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Abstract
Manufacturers are under tremendous pressure to improve product quality in terms of dimension while
maintaining high productivity. To maintain product quality, it is necessary to know the accuracy level
of machine tools so that defective parts can be prevented in manufacturing. Different machine tools
deviate from their ideal situation to an error prone state over time. Even new machine tools may cause
errors due to faulty installation, an extra heat source etc.

Roll, pitch and yaw errors are common problems in machine tools for the manufacturing
industries. The origins of these errors are kinematics parameter deviations resulting from
manufacturing errors, assembly errors or quasistatic errors. By considering the geometric description
of any machine tool, one should be able to predict the actual tool tip as compared to ideal tool tip for
every controlled point in the machine's workspace. By counting the forward kinematics of the
machine it is possible to predict the tool tip deviation for every point. A number of measuring methods
can be adopted to describe the actual geometry of machine tools. Each method has it's own advantages
and disadvantages. Often machine tool experts measure the machine with different types of
measuring devices to obtain error traces based on its error sources and magnitude.

In this thesis, a theoretical and practical relation has been established between static and dynamic
measuring systems. These relations are important when we are measuring machine tools with
different measuring devices to validate the measurement results. In this work, traces obtained by one
measuring system have been compared and simulated with the traces obtained by other methods. A
number of systematic mathematical models have been developed, and compared with the results
obtained by other measuring methods. The outcome of this can lead to the development of a software
system that can be used to validate measuring results obtained from different measuring systems and
those can be compared with each other. The VM182 measurement result simulates closer than the
laser measurement result when both are compared using the traces obtained by DBB measurement.

Several methods for improving the positioning accuracy of machine tools have been studied. One
of the methods is NC code modification. This method has been applied to develop an NC program
processor based on the error found by the measurements. An aluminium test piece has been cut with
the modified program to test the developed model. The finding of NC code modification is that for
repeatable error, we can obtain a better dimensional accuracy for work pieces when we use a modified
NC program based on the algorithms developed. The arch replacement technique has given a
circularity improvement from 22 to 12 with DBB measurement, and circularity has been improved
from 12.59 to 8.10 when it has been applied to cut aluminium work piece.

Keywords: accuracy, CNC, compensation, measurement, modelling
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 L ist of symbols and abbreviations 

Latin and Greek letters: 
 

A rotation around X-axis, a point in the center of X-axis 

xa
 rotation error around X while feed motion in X direction 

ya
 rotation error around X while feed motion in Y direction 

za  rotation error around X while feed motion in Z direction 

B rotation around Y-axis, a point in the center of Y-axis 

xb
 rotation error around Y while feed motion in X direction 

yb
 rotation error around Y while feed motion in Y direction 

zb  rotation error around Y while feed motion in Z direction 

C rotation around Z-axis, a point in the center of Z-axis 

xc
 rotation error around Z while feed motion in X direction 

yc
 rotation error around Z while feed motion in Y direction 

zc  rotation error around Z while feed motion in Z direction 

ptdesE _  error at the desired point 

volE
 volumetric error 

volXE
 volumetric error, X component 



 

volYE
 volumetric error, Y component 

volZE
 volumetric error, Z component 

F mantissa 

i direction variable 

j direction variable 

k direction variable 

xyk
 direction cosine of X-axis with Y-axis 

xzk
 direction cosine of X-axis with Z-axis 

yzk
 direction cosine of Y-axis with Z-axis 

vK
 factor for continuous path movement 

m meter 

P  position vector 

XP  position vector X component 

YP  position vector Y component 

ZP  position vector Z component 

sP
 spindle tip point 

wP
 work piece point 

θ  rotation angle 

R radius of circular interpolation 

R∆  changes in radius 
j

iT
 transformation matrix from i to j 

mµ  micrometer 

CW
 cutting edge 



 

CidealW
 ideal cutting edge 

CrealW
 real cutting edge 

X x axis of coordinate system 

oX
 x-coordinate of center of ideal circle 

X∆  position error in X direction 

xxX∆
 basic position error in X direction while the feed in X direction 

totalxxX∆
 total position error in X direction while the feed in X direction 

totalxyX∆
 total position error in Y direction while the feed in X direction 

totalxzX∆
 total position error in Z direction while the feed in X direction 

x component of vector 

wx
 position deviation 

⋅
x  velocity 

Y y-axis of coordinate system 

oY
 y-coordinate of center of ideal circle 

y component of vector 

Y∆  position error in Y direction 

yyY∆
 basic position error in Y direction while the feed in Y direction 

totalyxY∆
 total position error in X direction while the feed in Y direction 

totalyyY∆
 total position error in Y direction while the feed in Y direction 

totalyzY∆
 total position error in Z direction while the feed in Y direction 

Z z-axis of coordinate system 

oZ
 z-coordinate of center of ideal circle 

z component of vector 



 

Z∆  position error in Z direction 

zzZ∆  basic position error in Z direction while the feed in Z direction 

totalzxZ∆
 total position error in X direction while the feed in Z direction 

totalzyZ∆
 total position error in Y direction while the feed in Z direction 

totalzzZ∆
 total position error in Z direction while the feed in Z direction 

 
Abbreviations 
 
AD  analog digital 
CAD  computer aided design 
CAM  computer aided manufacturing 
CMM  coordinate measuring machine 
CNC  computer numerical control 
COM  component object model 
DBB  double ball bar  
DLL  dynamic link library 
FEM  finite element method 
HW  hardware 
ISO  international standard organization 
KGM   Kreutz Gitter Meβsystem (in German) (cross grid encoder) 
LASER  light amplification by stimulated emission of radiation 
MDI  machine data input 
NC  numerical control  
NCPP  numerical control program processor 
PC  personal computer 
PID  proportional, integral and derivative 
PLC  programmable logic controller 
PP  post processor 
PPS  pulse per second 
RPY  roll, pitch and yaw 
Rot  rotation 
RTCP  rotation tool center point 
SW  software 
Trans  transformation 
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1 Introduction 

1.1  Accuracy of numer ically controlled machine tools 

The quality of a numerically controlled (NC) machine tool (in this thesis the general term 
machine tools has been used to indicate NC machine tools) is expressed in terms of the 
dimensional accuracy and surface finish of the parts produced by the machine. The most 
important factor, the dimensional accuracy of machined components, depends on the 
accuracy of the machine tool used. Traditional defect detection concepts of machining 
parts and then inspecting them to see if they are acceptable are fast becoming obsolete. 
Instead, an emphasis is being given to defect prevention, i.e. making the product right the 
first time. To implement defect prevention, quality control actions must be built into 
manufacturing systems that actively monitor and correct the error sources of 
manufacturing processes rather than passively inspecting machined parts.  

Machine tools are the most important means of production for the metalworking 
industries. Without the development of this type of machine, the high living standards of 
the present time would be unthinkable. In some of the most highly industrialized nations, 
approximately 10% of all machines built are machine tools, and about 10% of the work 
forces in machine manufacture are concerned with machine tools (Weck 1984a). 
Numerically controlled (NC) machine tools have been widely used for various purposes, 
such as for flexible automation, to improve machining accuracy, to reduce lead-time, to 
cut cost etc. Therefore, the ability of NC machine tools should be improved in order to 
meet the various needs. The most desirable improvement is the ability to achieve high 
efficiency and high precision machining (Kakino et al 1993).  

Compensation for errors gains its importance because design and operating 
specifications are either difficult to implement or contradictory. Moreover, compensation 
is considered an effective measure for overcoming the machine aging factor, which 
shows as a gradual and minor deterioration in its performance. Compensation for error 
correction has the advantages of the cost reduction of error correction and avoidance, and 
increasing machines accuracy by approaching its level of resolution. 

In a typical machine tool, there are multiple error origins including geometric, static 
and dynamic loading, thermal, mismatches between servo-loop parameters, interpolation 
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etc. Geometric errors of machine tools come from manufacturing defects, machine wear, 
and static deflection of machine components. Geometric errors are especially significant 
with medium-size and large-size machine tools where rigid machine structures are 
difficult to achieve. 

The control of machine tools affects the accuracy of the work produced. In the 
interpolation algorithm, there exists a path error between the desired curve generated by 
the interpolator and the coordinated one from the accelerated/decelerated travelling 
distances along X, Y and Z axes. Some modern controllers, such as the Heidenhain TNC 
426/430, has a look-ahead (feed forward) feature which enables them to maintain steady 
traversing speeds even over long chains of short traverse paths, ensuring a high 
contouring accuracy at feed rates greater than 10 m/min. Velocity and acceleration feed 
forward eliminate the following error for impeccably accurate path control (Heidenhain 
2002). Also Sinumerik 840D controllers from Siemens supports feed forward control by 
which it is possible to eliminate the effects of velocity, friction etc (Sinumerik 2002). 

The heat generated by the machine tool and the cutting operation causes temperature 
changes of the machine tool elements and environment. Due to the complex geometry of 
the machine structure, concentrated heat sources, such as the drive motors and the spindle 
bearings, create thermal gradients along the machine structure. Spindle growth, lead 
screw expansion, and a significant part of the machine structure deformation are the 
results of these changes and gradients. So the generated heat in the machine tool is also a 
key factor to improve the positioning accuracy. 

Any uneven dynamic characteristic in the machine tool will lead to the generation of 
vibrations, the effect of which can lead to poor surface finish on the work, increased 
machine tool wear, as well as tool fracture and damage to both the work piece and 
machine. Under continuous machining conditions, two types of vibration occur as a result 
of movement between work piece and tool. These are externally excited and self excited 
vibration (Weck 1984c). All these errors in the machine tools interact with each other and 
make a complex situation for error compensation research.  

Machine tool performance from the point of view of compliance to tolerance, surface 
definition, etc., is determined essentially by the dynamic and static accuracy of machine 
movement. For precision machining it is therefore important to measure and compensate 
motional deviations. Guidelines and standards for inspection the machine tools stipulate a 
number of measuring methods for determining dynamic and static deviations. These 
measuring methods and corresponding error compensation lead to research of machine 
tools accuracy with different approach. This research focuses on several types of machine 
tool measurement by several measuring devices and finding out interrelationship to each 
other with the target of improving accuracy of machine tools in cooperation with 
manufacturing industries.  

1.1  Research objectives and scopes 

As manufacturers are under tremendous pressure to improve product quality in terms of 
dimension while maintaining high productivity; they need to address numerous problems 
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in machine tools those affect the accuracy level during operation stages. Solving or 
improving in all those problems areas is huge work. 

Two major problems have been considered in this research work, they are: 

− Problems in validating measurement results of NC machine tools and compare one 
kind of measuring result with that of other measuring system, 

− Study to find a general methodology to compensate motion errors of multi-axes NC 
machine tools. 

