6, 1.0, 3.1, and 3.9. Then, the kNN estimation for each k = 1, 2, 3, and 4 are as
indicated with the circles.

In this algorithm, the estimation result depends only on k, and k is the only parameter
that determines the accuracy of the estimation. Therefore, an appropriate selection of the
value of k is essential. In this study, a statistical method called cross-validation was done
for the optimum selection of k.

Figure 4.5: Example of the k nearest neighbor algorithm.

4.2.2.1 Cross validation to choose optimum value of k

Given a data set D = {xi, Ei}(i = 1, ..., N), below is the flow of the cross-validation to
determine the optimum value of k.

1. First, all of the data points D = {xi, Ei} are shuffled and then randomly partitioned
into K roughly equal-sized subsamples. For example, when K = 5, the scenario is as
follows:

2. K − 1 (4) out of K (5) subsamples are used as training data and the other is used
as validation data. Let Dt = {xt

i, E
t
i}(i = 1, ...,m) and Dv = {xv

j , E
v
j }(j = 1, ...,m)

denote the training data and validation data, respectively. Here, m and n are the
number of the data points contained in each data set, i.e. m+ n = N .

3. Choose a value of k (the example in Figure 4.6 is k = 2). For each data point xv
j in

the validation data, find k nearest neighbors from the test data xt
i.

4. Calculate the average of Et
is associated with the nearest neighbors xt

i. Let E
v
j denotes

the average:
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E
v
j =

1

k

k∑

i=1

Et
i (4.10)

This is the kNN estimation value of the error associated with the target point xv
j .

5. Compare the estimation value with the true value Ev
j for xv

j . Compute the root-mean-
squared error (RMSE) of the prediction value with respect to the true value Ev

j

RMSE(k) =

√√√√ 1

n

n∑

j=1

(E
v
j − Ev

j )
2 (4.11)

6. Choose another subsample as test data and then repeat 3-5.

7. Repeat 3-6 for K times.

8. Take the average of the K RMSE(k)s.

RMSE(k) =

√
1

n

K∑
RMSE(k) (4.12)

This represents the accuracy of the prediction of the kNN estimation for k.

9. Increase the number of k as k = k + 1.

10. Repeat 2-9 until a stop value of k: k = klim of your choice.

11. Among the RMSE(k), find the smallest value. The k which gives the smallest
RMSE(k) is the optimum value of k.
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Figure 4.6: Cross-validation process.
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4.2.2.2 Implementation of kNN algorithm for the error analysis

Figure 4.7 shows the cross-validation result for the measurement data. k = 35 was
determined as the optimum value of k. Applying the kNN for the whole data D, the system-
atic error was extracted from the noisy raw data points, as indicated with the blue points in
Figure 4.8. The RMSE in the validation case was 0.3962µm/m. Next, the kNN regression
was applied to another new data set and the resulting RMSE was 0.3907µm/m. Thus, the
difference between the cross-validation and the new test was approximately 1.4%. Therefore,
the kNN algorithm was able to extract the systematic element with sufficient accuracy.

Once the systematic error element is extracted for each six DOF errors, the TCP error
can be derived by putting the systematic errors into the kinematic model. By repeating
this process during the machine operation, the deterioration of the machine accuracy can be
found, and the compensation value can be calculated, as explained in the previous chapter.

Figure 4.7: The implementation of the cross validation. The optimum k was determined as
35.
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Figure 4.8: The systematic error element separated from the raw data.

4.3 Summary

In this chapter, the outlook and future work of this study were discussed. In order to
measure TCP accuracy with the kinematic model, the measurement of the six DOF error
elements of each linear axis is necessary. To realize the six DOF measurement with the
proposed dual linear scale system, gap detection between scale and read head is a crucial
feature. In section 4.1, the principle of the gap detection was explained based on the theory
of the magnetic field in the vicinity of a magnetized media. By measuring the gap at three
points of the moving component, pitch and roll measurement will become possible. For
translational elements, Fujimori et al. proposed a unique arrangement of the magnetized
tick marks. Such advance in linear scale technology would realize the measurement of the
six DOF error elements.