Based on these problems, the main objectives of this work have been defined to find 
solutions for machine tool users to assess their machine tools in terms of dimensional 
accuracy of the products (produced by their NC machines) and to find a way to improve 
the accuracy. With time NC machine tools start to make positioning error and therefore 
the final products are out of tolerances. Measuring the NC machine tools positioning 
error using existing measuring devices is difficult and needs long experience to 
understand the measurement results. NC machine tools experts use several methods to 
measure the NC machine tools. All these methods are complex in their nature. There is no 
existing way to compare the measurement result with each other. There should be suitable 
method to find relationships among measurement system to validate the measurement 
result. 

Several mathematical algorithms can be developed for several measuring systems that 
can be used to compensate for motion errors. We need some general algorithms to 
compensate for motion errors found by measurements. Some motion errors can be 
compensated for by modifying the parameters in NC controllers. Some can be 
compensated by a real time system with separate HW/SW. There should be some ways to 
modify NC code in an optimum way to relocate the tool tip. These can be done by a post-
processor or by separate NC code modifier. By utilizing these algorithms, a generic NC 
code modifier can be developed which can be used to modify NC code based on the 
geometric structures of machine tools. Also, these algorithms can be used to develop 
post-processor that is specific to these machine tools. Also, generic SW can be developed 
which can work as measurement simulators and an NC code modifier. These are the 
necessary steps for achieving better precision products from the existing machine tools 
those are in the operational stage. 

It is generally agreed that there are many error origins of machine tools. The study of 
all these error origins, and considering these in a complete way, is a huge work. So to be 
reasonable, we have excluded some of the error origins out of the scope of this work. 
Those can be illustrated as thermal errors and non-linear error such as backlash. The 
effects and sources of thermal errors are so many that it is necessary to have separate 
study for that. That means these are not included in our modelling or algorithms. A 
complete study of thermal error can be done as a separate work. 
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1.2  The author 's contr ibutions 

Based on our objectives, we have tried to reach our target in this work. Machine tool 
errors have been described mathematically for several measuring systems and a close 
relation among these measuring systems has been established. A suitable way of 
converting one measuring system’s results to an other measuring systems has been 
developed. This conversion process can be an introduction to machine tool measurement 
validation software. The author has modelled the machine tools based on a kinematics 
chain. Modeling is very important to compensate for the machining error. The author has 
modelled and developed a mathematical model for new measuring systems such as the 
linear comparator Heidenhain VM182 and the Wyler Levelmeter electronic inclinometer.  
The author has done an extensive analysis of machine tools at several angles and has 
established a co-relation among several measurement techniques, which are used today to 
validate the measurement results. Finally, the measurement results have been used to 
modify the NC-code to give a better accuracy to the work piece. The major work of this 
research has been done in the following areas: 

− Modeling for known measuring methods, 

− Finding solutions to validate the measurement of machine tools, 

− Application of known methods to compensate for motion errors. 

Three different types of machine tools have been modelled for forward kinematics with 
small angle assumption. General modelling for VM182, DBB, Inclinometer and laser 
interferometer measurement has been developed and the results have been compared with 
each other. A systematic approach has been developed to validate the measurement 
results. As always, it is difficult for machine tool measurement personnel to justify or 
conclude on the measurement results. Based on all these measurements, an NC-code 
modifier has been developed and has been applied for VM182 measurement to test the 
true work piece. 

1.3  Outline of the thesis 

This thesis has been divided into mainly four parts. These four parts focus on four areas 
of the machine tools. Primary objectives of this thesis are identifying the error origins, 
developing a mathematical model for these errors, finding out measurement procedures 
and validating the results. Finally the possibility of error compensation has been 
considered. 

Chapter one gives the introduction and scope of the research. Problems have been 
described and the scope of the thesis has been identified. 

Chapter two describes the research that has been performed in past in the machine 
tools measurement and error compensation area. We have focused on error origins, 
measurement and error compensation by different researchers from beginning of eighty. 
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Chapter three of this thesis is mainly to identify the error origins. Multiple error 
origins and their effect have been discussed. Different error origins and their magnitude 
and effects have been discussed. Regular errors have got some special focus in this work. 
Thermal error has been discussed with some level. 

Chapter four has been devoted for modelling of the machine tools errors. Different 
kinds of error modelling have been discussed and some new modelling for VM182 and 
inclinometers have been developed so that we can compare the models with each other. 

Chapter five is intended for measurement of machine tool. Several machine tools have 
been measured with different measuring devices. Static measurement has been performed 
based on VM182, Level meter and Laser interferometer. Dynamic measurements have 
been performed with DBB. The basic relations among these measurement systems have 
been described for proposing of the result validation of other measuring methods. 
Measurement conversion has been presented for laser to DBB, laser to VM182 and 
VM182 to DBB measuring method. 

Chapter six is for error compensation. This has been described based on theoretical 
and practical prospects. Four possible ways and their advantages and disadvantages have 
been described in this chapter. Error compensation with open architecture and possible 
future application of error compensation has been described also. 

Practical examples of all the measurements done have been demonstrated with the 
measurement results obtained by real measurements in chapter seven. The main 
objectives of this work are to find out the optimum measuring system and to validate the 
measurement results and to find out the way to compensate the errors. NC machine tool’s 
errors have been compensated with NC-code modification. An NC-code modifier has 
been developed and that has been utilized to obtain the modified NC-code. Two 
measurement results have been compared, possible directions and limitation have been 
discussed in the conclusion and discussions. 



 

2 Previous works and literature review 

2.1  Introduction 

In this chapter, we try to give an overview of the related research that has been performed 
in the field of NC machine tools and CMM: s. We include some aspect of CMM research 
literature since CMM: s and NC machine tools are closely related, though their usages are 
different. We mainly cover those areas, which are related to our research objectives. More 
information related to the published researches can be found in the related references 
indicated with the names of the journals, books and researchers. 

Machine tools are complicated in their architecture and control, and the price of 
machine tools varies from several thousand dollars to several million dollars depending 
on the purpose, performance and accuracy level. Machine tools are built from many 
components and each component contributes motion error to the final tool tip position. 
Main reasons of these motion errors are geometric errors of the machine tool, cutting 
process, driving mechanism and environment (Kakino et al 1993). So each area is a very 
potential research area for improving machine tools performance. Some of these areas are 
under machine tools’ builder’s control, which means they can affect the performance by 
improving their design. Environmental effects and operating methods are not usually 
under the designer’s control. In a study by the Hewlett-Packard company, it was found 
that 88% of 57 purchased production machines were out of specifications upon 
installation, in which the foundation, mounting, alignment and temperature conditions on 
the shop floor are all critical to machine accuracy (Chen et al 1996). Therefore, a high 
accuracy machine also requires in house CNC tuning and software error compensation to 
correct for these influences. Machine builders and controller industries do continuous 
work to improve components in order to make new machines more accurate and 
affordable to manufacture. The interests of machine tool builders and end-users differ 
from each other. End-users are interested not only in accuracy of new machines, but also 
to know their current state (Hölsä 1999). Current state information can be fed to machine 
tools to improve their accuracy further. 

The numerically controlled (NC) machine tool’s history is not very long. Research 
started from the early beginning of NC machine tools when the Massachusetts Institute of 
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Technology (MIT) first introduced the machine tools for the United States Air Force in 
1950 (Yoran 1997). Research started from the first day of machine tools to improve 
working performance and accuracy. The research can be mainly divided into two stages. 
One is the design stage and the second one is the operation stage. Machine tools builders 
mainly focus on the design stages, and the end users focus on the operation stages. End 
users try to enhance or maintain the accuracy level of machine tools without hardware 
replacement, which is always an expensive process. End users try to modify the control 
parameters (for example, the pitch error compensation table, backlash error 
compensation) to maintain the accuracy level. In many cases, software error 
compensation has been utilized in research laboratory in the field of CMM and NC 
machine tools. Software compensation for CMM/NC machine errors is not a replacement 
for designing major considerations related to errors. This is because for software 
correction to be effective, two major points have to be considered: (1) it is impossible to 
get a perfect or a completely general model, and (2) correction can only be achieved for a 
small error range. The bigger correction comes from the machine proper design (Barakat 
et al 2000).  

2.2  Related Research in Coordinate Measur ing Machines 

Error compensation and the measurement of coordinate measuring machines started 
several decades ago. Among these published results, Zhang et al 1985, Busch et al 1985, 
Kruth et al 1994 and Barakat et al 2000 are remarkable. Zhang (Zhang et al 1985) has 
used rigid body kinematics and small angle assumption to calculate the real probe point 
as compared to the ideal point. The CMM was measured by using a Hewlett-Packard 
laser interferometer. They developed a subroutine that ran in a small mini computer. The 
operator of the computer was requested to insert X, Y and Z offsets of the probe used, a 
reference coordinate for the zero point of the measurement system, a scale and the work 
piece temperatures. During operation, the subroutine read the nominal machine 
coordinates, performed a linear interpolation to calculate the expected value for the 18 
position dependent error terms, and calculated the compensated coordinates using the 
developed algorithm. The result was 10 times better accuracy in a compensated 
coordinate measuring machine compared to a non-compensated machine. A better 
approach was published by Busch (Busch et al 1985). The software model for the 
calculation of the calibration values was implemented into the software package of the 
CMM manufacturer. Each calibrated value was calculated and corrected. The approach 
was online. Self-calibration and software error compensation of CMM has been 
published by Kruth (Kruth et al 1994). In this method, they have used the traditional 
geometric error model but the measurement part (calibration of CMM) is different than 
what we see in direct measurement. They have used a touch trigger probe for the 
measurement of balls on a plate. The distances between the different balls on the plate 
need not to be known accurately. The inner distances between balls are different at each 
plate location (in the machine’s work space) because of geometric/thermal error of the 
CMM. By applying the least squares technique they have estimated the error components 



 
 

20

that have been used for the software error correction of the CNC 3-D coordinate 
measuring machine. The overall length measuring accuracy of the 3-D CMM was 
improved by 33% to 65% after software error compensation. A general error 
compensation algorithm has been published by Barakat (Barakat et al 2000). Statistical 
method has been applied to find the coefficient of error model, and later it has been 
verified by laser measurement with a CMM. A compensation strategy to improve the 
CMM volumetric performance has been devised and explained. The volumetric 
performance of the CMM was improved by up to 93%. 

2.3  Related Research in Numer ical Machine Tools 

Based on the research results of the coordinate measuring machine, a lot of machine tools 
researchers have given focus to machine tool error modeling, measurement and error 
compensation. As it has been mentioned, the main reasons for these motion errors are 
geometric errors, cutting process, driving mechanism and environment. Each area has 
gotten focused on by many researches in the past. The static load of the machine tool 
results from the process force and the amount of the work and machine components. 
Owing to changing conditions during machining, the magnitude and direction of the 
forces and moments change, as well as the point of stress intensity. This results in varying 
deformations of the frame. This static workload and the mass of the work being machined 
produce distortions that result in the production of geometric errors on the working 
machines. Machine tools are subjected to constantly changing dynamic loading that must 
be taken into account. Due to dynamic excitation forces, the whole machine-tool system 
is subject to vibration. Static work forces in machine tool structures and their effect in 
geometric errors have been documented in a proper way by Weck (Weck 1984a). 

In machine tools, there are a number of heat sources present which cause changes in 
the temperature distribution within the components, depending on the loading conditions 
and time. There are mainly two kinds of heat sources, external and internal (Anderson 
1992). Distortions caused by static and dynamic load may be removed when the loads are 
removed. But in the case of thermal error, it gradually increases as the temperature 
pattern develops. The effect of this source is active until the cooling phase is complete. 
For precision machine tools, users keep the machine some hours on empty run for 
constant thermal conditions or it is kept at constant temperature by cooling or heating. 
Thermal error has been studied by many researchers including Donmez (Donmez et al 
1986), Jedrzejewski (Jedrzejewski et al 1990),Jun (Jun 1997) etc. 

The performance of machine tools in terms of accuracy is defined by the error of the 
relative movement between the cutting tool and the ideal work piece (Chen et al 1993). 
Inaccuracies arise mainly from mechanical parts of machines. These deviations can be 
compensated in some amount by a controller (Hölsä 1999). To increase the accuracy of a 
machine, two approaches can be applied: one is to increase the mechanical precision of 
the machine and the other is to correct for existing errors using computer software in 
machine control. To produce a higher precision machine, much more effort has to be 
expended in the design, manufacturing and maintenance of the machine to obtain 
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mechanical precision as compared to the software error correction approach. The 
correction of existing errors also has the potential advantage of avoiding the cost of 
purchasing new machines (Duffie et al 1985). Mou (Mou 1997) has proposed accuracy 
improvement in a wider way. Several methods can be used in combination to cost 
effectively enhance machining accuracy: (1) improving machine structural components 
and feedback systems; (2) predicting and compensating for systematic machine errors; 
(3) compensation by in process and process intermittent measuring of part errors and (4) 
compensation by post process analysis of residual errors. 

2.3.1  Researches in machine tool geometry 

Substantial work has been performed in the past on the development of error models for 
geometric error sources for multi-axis machines. Different researchers have focused on 
the machine tools’ geometric/kinematics modelling in different ways. Most of them have 
given focus to vector matrix methods (Schultschik 1977, Weck 1984c, Duffie 1985, 
Donmez 1986, Ferreira 1986, Eman et al 1987, Kurtoglu 1990, Kim et al 1991, Ruegg 
1992, Ferreira 1993, Cecil 1998, Rahman et al 2000). The work is based on small angle 
assumption. However the cross coupling effects of machine tools has not been considered 
in these researches. While making contouring movements of machine tools, a position 
error of an axis affects an error on other axis (Srinivasan 1997). Machine frames are 
frequently constructed from several individual components that are often bolted to each 
other at the joints to facilitate their production and assembly. In theory, the masses of 
moving components of the machines and the work, as well as the machining forces, must 
cause only minimal distortions of the machine (Weck 1984a) but in practice, a geometric 
error appears during the manufacturing of the guide way, and also through the force of 
assembling and installation. It has been reported that up to 75% of initial errors of a new 
machine tool may be the result of inaccuracies introduced during manufacture and 
assembly (Cecil et al 1998). Geometric errors also come from manufacturing defects, 
machine wear, static deflection of machine components due to the deadweight of moving 
slides, misalignments due to assembly and installation, and a soft machine foundation 
(Chen et al 1993).  

A machine tool’s foundation plays an important role in determining the accuracy of the 
machine tools. The improper installation of the base or the sinking of the floor can result 
in two types of motion errors; the saddle can be deformed according to profile of the bed 
and saddle deforms as rigid body. Based on each case, machine motion error at the tool 
tip will be different (Kakino et al 1993). A multi-axis machine typically consists of one or 
more open kinematics chains composed of a sequence of elements or links connected by 
joints providing either a rotation or linear degree of freedom of motion. A moving 
element is driven along a guiding element by a suitable drive mechanism in such a way 
that the next frame rigidly attached to a moving element assumes a sequence of desired 
spatial position with respect to the previous frame attached to the guiding element (Eman 
et al 1987). A theoretical error model has been developed and presented by these linear 
and rotary transformations with a higher of order error from a theoretical point of view by 
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Eman (Eman et al 1987). Accumulated tool tip has been calculated at the end of a tool 
based on small variations in mutual relationship between each frame. This modelling 
method has roots that can be traced in the literature of robotics that is known as Denavit-
Hartenberg (DH) modelling. This method involves assumptions that impose drawbacks 
on the model accuracy and these are: rigid body kinematics, approximation of differential 
errors, and consideration of only first order terms of error equations (Barakat et al 2000). 
In addition, quasi-static error arises with time, and affects the tool tip position (Rahman et 
al 1997). Quasi-static error sources are defined as being those sources causing errors of 
relative position between the tool and work piece that are varying slowly in time and are 
related to the structure of the machine tool itself. These sources include the 
geometric/kinematics errors of the machine, the error due to the static and slowly varying 
forces such as the dead weight of a machine’s components and over-constrained slides 
and those due to thermally-induced strains in the machine tool structure. Geometric errors 
are those errors that result at the tip of the tool due to the differences in the actual and 
nominal dimension and geometry of the members of the machine’s structural components 
and the couplings between them. Since these errors result in erroneous motions, they are 
sometimes referred to as kinematic errors. Static/dynamic loading and thermal strains 
basically change the dimensions and geometry of the machine’s components and 
therefore these are considered as changes in geometric errors.  

Further geometric error has been studied by Kiridena based on the closed loop 
kinematics chain for machine tools by expressing the errors with polynomial functions 
for quasistatic errors (Kiridena et al 1991). He has included thermal error, mechanical 
loading and geometric error sources as quasistatic error that is typically 70 % of total 
error. This work has generalized this result so that, irrespective of the size, the actual 
characteristics can be more accurately represented using non-linear higher order models. 
The advantage of this method is the easy understanding of the volumetric errors. Inverse 
error analysis based on maximum allowable error tolerance has been established from the 
theoretical point of view by Lin (Lin et al 1996). This work is useful for machine tool 
designers during designing the machine. Ferreira (Ferreira et al 1993) has developed an 
error model for geometric error where he expressed straightness error in terms of rate of 
changes of angular error for each position in the machine’s workspaces. The 
measurement result has been used to predict the errors to all the points on the metrology 
frame. The errors predicted by the expression were then compared to the observed errors. 
Workspace error has been compensated for based on the obtained observed error. Slide 
way errors depend on a number of factors, including profile and form errors of the saddle, 
base and guide surfaces and thermal distortions (Cecil et al 1998). Cecil has developed a 
slide way error model based on the kinematic chain by neglecting second order terms. 
Deviations of geometry and the form of the slide way originate from manufacture and 
assembly inaccuracies. Typical tolerances set in the design for this deviation are of the 
order of 80 microns for a meter length. Data collected over the length of the guide by 
CMM has been used to model a cubic splines curve. An analytical approach has been 
used to predict the slide way error for yaw and pitch error. They have demonstrated that 
the theoretical error curve follows quite closely when the error was measured by a Nikon 
6D autocollimator. All these experiments were done without real cutting processes.  
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The guide ways or guides, which are used for the movement of slides and work tables 
and bearings, which support the main spindles, are amongst the most important 
construction units. It is customary to design each positioning element such that it behaves 
as a rigid body with five of its six degrees of freedom eliminated, then drive the element 
to the remaining direction. Normally, the motion desired is purely linear or rotary motion 
(Kim et al 1991). Kim has developed generalized geometric error models based on using 
4*4 homogeneous transformation matrices based on the assumption of small angle 
approximation. In the proposed method, simulation has been used to find volumetric error 
from a theoretical point of view. The volumetric error has been expressed in terms of 
error components in each axis. Geometric errors include linear errors of the lead screws, 
straightness errors of the guide ways, angular errors of machine slides and orthogonal 
errors among machine axes. For the geometric errors, angular errors (slide way/spindle 
pitch, yaw and roll, and orthogonal errors) associated with large Abbe offset length are 
considered to be the largest contributors to machine static positioning errors (Chen et al 
1993). A detailed mathematical model for geometric errors has been shown by Fan (Fan 
1989). Fan has presented a detailed analysis of volumetric error and the effects of each 
individual error in volumetric error from a theoretical point of view. An alternative error 
modelling has been done by Heui (Heui et al 1997). Heui has modelled the positional 
error as a polynomial function of position along each axis, and straightness error has been 
modelled as a second order polynomial function of position. Volumetric equations have 
been applied to separate the motion error from the measurement result obtained by the 
DBB method for horizontal and vertical machining centers. This method can be used as a 
useful error compensation algorithm for real time error compensation for circular 
interpolation motion.  

2.3.2  Research on drive mechanisms 

Machine tool feed drives control the positions and velocities of machine tool slides or 
axes in accordance with commands generated by CNC interpolators, and represent the 
lowest level of motion control hierarchy in machine tools. Demands on feed drive 
performance have become more stringent as machining technology has evolved to meet 
the requirements of a broader range of applications. The use of high spindle speeds for 
high speed machining has, for instance, necessitated high feed rates to keep tool loading 
unchanged and realize productivity improvement. Feed drive errors are one of the 
important areas of research where force of acceleration, cutting force, friction force etc. 
affects the positioning error of machine tools (Braasch 2002a). According to Braasch, 
forces leading to the deformation of feed drive mechanisms cause a shift in the actual 
axis slide position relative to the position measured with the ball screw and rotary 
encoder. Extensive research is conducted by feed drive or measurement components 
manufacturers. It has been reported that there are mainly three reasons for strain in feed 
drive (Braasch 2002a). They are: 

 
 



 
 

24

− Forces of acceleration, 

− Cutting force, 

− Force of friction. 

A typical slide mass of 500 kg and a moderate acceleration of 4 meter per second square 
result in deformations of 10 to 20 micrometers that cannot be recognized by a rotary 
encoder and ball screw system. As a result, position control with a linear encoder is 
preferred. Cutting force can quite possibly lie in the kilo Newton range and its effect is 
distributed not only in the feed drive system but also over the entire structure of the 
machine between the work piece and the tool. The friction in the guide ways lies between 
1% and 2% of the weight for the roller guide way and 3% to 12% of weight for sliding 
guide ways (Braasch 2002a). 