In addition to the six DOF measurements, real-time measurement is another key to the
dynamic error compensation. The measurement data is obtained as scattered data points.
In order to extract the systematic error elements from the raw data, the author proposed
a non-parametric regression algorithm so-called k nearest neighbors algorithm. By using
a sample data set, the systematic data extraction was performed. The result showed that
the kNN algorithm was able to determine the systematic error with 1.4% of accuracy in
terms of RMSE. This indicates that the kNN algorithm can be used for the systematic error
extraction with sufficient accuracy.
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Chapter 5

Summary and Conclusion

Accuracy preservation of CNC machine tools is a key to promote factory automation.
An ideal machine tool would be able to reproduce parts with the same accuracy during the
operating lifetime. In order for a machine tool to be able to preserve its accuracy, accuracy
deterioration should be automatically detected and compensated. In this research, a novel
dual linear scale based accuracy compensation concept was proposed in order to achieve such
an automatic error compensation. The physical prototype has been designed and developed
to verify the feasibility of the proposed concept. The following is a summary of this study:

1. The dynamic error compensation concept has been proposed from the future perspec-
tive of automation of the manufacturing process. The key to realizing the concept
was the measurement of the machine accuracy without interrupting manufacturing
processes. The approach to realize the measurement was discussed, introducing the
kinematic modeling of the machine tool.

2. In order to realize accuracy measurement using the kinematic model, six DOF error
elements were needed to be measured, and the selection of an appropriate sensor was
a challenge. Several sensors were picked up as the candidates, and a linear encoder
was selected for the cost, durability, and scalability of the degrees of freedom of the
measurement.

3. The design of the dual linear scale system has been performed. There were various
uncertainties that affect the accuracy of measurement when using two linear scales to
measure the angular deviation. Accuracy of individual linear scale, the parallelism of
the two linear scales, offset of zero reference position, thermal expansion of linear scale,
and time accuracy of the digital sampling of position signal were considered, and their
impact was estimated by provisional calculations.

4. The physical prototype has been developed based on the design and preliminary anal-
ysis. In order to achieve sufficient time accuracy of the sampling of the position signal,
a synchronous data capturing device was specifically designed.
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5. The basic measurement performance of the dual linear scale system was studied. The
measurement of the yaw of the Y-axis component was performed by the dual scale
system and a laser interferometer at the same time. The reliability of the measurement
of the scale system was evaluated by comparing it with the laser measurement. The
scale measurement agreed with the laser measurement within the uncertainty of (1.5+
1.5L)/D (L is the travel distance and D is the distance between the paired linear
scales) which has been estimated by the preliminary analysis.

6. The measurement test was conducted under time-variant temperature conditions to
evaluate the thermal impact on the measurement accuracy. It has been found that
the thermal expansion of linear scales had a significant impact on the measurement
result of the scale system. In order to overcome this issue, thermal compensation of
the measurement value was proposed, and that successfully suppressed 90.3% of the
thermal impact.

7. Accuracy change detection and its compensation were conducted. Aging deteriora-
tion of yaw accuracy was replicated by intentionally distorting the linear guideways,
and the scale measurement system was successfully able to detect the change of the
yaw accuracy due to the deterioration. The associated TCP accuracy deterioration
was calculated by the kinematic model, and its compensation was attempted. The
compensation was able to suppress 86 % of the accuracy deterioration.

8. Future perspective of this study has been discussed. Based on the theory of magnetic
field intensity, it was explained that six DOF measurement would be possible in prin-
ciple by arranging multiple read heads on the moving component. Also, in order to
realize a dynamic error measurement, a data analysis scheme with k nearest neighbor
algorithm was introduced, and its feasibility was assessed with a sample data.

From these results, the feasibility of the proposed dual linear scale system has been
verified for yaw measurement. The same kinematic model and data analysis scheme is also
applicable to the remaining five DOF elements. Since the scale system has the scalability of
the degrees of freedom of the measurement, further development of the linear scale technology
still remains to improve the maturity of this system.
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