The largest portion of friction in the feed drive is generated due to complex kinematics 
of the ball nut in the feed drive system. This is because of the complex kinematics of the 
recirculating ball nut. A feed drive mechanism influences the accuracy of machine tools. 
A position control loop via a rotary encoder and ball screw includes only the servomotor. 
Different types of behaviour can be expected depending on whether the ball screw can 
expand freely or not. In the case of fixed/floating bearings, the ball screw will expand 
freely away from the fixed bearing in accordance with its temperature profile. The 
thermal zero point of such a feed axis lies at the location of the fixed bearing. This means 
that, theoretically, no thermal shift would be found if the ball nut is located at the fixed 
bearing. All other positions will be affected by the thermal expansion of the ball screw. 
The situation is more complex in the case of fixed/fixed bearings. Ideally, rigid bearings 
would prevent the expansion of the ball screw at its end points. However, this would 
require considerable force. As the temperature of the ball screw increases, the bearings 
deform significantly. Another type of feed drive system uses a fixed/preloaded bearing, 
which behaves as a fixed/fixed type up to a certain temperature and after that it behaves 
like a fixed/floating type combination. Thermal expansion can be minimized in the 
machine design steps by a choice of a material with a low thermal expansion coefficient 
or by isolation of the heat sources (Samir 2000). Design stages of machine tools play a 
critical role in the operation stages. Internal vibration sources must be minimized during 
the machine design process. Different parts of a high precision linear slide and its 
components (such as slide, guideway, bearing, etc) have been described by Samir (Samir 
2000).  

Rapid traverse speed can be several tens of meter/minute where the position control of 
precision machine can be several mm/min (Srinivasan 1997). An important research issue 
of current interest in the control of direct drives for machining is the simultaneous 
enhancement of the dynamic servo stiffness of such a drive for improved chatter stability, 
along with the improvement of positioning accuracy. Robust controller design techniques 
are good candidates because of the need to accommodate changes in the process 
behaviour with feed and depth of cut, tool geometry, and work-piece materials, as well as 
change in slide inertia due to work-piece changes. Friction in feed drives is necessary to 
have damping properties for the feed drive, while on the other hand, the presence of 
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friction in the feed drive gives an unacceptable thermal error for feed drives. In precision 
machining, friction in the moving components (lead screws, guideways, etc.) of machine 
tools can cause significant errors. It is very difficult to predict and model the 
characteristics of friction. The presence of friction at the nut level may be sometimes 
desirable because it provides appreciable damping. On the other hand, it produces a 
steady state, or static error, that is undesirable for positioning tasks (Costillo et al 2001). 
At low velocities, friction may cause relatively large contour errors especially when a 
reverse in the direction of motion of an axis is required. Another problem appears in cases 
where viscous friction is dominant. In these cases, the friction becomes larger as the 
feedrate increases and results in large position or velocity errors. In general, the friction 
force has non-linear characteristics, varies with the load on the machine, and is position-
dependent as well as velocity-dependent (Yoran 1997). Friction characteristics have been 
studied by many CNC controller manufacturers, such as the Siemens 840D controller 
(Sinumerik 2002). Static friction takes a greater force to initiate a movement (breakaway) 
than to continue it, a greater following error occurs at the beginning of a movement. This 
same phenomenon occurs on a change of direction where static friction causes a jump in 
frictional force. If, for example, one axis is accelerated from a negative to a positive 
velocity, it sticks for a short time as the velocity passes through zero because of the 
changing friction conditions. Once the friction condition is determined as a function of 
acceleration, it can be compensated by adding an additional set point pulse with correct 
sign and amplitude (Sinumerik 2002). 

A feed forward compensatory algorithm that is added to a PID controller has been 
proposed by Costillo (Castillo-Castaneda et al 2001). The compensation signal used is a 
non-linear function of the desired velocity. When the desired velocity is near the dead 
zone, the compensation signal becomes equal to the breakaway voltage, thus allowing a 
short stay in the dead zone. The machine tool used in the experiment was a 3-axes milling 
machine Sakazaki SEC AE-61 driven by servomotors through ballscrews. The open 
controller was based on a programmable multi-axes controller (PMAC) from Delta Tau 
System using Motorola DSP56001 to control up to four servomotors. A better circularity 
was obtained when the compensation algorithm was applied (Costillo-Castaneda et al 
2001). A thermal drift based on empirical equations and compensation of thermal error 
with geometric error was investigated by Donmez et al. (Donmez et al 1986). By using 
the FEM model, thermal behaviour of machine tools has been studied by Jedrzejewski 
(Jedrzejewski et al 1990). Thermal sensor based systems where the parameters of the 
model have been estimated by using thermal sensor (Jun 1997) can be applied only with 
special caution and may be very difficult with commercial applications. Kurtuglo 
(Kurtuglo et al 1990) has expressed spindle deflection under cutting forces based on 
cutting forces and has compensated for it by modifying it in an NC program as a linear 
model. 
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2.3.3  Machine Tool Measurement 

Early machine tools were measured with a laser measurement system for precision 
measurements (Weck 1984c, Knapp et al 1987). A laser interferometer can measure the 
whole working space with the desired interval selected by the users. Intermediate 
measurement values can be obtained by interpolation. By laser methods, using different 
optics one can measure linear error as well as angular errors. One can compare one axis 
with another and find which axes cause error for a particular problem. With a laser it is 
easy to detect local error such as pitch and yaw at a particular point of the working space. 
Machine tools or CMM error measurement by laser interferometers have been reported 
on and published by Barakat (Barakat et al 2000), Chen (Chen et al 1993), Donmez 
(Donmez et al 1985) etc. The laser interferometer is based on the principles of the 
Michelson interferometer (Weck1984c). The major drawbacks of laser measurement 
systems are that we obtain information about an axis at one time and it takes quite a long 
time to achieve the results of the whole working volume. The measurement does not tell 
any information about the dynamic behaviour of the machine such as cross coupling 
effects (effects of simultaneous movements of two or more axes at a time), squareness 
error between two axes that are quite common for medium to large size machines. By 
special optics, it is possible to measure squareness error between axes (Renishaw 2003). 
Also, the measurement is done without a real working load. Significant motion error 
depends on the cutting processes. These could be the material being cut, feed rate, depth 
of cut, cutting tool, cutting lubricant, fixture etc. Laser measurement is still a popular 
measuring system despite the drawbacks. Due to the time-consuming measurement 
problems with laser measurement for machine tools, Duffie (Duffie et al 1985) has 
proposed to find volumetric error and then find the parametric error from the volumetric 
error by least squares method. The volumetric error measurement procedure was 
developed for the proportional tactile probe. They have proposed to use the parametric 
error compensation from the volumetric error model. However the model was over-
simplified by neglecting rotational terms, but still had a significant improvement in 
motion accuracy. 

Due to these facts, the circular test for machine tools was introduced by Knapp (Knapp 
et al 1987). The circular test constitutes an advanced measurement method in the field of 
machine tools. With the circular test we are able to predict geometric errors, servo error, 
squareness error etc. The most important detected properties are the circularity of the 
machine as defined in ISO (ISO 230-2 1990). In this method, a circle comparison 
standard disk is used to compare the circularity of the machine tool. The disk can be 
placed on any plane (XY, YZ and ZX planes) to find the circularity of the machine tool in 
that plane. With this test system, the numerical control errors (for example servo error) 
can be detected by using small circle where the influence of geometric error is minimum. 
On the other hand, a bigger disk can be used for comparison purposes where the effects 
of geometric errors are higher. The test can be carried out clock-wise and counter-clock-
wise to recognize influences from hysteresis, from differences in subsequent errors, from 
variations in the control of the axes and from the friction between the probing ball and the 
circle standard. The 2D probe that touches the disk can send a signal to a PC and the 
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result can be analysed. The user of the methods can adjust the machine control parameter 
to some extent based on the measurement results. The drawback of this method is more 
or less the same as with the DBB method. A unique conclusion is not possible to draw 
unless the magnitude is high. The resultant motion is a combination of all kinds of errors.  

Mr. Kakino’s laboratory has done a lot of work with machine tools motion error. One 
of the best achievements of his team was the quick circular test with the Double Ball Bar 
method (DBB). The DBB method is similar in working principle to the master ring 
(Knapp et al 1987) but the equipment used is different. The method is quick, fast and 
accurate enough for most machine tools industries. The book published by Hanser 
(Kakino et al 1993) has established good mathematical foundations to analyse the 
different kind of geometric and control system related errors that can be detected by the 
DBB method. The machine tools’ mathematical analysis has been done by the 
vector/matrix method and theoretical trace has been developed and later the traces have 
been compared to real traces obtained by real machine tools. The traces are now 
compared and decisions can be made about a machine errors origins and magnitude by 
observing to which degree it appears in the motion errors’ traces. The analysis method is 
good from the theoretical point of view. We have adopted this analysis method, partly for 
our own measurement and analysis in this thesis work. A number of theoretical traces 
have been plotted in the appendix of this book. These can be used as a reference for 
someone measuring the machine tools with the DBB method. Numerous different kinds 
of machine tools have been measured and the results have been presented in the book. 
Some counter measurements have been suggested based on the measurement results. The 
suggestions might be to increase/decrease the position loop gain of the NC controllers, 
for modifications of the pitch error compensation table, for changing pitch error 
compensation from step form to interpolation form, for changing of backlash in 
controllers etc. Analysis software has been developed by Heidenhain, and nowadays it is 
used as commercial software for machine tool circular motion error analysis for the DBB 
method. The software is good and is capable for calculating circularity, radial deviation, 
squareness error, backlash etc (Heidenhain 1993). In the DBB method, two axes move 
simultaneously and cross coupling effects affect the circularity of the measured traces. 
For the circular test, DBB is a fast method, whereas previously machine tools inspectors 
were using direct cutting methods, a time consuming method, and the result was also 
dependent on the accuracy of a coordinate measuring machine (Knapp et al 1987).  

Major drawbacks of the DBB method are that DBB can capture actual data, which has 
resulted from multiple error origins. Some of the errors magnify the effects of each other 
and some cancel each other. If this is the case, then there is no way to find the real 
situation of the machine by a single measurement. On the other hand, we are not able to 
get the idea about the whole working area of the machine tool, because of the physical 
limitation of the ball bar length. When an axis has a local straightness error, the ball bar 
software assumes the local straightness error as squareness error. DBB software will 
display the result almost as a squareness error in both cases (straightness and squareness 
error). Of course, if we measure with DBB along the axis, we could trace it, but it is 
impossible due to the short length of DBB. We can know if an axis moves faster or 
slower than the other by observing the DBB trace, but it does not point out directly to the 
positioning error of each axes or angular error, for example roll, pitch and yaw for an axis 



 
 

28

at a particular point in the work space. The measurement accuracy of the DBB method is 
impaired at the feedrate higher than 10 m/min, due to the friction between the ball and the 
magnetic socket (Ibaraki et al 2001). Another disadvantage of DBB compared to the 
direct cutting method, is that it does not match the cutting conditions. It means that all the 
dynamic phenomena related to the cutting process, such as cutting forces, load variations, 
etc, are neglected. However, direct cutting is not a universal testing system. Direct cutting 
depends on the materials used such as work-pieces, cutting tools, operators, coolant used 
etc. In this respect, this is not the a drawback of DBB method. 

A useful error analysis has been reported by Ibaraki (Ibaraki et al 2001) where they 
have separated the geometric error from the servo error by observing the feedback signal 
of machine tool measurement signals. They have used KGM as a measurement 
instrument. The basic idea behind the work is that any contouring error profiles contain 
CNC servo control errors and error due to mechanical error. The position feed back signal 
(which come from the feed drive measurement system to the controller) does not contain 
motion errors due to mechanical errors (It is coming directly from the measurement 
system). Therefore, by comparing these two profiles, one can distinguish motion errors 
due to servo control systems from those due to mechanical structures. Many of the latest 
NC machine tools have a fast CPU and high-capacity memory, which makes it easy to 
sample a position feedback signal at a fast rate. The sampling of a position feedback 
signal requires no additional physical device if the NC machine tool has an additional 
memory to store sampled data. The drawbacks of this idea are that it is difficult to 
implement for old machines and if the CNC controller doesn’t have enough memory, then 
it is necessary to collect feedback data from the measurement system by additional 
devices, which may be difficult. 

Most published results of machine tool accuracy are based on laser interferometer 
measurements. The laser interferometer is an old technique, and has been used 
extensively in the past to observe a machine tool’s motion error conditions. It may take 
up to two days to measure a medium size machine for all error components. In this 
method, each axis (which one is being measured) moves independently while the others 
are kept in a fixed position. A process computer can take measurement results with a 
certain interval, which it can plot on the computer screen, where we can see the results 
visually. The information about the intermediate point is calculated based on interpolation 
if necessary. It is not possible to predict from this result the behaviour of dynamic error 
without proper analysis of the machine tools and the measurement results. Most recently 
dynamic error measurements are being reported (Kakino et al 1993). The ISO standard 
defines the circular interpolation test and thermal test (ISO 230-2 1990, Braasch 2002a). 
The DBB is a quicker system than the laser measurement system, with a drawback that 
motion errors can be the combination of multiple error sources. DBB bars are very small, 
150 mm to 300 mm, and as a result, the whole picture of the working volume is not 
possible to obtain. 

Because of tighter acceptance tests for machine tools, further measuring systems are 
continuously under development. New measuring systems such as the linear comparator 
(Heidenhain VM182), grid plate (Heidenhain KGM), electronic inclinometers (Wyler 
Levelmeter) etc. can be illustrative (Heidenhain 1997, WYLER 1999). One of the 
positive sides of VM182 measurement is that it can measure the machine’s linear and 
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orthogonal error at the same time for an axis on a particular plane. Another plane can be 
measured if we turn the device on that plane. However, total volumetric error can’t be 
obtained by a single measurement. To obtain total volumetric error it must be calculated. 
Not much machine tool measurement work has been published based on the 
measurements obtained by VM182 devices compared to (for example) the DBB and 
KGM systems. One of the reasons is that DBB (or similar device) has been continuously 
developing for a long time. The KGM method is very useful to identify the static and 
dynamic errors of machine tools (Heidenhain 1997, Hölsä 1999).  

2.3.4  Error compensation 

A reduction of errors can be observed by three basic methods (Yoran 1997) from the 
control point of view (1) sophisticated axial controllers, (2) adding feed forward 
controllers and (3) cross –coupling controllers. 

Error compensation can be divided into two ways: 

− Hardware error compensation, 

− Software error compensation. 

Hardware error compensation can be illustrated by an example, for example the 
replacement of the hardware of the machine tools. When there is orthogonal error 
between two axes, then both axes can be fixed by physical replacement or the adjustment 
of the axis. Definitely, this is a costly alternative as compared to software compensation, 
where we modify the CNC signal directly or indirectly based on the measurement of the 
machine tools. Many of the error elimination systems are built into the machine tool 
controllers. The most commonly used are pitch error, backlash, servo gain, position loop 
gain compensation etc (Kakino et al 1993). The most modern controllers support 
advanced error compensation by the controllers. For digital derive, torque feed forward 
control can be applied to achieve higher dynamic stiffness (Sinumerik 2002). Sagging 
and other non-linear error information can be stored in a look up table and these errors 
can be compensated for the controller based on this information (Sinumerik 2002, 
Heidenhain 2002).  

The software error compensation idea has evolved from coordinate measuring 
machines to numerical control machine tools. To compensate for motion error, we need 
good mathematical models and measurement of the machine tools. Early real time 
software error compensation for geometric error has been reported by Donmez (Donmez 
et al 1986). A mathematical model for error compensation based on geometric error has 
been developed. The parameters for the model have been found by the least square 
technique from laser measurement. The model was validated by measuring in a turning 
center. The model has included a thermal drift based on time history. A real time 
compensation system is an attachment to the controller, which injects the error 
compensation signals into the position servo loop. The compensation signal was injected 
into the controller through digital input/output (I/O) ports and then was manipulated by 
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machine control software. The result of this test showed that accuracy enhancement of up 
to 20 times is achievable. However, the nature of compensated error was linear and the 
method is not suitable for high-speed machine where actual calculation in a separate 
microcomputer might be too late to inject the modified signal. However, this 
measurement method is specially suited for real time error compensation of a multi-axis 
machine with open architecture controllers (Jun 1997). Chen J. S. et al have shown how 
to compensate for real time time-variant volumetric error (Chen et al 1993). They have 
expressed geometric and thermal error components in a unique model. They have 
introduced 11 error components to represent thermal errors, thereby making a total of 32 
error components. Another research paper has been published by the same author where 
he has used an artificial neural network to predict the thermal error (Chen et al 1995). 
Empirical equations have been developed for a thermal error pattern based on measuring 
it with a cold start and measuring the machine at one hour intervals for eight times. The 
volumetric error has been compensated with real time by injecting compensation signals 
into CNC controllers. It has been reported that a ten fold improvement was observed 
without a work-piece and a five fold improvement was observed with a work-piece. 
However, in the error model no dynamic effects or squareness error has been considered. 
To implement the method, it is necessary to have a modern controller and it is also 
necessary to have an extra device to manipulate the CNC signal in real time. Also, it is 
necessary to have an online laser measurement system to measure the geometric error all 
the time while the machine is running. Software error compensation has been reported by 
a post processor by Rahman et al (Rahman et al 1997). In this work, the numerical 
iteration technique has been applied which can be easily integrated into post processors 
for a particular CAD/CAM system. Two solutions have been proposed: Newton-Raphson 
methods and redefinition of task point based solutions. A five-axes machine tool was 
measured with RTCP to find the geometric error for a spindle head by the DBB method. 
Later redefinition of task point based solutions has been extended to develop an NC 
program modifier for linear, and circular interpolation. In a circular interpolation 
algorithm, an arc can be replaced by several arcs based on the accuracy requirements 
(Rahman et al 2000). This research work is a continuation of these works. 

Nowadays, there are many advanced controllers on the market that can realize a 
greater error compensation in an improved way. For example, Siemens 840D controllers 
can compensate for temperature effects. The interpolator compensation function allows 
position-related dimensional deviations (for example, by lead screw errors, measuring 
system errors or sag) to be corrected. Another advanced feature has been described in the 
Siemens 840D controller (Sinumerik 2002) that is called sag error compensation. 
Basically this means that position dependent error components can be stored in a 
compensation table and the controller can pick up the compensation values during the 
execution of the NC program. The Heidenhain iTNC controller has similar functions; 
errors in machine geometry (e. g. an error in one-axis caused by the sagging of another 
axis) or external influences (e.g. temperature) can cause non-linear axis errors 
(Heidenhain 2002), which can be compensated by iTNC 530 controllers. 

Jun (Jun 1997) has suggested that encoder feedback signals can be intercepted by a 
compensation computer for real time error compensation. The computer calculates the 
volumetric error of a machine and injects or removes pulses, which are equal to the 
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calculated volumetric error into or from the quadrature signals. The servo system will 
adjust the position of the slide in real time. The advantage of this technique is that it 
requires no extra module of CNC controller software. It can be applied to any CNC 
machine, including some old types of CNC machine, with position feedback of machine 
joints. However, specially developed electronic devices are needed to insert quadrature 
signals into the servo loops. These insertions can sometimes be very tricky and require 
extreme caution in such a way that they do not interfere with the feedback signals of a 
machine. Another way to compensate error in real time is the origin shift method (Jun 
1997). In this method, the compensation computer calculates the volumetric error of a 
machine. Then, the amounts by which the machine axes need to be moved to compensate 
for the error is applied to controller. These amounts are sent to the CNC controller as 
compensation signals to shift the reference origins of the control system through an I/O 
interface, and are added to the command signals for the servo loop. To achieve real time 
error compensation effectively at the commercial level, we need to address all error 
origins in a timely fashion.  

Experiments in real time error compensation for thermal and geometric error have 
been conducted by Donmez (Donmez et al 1986). Though the experiment fits into the 
laboratory environment, it is difficult to realize in real production environment. All of 
these demand the modification of a controller and/or hardware that is built into the 
machine control unit. Hardware compensation is always an expensive system as 
compared to software compensation. Real time error compensation by Jun (Jun 1997) and 
Chen (Chen 1996) needs careful modelling of control algorithms and is necessary to put 
it in a separate computer to calculate the compensation values and make the necessary 
input output function to the NC controllers. These types of approaches will be more 
suitable when the machine tool industry will have a real open architecture control system. 
A neural network based error estimation and correction has been proposed by Mou (Mou 
1997). These methods are difficult to implement in real manufacturing industries because 
of cost or inadequate information to compensate the errors in a suitable way. Post 
processing error compensation for five axes machine tools has been proposed by 
Takeuchi (Takeuchi et al 1992). This needs the development of separate post processors.  

2.3.5  Measurement simulation 

As the demand for the accuracy and performance of machine tools is increasing, new 
measurement techniques are developing continuously. Among old measuring systems, the 
laser is the most accurate measurement system that is used extensively today. New 
measuring systems are DBB, KGM, VM182, electronic inclinometers etc. All this 
equipment is equipped with modern software that can present the measurement result 
graphically. One of the problems with different measuring systems is that one system fits 
better than another for particular error sources. It is said that DBB is good for capturing 
geometric errors (Kakino et al 1993, Ibaraki et al 2001). Also it is said that a laser-
measuring system is good for measuring pitch and yaw (Renishaw 2003). For a particular 
machine and with similar operating condition there should be some basic relations 
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between the measurements. Not much work has been published in the area of machine 
tools measurement, simulation and comparison with each other. Two conference papers 
have been published from the theoretical point of view by Rahman (Rahman et al 1999, 
2002). This helps to justify the correctness of the measurement method and locate error 
origins more precisely. This study shows a mapping between static and dynamic 
measurements of machine tools by calculating tool tip error for different measurement 
devices. 

2.4  Summary 

From the previous discussion, it is clear that machine tools have multiple error origins. 
Assembly and installation are major error origins for new machine tools. The 
performance also depends on quasistatic errors, which are slowly time varying errors and 
environment. That suggests that proper operation (with high accuracy) of machine tools is 
not possible without regular or constant monitoring of its accuracy level. There is only 
one way to know about the accuracy level; we need to measure the machine tools directly 
or indirectly, online or offline. Most of the machine tools measurement has been done 
traditionally with the laser measuring method or recently with the DBB method. More 
recently VM182, KGM, inclinometers etc. have being used. No work has been reported 
to validate all these measurement methods and using them to compensate machine tools 
errors. None of the existing measuring systems gives an accurate and clear idea alone, so 
we need multiple measurement systems. To increase our confidence, we need a way to 
convert a machine tool measurement result obtained by one method to another method. 
As it has been noticed, most of the error compensations are reported as for volumetric 
errors. We also need the means to improve circularity, and for this algorithms are needed.  



 

3 Error or igins of machine tools 

3.1  Major er ror or igins 

Numerous error origins affect tool tip position. Among the key factors that affect the 
accuracy of this relative position are the geometric errors of the machine tool and thermal 
effects on the machine tool axes. Other error origins are the resolution and accuracy of 
the linear measuring system, elastic deformation of drive components, inertia forces 
when braking/accelerating, friction and stick slip motion, the servo control system and 
cutting force and vibration. For a multi-axis machine, the calibration should include each 
axis and its roll, pitch, yaw, squareness and positioning error in the workspace. The static 
working load and the mass of the workpiece being machined produce distortions that 
result in positioning errors in the machine tools. 

In general, CNC machine tool inaccuracy is caused by: 

− Geometric errors of machine components and structures, 

− Errors induced by thermal distortions, 

− Friction in drive system, 

− Deflection caused by cutting force, 

− Servo control system, 

− Random vibration. 

The following figure 1 shows the error origins of multi-axis machine tools and their high 
level relationships. Broadly, machine tools errors can be divided into two categories: 
systematic errors and random errors. Systematic errors can be described and are 
predictable based on some mathematical models. Random errors are difficult to model 
and to compensate. 
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A contouring test in which a cutter moves along a specific profile at a specific feed 
rate by the simultaneous movement of two axes should be carried out to reveal problems 
in the numerical control and servomechanism at high speed contouring. Stick motion, 
stick slip, inadequate pitch error compensation, response lag etc. error sources depend on 
the servo control system (Ibaraki et al, 2001). 

Fig. 1. Total error  sources of machine tools (Anderson 1992). 

3.2  Geometr ic errors 

Geometric errors are regarded as the machine errors which exist under cold and warm up 
conditions and that and which do not change with time (they have good repeatability). 
75% of initial errors of a new machine tool arise as a result of manufacture and assembly 
(Cecil et al 1998). Major geometric errors are roll, pitch, yaw and squareness errors. All 
three axes are prone to these errors, thereby causing 21 common geometric error terms.  

These types of errors originate from the manufacturing or assembly defects of 
different parts of the machine. These errors include link length error, angular error, 
straightness error, squareness error, parallelism, perpendicularity error and zero position 
error. Time to time collisions may destroy the work piece and change the geometry and 
drive elements of the machine (Knapp, 1986).  

These types of errors vary with time slowly. This means that the machine repeats the 
same error again and again for some duration. In the case of assembling the machine tool, 
the designed state and assembly state exerts an important effect on the accuracy of the 
machine tool. All sliding components of machine tools show roll, pitch and yaw (RPY). 
Though these angular errors are very small, they magnify the final tool tip error due to 
the abbe effect. 
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Fig. 2. Offset distance from axis to the worktable that magnifies the er ror  at control point. 

Here is a small example how the RPY errors contribute in tool tip position: 
If xa  is roll error at any point on X-axis, the positioning error in the Z direction is 

daZ x ⋅=∆ (figure 2) with small angle assumption. If the X-axis has a roll error of 
.001 degree (CW negative direction) and the distance is 500 mm (d, from center of nut to 
work piece), the positional deviation in the Z direction is 8.73 micrometers. It has the 
effect of rotating a line on the YZ plane with an angle xa  in the CCW direction. That 
means, if the angular error is in the CW direction the location of WP  will be in the 
negative Z direction. The roll error in the figure can be compare with the X-axis of a 3-
axes horizontal machining center. These types of positional error always exist if the 
machine tool is not calibrated properly with time to time and the error is not taken into 
account. The major reasons for these types of errors are the profile and form errors of the 
saddle, base and guide surfaces and thermal distortion. Additional factors such as wear 
and foundation effects may also influence the errors. If the machine has been assembled 
as designed, it would have followed the target trajectory maintaining the desired position 
and orientation exactly. Details of this type of errors are explained in the reference 
(Kakino et al 1993). One of the aspects of this type of error is that it varies along the 
offset distance due to abbe effects. That means positioning error at WP  and the 
positioning error at a point below WP  may not be same. There are no effects of roll, pitch 
and yaw (RPY) error at the center of the ball screw because the offset is 0. But there may 
exist measurement system related error. The magnitude of measurement error depends on 
the type of measurement system used in the feed drive system. If a position control loop 
via rotary encoder and ball screw is used then the magnitude of error is higher than a 
position control loop with linear encoder (Braasch 2002a). We are not able to measure 
this error directly but by observing feedback signals we are able to observe the error 
(Ibaraki et al 2001). Fixing these geometric errors mechanically is very expensive or 
needs the replacement of HW components of the machine tool. But with mathematical 
calculation and measuring of the machine may be possible to command the machine to 
correct tool tip location. 
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3.2.1  Lead/Ball Screw 

The rotational motion of the servomotor is transferred to linear motion by the ball screw 
mechanism as shown in figures 2 and 3. The lead screw provides more friction than the 
ball screw. The ball screw system consists of a screw, a nut and number of balls riding 
between the screw and the nut. When the screw rotates, the revolving balls transmit an 
axial movement to the housing attached to the carriage. If a high degree of stiffness 
and/or freedom from backlash is required, then the ball screw/nut system must be 
preloaded (Weck 1984c). 

Kinematic error in position measurement with a rotary encoder and ball screw results 
primarily from ball screw pitch error. This error directly influences the result of 
measurement because the pitch of the ball screw is being used as a standard for linear 
measurement.  

Reversal error occurs during positioning from differing directions. The causes are play 
and elasticity in connection with frictional forces (Braasch, 2002a).  

Motion error will be affected by the tilt of the thrust bearing, the offset of the servo 
motor shaft, coupling etc. 

3.2.2  Guideways 

In NC machine tools, two types of guide ways are used. They are rolling guides and 
sliding guides. For sliding guides the start force is higher to make the slide in motion 
(Castillo-Castaneda 2001). If the guide and ball screw driving parts are not located 
symmetrically, torque is produced during the motion and this produces angular motion 
errors. For sliding guides, the sliding friction is large and therefore there is always stick-
slip error. A straightness error appears during manufacturing of the guide way, and also 
by the force during assembling and installation (Kakino et al 1993). With rolling guides 
there is less friction than with a sliding guide. However the rolling guide has less 
damping properties than sliding guide. With hydrostatic guides it is possible to have 
fluctuation of pressure. Temperature control for the hydraulics is important; otherwise the 
thermal effects of the guide are significant. The major error origins due to the guide are: 

− Inaccurate production of the guide ways, 

− Wear of the guide ways, 

− Static deformation caused by the weight of the machine-tool components and/or by the 
cutting forces, 

− Thermal deformation caused by temperature differences. 
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3.2.3  Bearings 

Different types of behaviour can be expected depending on whether the ball screw can 
expand freely or not. Most NC machine tools use three different types of bearings to 
support the ball screw. These are fixed bearings at one end where the ball screw expands 
freely in according with its temperature profile. Fixed bearings at both ends where the 
ball screw bends with temperature increase having thermal a zero point near the middle 
of the ball screw. Another type of bearing is that one end is fixed and another end is 
preloaded. This type of bearing works like the both end fixed type up to certain force and 
after this, it works as a fixed/floating end bearing. Major error sources related to bearings 
are play, tilt of the thrust bearing, offset of the servo motor shaft, coupling etc. 

3.3  Thermal er rors 

A machine tool usually operates in a thermally non-steady state due to heat generation 
from various sources. Any change in the temperature distribution of the machine tool 
structure causes thermal deformation that affects the accuracy of the workpiece. Internal 
heat sources are those caused by the internal friction of the machine, for example, 
transmission from electric motors, friction in drive and gear boxes, friction in bearing and 
guide ways, the machining process (cutting action, chip, work piece). The external heat 
sources are those from outside of the machine, for example radiation, sunray or 
environmental temperature (Anderson, 1992). Major sources of heat in machine tools 
(internal/external heat source) are (Weck 1984c): 

− Bearings, 

− Gear and hydraulic oil, 

− Drives and clutches, 

− Pumps and motors, 

− Guide ways/Ball screw, 

− Cutting and swarf, 

− External heat sources. 

The results of these thermal effects are positional, straightness, angular deviation and 
squareness deviation. 
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3.3.1  Thermal error reduction in the design stage 

The constructional design opportunities for improving the thermal behaviour of a 
machine tool fall into two different categories (Weck 1984a, Jedrzejewski et al 1990): 

− Reduction of heat sources and thermal influences that affect the machine, external 
mounting of drives, i.e. motors and gear boxes, 

− Dissipation of frictional heat from bearings and drives, 

− Thermo elastic deformations between the tool and work piece as small as possible by 
considering this factor in the design stage of the machine tool. 

3.3.2  Thermal error reduction in operation stage 

Positioning error resulting from the thermal expansion of the ball screw presents the 
greatest problem for position measurement via rotary encoder and ball screw. This is 
because the ball screw drive must serve a double function; should be rigid to convert 
rotary motion to linear motion and there should be a precision measurement standard. 
The largest portion of the friction in the feed drive system is generated in the ball nut. 
This is because of the complex kinematics of a recirculating ball nut.  

Different types of behaviour can be expected, depending on whether the ball screw can 
expand freely. To avoid the thermal effects of the ball screw two types of compensation 
techniques have been proposed (Braasch 2002a): cooled ball screws and software 
compensation. Cooled ball screw has the disadvantage of sealing problems and the holes 
reduce the mechanical rigidity in axial direction. Research is underway on compensation 
of thermal deformation with the aid of analytic models, neural networks and empirical 
equations. To compensate the expansion of the ball screw, its temperature distribution 
must be known with respect to its position, since the local temperature depends on a 
traversing diagram. Direct temperature measurement of the rotating ball screw, however 
is very difficult. The thermal expansion of the tool can be calculated in advance by finite 
element methods (FEM) (Takeuchi et al 1982). By calculating temperature distribution in 
the ball screw it may be possible to compensate the thermal error in a software way.  

3.4  Random vibration 

The static load and the mass of the work being machined produce distortions, which 
result in the production of geometric errors on the work from the machine tools. 
Inadequate static stiffness of a metal cutting machine is primarily responsible for error in 
the form of the workpiece produced (Weck 1984c). Any uneven dynamic characteristic 
will lead to the generation of vibrations; the effect of which can lead to poor surface 
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finish on the work; increased machine tool wear as well as tool fracture and damage to 
both the workpiece and machine. Under continuous machining conditions, two types of 
vibration occur as a result of movement between a workpiece and tool. 

3.4.1  Externally excited vibration 

External vibration occurs as a result of interference force transmitted through the 
foundation into the machine as a result of damaged or imperfect machine element in the 
form of unbalanced masses, bearing faults and gear tooth engagement shocks (Weck 
1984c). 

3.4.2  Self excited vibration 

Under self-excited vibration, the machine system oscillates basically at one or more 
natural frequencies, when no external forces are acting. Whenever the frequency of 
excitation is in the same range as the frequency produced by externally excited vibration, 
then large vibration effects are likely to result (Weck 1984c). 

3.5  Errors due to static and dynamic parameters 

The static loads of a machine tool result from the process forces and the masses of the 
work pieces, weight of slide, fixtures and machine components. The static working load 
and the mass of the work being machined produce distortions, which result in the 
production of geometric errors on the work by the machine tools. 

Forces leading to the deformation of feed drive mechanisms cause a shift in the actual 
axis slide position relative to the position measured with the ball screw and rotary 
encoder. They are essentially inertia forces resulting from the acceleration of the slide, 
cutting process force and friction in the guide ways (Weck 1984a). Other dynamic 
factors, such as torque from motors, amplification of feed drive etc. affect the positioning 
system. 

3.6  Errors due to the control system 

The input data for machining is transformed by CNC into specific output codes in terms 
of voltages or pulse per second (PPS). The transformed data is used to drive the motors to 
position the rotational table or rotational head or worktable to the programmed position. 
These table or slide or rotational head drives are known as servo drives.  

The servo control system plays an important role in the accuracy of machining. The 
term feed back is used to describe the various methods of transmitting positioning 
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information on machine slide motion back to the information command section of the 
CNC. The information is continuously compared with programmed table position or 
spindle head position. The control system issues commands to move the slide or the 
rotational axis according to the desired position. 
The servomotor and ball screw drive are usually directly coupled. Toothed-belt drives are 
also widely used to achieve a compact design and better adapt the speed which can 
introduce small cyclic errors. 

The desired position is measured with a measuring device and the results are sent as a 
digital signal. The most common measuring devices are a linear encoder and a rotary 
encoder. 

A position control loop via a rotary encoder and ball screw includes only the 
servomotor (figure 3). In other words, there is no actual position control of the slide, 
because only the position of the servomotor rotor is being controlled. To be able to 
extrapolate the slide position, the mechanical system between the servomotor and the 
slide must have a known and, above all, reproducible mechanical transfer behaviour (that 
varies with time to time for machine tools). Kinematics error in position measurement 
with rotary encoder and ball screw results primarily from ball screw pitch error. This 
error directly influences the result of measurements because the pitch of the ball screw is 
being used as a standard for linear measurement (dotted line in figure 3).  

A position control loop with a linear encoder, on the other hand, includes the entire 
mechanical feed-drive system. The linear encoder on the slide detects mechanical 
transmission errors and the machine control unit compensates for these. In figure 3, the 
dotted line indicates that a rotary encoder is used. One major drawback for both 
measuring systems is that the measuring point and the tool tip location has an offset 
distance. Because of this offset distance, small pitch errors are magnified based on the 
offset (Abbe effect). The error magnification depends on where the user will clamp the 
work piece. Both rotary encoder and linear encoder can’t detect the effects of Abbe error. 

The measuring system measures the actual position and sends feedback to the control 
unit to take necessary corrective action. Stick motion, stick slip, inadequate pitch error 
and response lag error sources depend on the servo control system. This accumulates 
errors at the final tool tip and orientation.  

When a machine is programmed to make contour, then a single and short line 
approximates the contour. The difference between the nominal contour and the 
approximation by the straight lines is defined as the accuracy of interpolation. Positioning 
accuracy depends on the accuracy of interpolation as well. 

The reasons for positioning error for an axis are the time needed to reach the nominal 
position (with or without overshoot), stiffness of the drive in respect to external forces 
(e.g. machining forces) and acceleration forces. The stability of the positioning system 
depends on the resolution of the measuring system as well as on the gain of control loops. 
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Fig. 3. Diagram for  feedback system for  a machine tool axis (modified from Braasch 2002b). 

3.6.1  Path generation with position control loop 

There are two types of basic interpolation (linear interpolation and continuous path 
controls) in CNC machine tools. Other interpolations are based on these two 
interpolations. For point-to-point control the machine may not follow a linear path, as the 
intermediate points are not interpolated. 

Straight line controls and continuous path controls require that the geometric 
information is translated into axis-oriented coordinate orders of motion in such a way that 
the addition of the velocity vectors of the axis under control always corresponds to the 
required contours (Weck 1984b). To achieve the optimal accuracy of machine tools, it is 
necessary to control drive acceleration as well. If the acceleration/deceleration control 
process is not included in the algorithm, there will be shock and vibration, which occur at 
the start and stop instances during the machining of the given trajectory in the machine 
tool (Kim et al 1994). 

Point to point is relevant for rapid traverse operations between cuts and requires that 
the drive moves rapidly to its final location with a short settling time, the actual trajectory 
being of secondary importance. Continuous path control is relevant during machining, the 
actual drive trajectory and its closeness to the desired trajectory being of primary 
importance. The resulting control problem is either one of tracking the reference input or 
of regulating the drive position in the presence of disturbance such as geometric error, 
cutting forces, vibrations etc (Srinivasan 1997). The most important linear variable, 
which describes the behaviour of a position control loop, is the velocity amplification 

VK  ( VK factor) (Weck 1994b). This is the ratio of the actual velocity 
.

x  to the position 
deviation (drag or trailing distance) wX in the oscillating condition: 
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During the transfer of MDI (machine data input) to machine, slide transmission error is 
introduced which is mainly dependent upon the type of interpolator being used. Possible 
sources of error are (Weck 1984b): 

− Time constants are very high, 

− Variation in velocity amplifiers of the individual position control loops, 

− Variations of the dynamic behaviour of the drive units, 

− Non-linear signal transmission (reversing errors, backlash), 

With many modern controllers, such as Sinumerik 840D (Sinumerik 2002) and 
Heidenhain TNC 426/TNC 430 there is a feed-forward control that can practically 
eliminate inaccuracies caused by following errors and excellent accuracy levels are 
achieved even with high machining speeds (Heidenhain 2002). 

3.6.2  Servo Control for machine tools 

The task of a servo controller is to reduce axial position errors and contour errors in 
machining operations (Yoram 1997). Fuzzy logic has been studied and has been used try 
to optimise the CNC machine accuracy (Huang et al 1998). However, the designing 
parameters for this process is complicated and time consuming. Most machine tools use 
PID controller to control the machine tools table/spindle positions. In PID controllers, the 
correction signal is a combination of three components: a proportional, an integral, and a 
derivative of position error. The task of the integral controller is to eliminate steady-state 
error when position ramp inputs are the references, as in the case of linear cuts, and to 
reject external disturbances. However, implementing an integral controller by itself will 
cause instability, and it must be combined with a proportional action to enable a stable 
system. The derivative controller aids in shaping the dynamic response of the system. 
Errors that can be compensated for a servo control system are from closed loop machines 
(Ibaraki et al 2001): 

− Lost motion, 

− Stick motion, 

− Stick Slip, 

− Mistuning of pitch error compensation, 

− Mismatching of position loop gain. 
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3.7  Errors due to environmental factors 

A machine tool usually operates in a thermally non-steady state, due to heat generation 
from various sources. Any change in the temperature distribution of the machine tool 
structure causes thermal deformation that affects the accuracy of the final products. These 
heating problems are true for work pieces as well as for tools. Internal heat sources are 
those caused by the internal friction of the machine, for example, transmission from 
electric motors, friction in drive and gear boxes, friction in bearing and guide ways and 
machining process (cutting action, chip, work piece). The external heat sources are those 
from the outside of the machine, for example radiation, sunray, and environmental 
temperature. Climate changes such as sun radiation, day light difference, seasonal 
changes, location of the machine, size of the hall, temperature of the control system etc. 
affect the machine tool’s thermal distribution and hence thereby degrade the performance 
accuracy. 

3.8  Summary 

NC machine tools are very complex in their structures and controls and are very sensitive 
to thermal changes. Machine tools error origins can be divided into two classes, 
systematic and random errors from an analysis point of view. Systematic errors are those, 
which we are able to describe and predict the amount in machine tools workspaces. On 
the other hand, random errors are difficult and complex to describe. Geometric errors 
dominate in systematic errors and the major origins are ball screws, guideways, bearings 
etc. Ball screw pitch error, inaccurate production, wear in guideways etc. are factors that 
contribute to geometric error. Geometric error has good repeatability and changes 
gradually with time. A machine tool operates also in non steady state due to thermal 
distortions. Different parts of machine tools are deformed based on thermal flux. There 
are two majors kinds of heat sources for machine tools: external, for example, room 
temperature, sun rays etc. and internal which are generated by internal friction among 
different components of the machine. Uneven dynamic characteristics will lead to the 
generation of vibrations. There are two kinds of vibrations,: self excited vibration and 
externally excited vibrations. The control system and measuring system of the machine 
itself affects positioning error. For semi closed loop type there is no direct measuring 
system. On the other hand, for a closed loop there is a direct measuring system. For a 
semi closed loop, the pitch of the ball screw is used to calculate the position of the table, 
while closed loop measuring system gets the measured variable directly from the scale. 
So a closed loop has better performance in compensating motion error. 



 

4 Error modeling of machine tools 

4.1  Ideal and real machine tool 

Most machine tools are designed with the intention that all of the joints will be either 
prismatic or rotary (for more than 3 axis machine tool) but it is physically impossible to 
construct a joint that will perfectly generate this type of motion. This type of error always 
exists, but because of the servo tuning and calibration process, these errors are taken into 
consideration in CNC controllers. For example, most prismatic joints consist of a carriage 
constrained to move along a bar. Since the bar will be subject to some slight curvature or 
irregularities along its surface, the generated motion will not be pure prismatic as 
expected. These irregularities will create roll, pitch and yaw error while moving with 
nominal movement (Mooring et al, 1991). Even if the movements were perfect, as with 
new machine tools, with time it will start to create RPY. 

In this chapter, the error models have been developed based on vector/matrix notation. 
Always we are able to locate the ideal tool tip position based on machines' geometric 
and/or thermal information. While calculating the tool tip location based on ideal 
geometry and generating corresponding servo commands for the ideal position in a 
Cartesian coordinate system, the machine will position the tool tip to a different location 
due to geometric and other errors. In this section, we have tried to model this in terms of 
mathematics.  
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Fig. 4. CNC machine’s geometr ic errors (symbol edited from reference Anderson 1992). 

Figures 4 and 5 show the real axes and ideal axes for a multi-axis machine tool with 
positioning, roll, pitch, yaw and squareness error. In figure 5, it is assumed that Z-axis is 
ideal and the other two axes can have squareness errors. How these affect to the 
positioning error; for example when spindle head moves along Y-axis with the error as 
shown in figure 5, it will produce error in the Z direction. The Z-axis has been assumed 
ideal because the Z-axis is the first axis in the kinematics chain of Mitsui Seiki machining 
center (the machine’s geometry has been analysed in detail in this work) of production 
technology laboratory.  
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Fig. 5. Real axis (thicker  line) versus ideal axis (thinner  line), diagram edited from Fan (Fan 
1989) and Anderson’s (Anderson 1992) publications. 

The meanings of the notations used in figure 5 are as follows (Anderson 1992). 
YX ⊥  = Squareness (angle deviation) between X and Y-axes ( xyk ), 
ZX ⊥  = Squareness (angle deviation) between X and Z-axes ( xzk ), 
ZY ⊥  = Squareness (angle deviation) between Y and Z-axes ( yzk ), 

We need a good error modelling of machine tools to be under investigation for the 
following reasons: 

− To predict the error level of machine tools for all controlled points, 

− To understand measurement results of a particular measuring system, 
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− For the synthesis and analysis of errors of a machine tool, 

− To find correlation between different measuring systems, 

− To validate one measuring system in terms of other measuring systems, 

− To develop compensation algorithms for machine tools. 

4.2  L inear transformations 

When a point moves in space, its location can be uniquely identified by its travel distance 
refereeing to the origin of a coordinate system. The position of the point can be expressed 
as a vector that can be expressed as the first three elements of the 4th column of a 4 by 4 
homogenous matrix (equation 2). In three axes NC machine tools, if there are three linear 
axes, tool tip is expressed as a distance travelled from a reference point. 

The transformation H corresponding to a translation by a vector zkyjxi ++  (Paul 
1981, Mooring et al 1991) is: 
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    (2) 

where XP , YP  and ZP  are a nominal distance along X, Y and Z-axes corresponding to 
the three main axes of a machine tool. This vector Phas three components in three 
dimension of the coordinate system. 

4.3  Rotation transformations 

When a tool moves around an axis its direction and tool tip position can be uniquely 
defined by the angle rotated around the axis. For three-axes machine tool, position is 
described by the three linear movements. For four or five axes machine tools, tool tip and 
direction is obtained by forward kinematics (Rahman 1994). 
The transformation corresponding to rotations about the X, Y and Z-axes by an angle θ  
(Paul 1981, Mooring et al 1991) are: 
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Equation 3 can be used to find the position of wP  with a rotation of vector wAP (figure 
6) around the X axis. 
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Equation 4 can be used to find the position of sP  with a rotation of vector sBP (figure 6) 
around the Y axis. 
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Equation 5 can be used to find the position of oA  with a rotation of vector oCA (figure 
6) around the Z-axis. 

When a machine is commanded along the X-axis there are always six error 
components. These are three translation errors and three rotational errors. Theoretically, a 
machine tool’s linear axis should have only one degree of freedom (translation along the 
commanded axis) but in practice there are six degrees of freedom. The additional five 
degrees of freedom (two translation errors and three rotational) cause the tool tip to locate 
in the wrong position. In a similar manner, a machine tools’ X, Y and Z-axes should be 
perpendicular to each other, but in practice it is not, due to a number of reasons. The 
directions convention in equations 2-5 is such that, for a linear axis, from its origin to 
outwards direction is positive and for rotations angle a counter clockwise direction is 
positive. 
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4.4  Homogenous coordinate transformation 

A homogeneous coordinate transformation system transforms a rigid body position and 
direction from one coordinate system to another coordinate system. For example, if the 
tool moves along X, Y and Z-axis, then we can express the final tool tip position by 
homogenous coordinate transformations. In figure 6, we can assign a global coordinate at 
point O, a local coordinate at point oC , and another local coordinate can be assigned at 
point C, which moves as the Z axis of the machine moves. Now we can transform any 
point expressed in the local coordinate system in the global coordinate system by a 
homogeneous coordinate system. 

If the rotational/linear axes are not perpendicular to each other, although they should 
be, then there exists rotation/squareness error around/along an arbitrary axis in the space; 
the dot product of two orthogonal axes is not zero (for example, 0)cos(90o =  but 

0)cos(89.99o ≠ ). Though the variation is small, we cannot neglect it, because small 
variations in angular error give large tool tip deviation from the desired position, 
depending on the length of tool and spindle pivot distance. For ideal 3-axes NC machine 
tools there should not be any rotational errors, but if those axes are not perpendicular to 
each other then the offset distances (tool length, Work piece offsets, any other machines 
structural offsets) creates rotational errors. 

Homogenous coordinate transformations have been used in this research work by 
considering small angle approximation. For example if oB  is a reference point for the Y-
axis and when the machine is commanded to move in the Y direction, if there is roll error 
( yb ) in the axis, it will produce error in the X direction which can be estimated by using 
homogenous coordinate transformations. 

4.4.1  Homogenous coordinate transformation: ideal case 

In figure 6, a skeleton of feed drives has been drawn from Mitsui Seiki machining center 
based on Kakino’s notation (Kakino et al 1993). O is a fixed point where the global 
coordinate system is located. Ps is a tool tip point and Pw is a work piece point.  
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Fig. 6. Structure of a hor izontal-type machining center  (M itsui Seiki in Production 
Technology Laboratory) (Adopted from Kakino et al 1993). 

When the machine is at a reference point, the tool is located at ),,( ooo CBA and (A, B, 
C) are the current positions of the tool (see figure 6). When the tool tip is at a reference 
point then A coincides with oA , B coincides with oB  and C coincides with oC . 

oo BA , , oC  is the reference point of the machine. The reference point is the point 
where the joint displacement for the machine tool is zero. These reference points are 
fixed in the global coordinate system. A, B and C are the current locations of the joint 
position. This position moves as the commanded position is changed. The X-axis is 
mounted over the Z-axis. The X-axis is called the cross-slide. When only the Z-axis is 
moving then the X-axis is moving parallel to the global coordinate system. If A, B and C 
are in the extreme positions, then CCo , BBo  and AAo  are the strokes of the machine 
(maximum travel distance for each axis). We can assign a global coordinate system to a 
fixed position, for example at O from where we can calculate the tool tip and work piece 
location by coordinate transformation. In figure 6, there is a fixed offset distance from 
point O to oC  which can be expressed in global coordinate system by equation 6. 
Equations 6 to 17 have been found by expanding vectors (equations 2.3 and 2.4 by 
Kakino (Kakino et al 1993)) into 4*4 matrices form and adopting these to Mitsui Seiki’s 
geometric structure. 
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The location of point C can be expressed for the local coordinate system (origin at oC ) 
by equation 7. In this case only the Z-axis can have a displacement Z (ideal case). 
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The location of point oA  can be expressed for the local coordinate system (origin at C) 
by equation 8 
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The location of point A can be expressed for the local coordinate system (origin at oA ) 
by equation 9.  
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The location of point wP  can be expressed for the local coordinate system (origin at A) 
by equation 10. 
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The location of point oB  can be expressed for the global coordinate system (origin at O) 
by equation 11. 
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The location of point B can be expressed for the local coordinate system (origin at oB ) 
by equation 12. 
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The location of point sP  can be expressed for the local coordinate system (origin at B) 
by equation 13. 
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An important feature of the homogeneous coordinate transformation is that the 
coordinates of one object with respect to several different coordinate frames can be found 
by a series of multiplications (Chen 1995). The machine zero point is a point where the 
joint displacements are zero. The displacement in the reference coordinate system (origin 
O) is given by (for a work-piece kinematics chain in a global coordinate system whose 
origin is at O) equation 14. 
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Owreal TTTTTOP ⋅⋅⋅⋅=      (14) 

Tool tip position (for a tool kinematics chain in a global coordinate system) can be 
expressed by equation 15. 

Ps
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B
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Bo
Osreal TTTOP ⋅⋅=       (15) 

Where j
iT  is a transformation matrix with respect to frame i and to frame j. Each of 

these transformations excludes geometric error such as roll, pitch and yaw and 
positioning error for the direction of movements, because we are considering an ideal 
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machine in this section. If we substitute equations 6, 7, 8, 9 and 10 into equation 14 we 
get the following expression (equation 16). 
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If we substitute equations 11, 12, and 13 into equation 15 we get the following expression 
(equation 17). 
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Now, for an ideal machine where no geometric error exists, as we can find in a global 
coordinate system, we can close the kinematic chain (Schultschik 1977, Chen et al 1993, 
Chen 1995 & Jun 1997) 

idealwidealsideal TOPOP ⋅=       (18) 

Expanding, simplifying and removing constant terms from equation 18, we get the tool 
tip location for a work piece in a global coordinate system for a machine displacement 
command X, Y and Z as given by equation 19. This position in global coordinate system 
depends on machine tool geometry and configuration (for example horizontal/Vertical 
machine tool, worktable is located on any moving axes etc). 
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The structure of the machine tool under investigation is drawn in figure 6 (using Kakino’s 
notation and diagram (Kakino et al 1993)) where we can see that the worktable is located 
on the X and Z-axes and tool is located on the Y-axis. Equation 19 expresses that when 
the tool tip moves along the Y-axis, then idealT is interpreted as positive direction 
movement in a global coordinate but when work piece movement idealT  is interpreted as 
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negative direction movement in global coordinate system. The equation expresses that if 
the table moves into a positive direction for the X and Z-axes; the tool moves into a 
negative direction due to relative movement between the worktable and the tool. 

4.4.2  Homogenous coordinate transformation: real case 

In equations 7, 9 and 12 we assumed that the movements along the X, Y and Z direction 
were ideal, but in a real machine there are a number of geometric errors as described in 
chapter 3. For example, when the work piece ( wP ) moves along the X-axis, the vector 

wAP  can rotate around the X-axis (roll), Y-axis (yaw) and Z-axis (pitch) and also, 
measurement system error, ball screw pitch error, thermal expansion etc can contribute to 
positioning error for point wP . 

If we assumed a small angle assumption (cos θ ≈ 1 and sinθ ≈ θ), then we can 
approximate the location of wP  and sT  in a global coordinate system. Equations 2, 3, 4, 
and 5 can be used to approximate the final position. 

When there is a movement along the Z-axis (C is moving along the Z axis in local 
coordinates with origin at oC ) roll, pitch and yaw error can be expressed by zc , za and 

zb respectively. Positioning error along Z axis, and orthogonal errors along the Y and X 
axis can be expressed by zzZ∆ , zyY∆ and zxX∆ respectively. If we use equations 2, 3, 4, 
5 and 7 we can express the real location of C in a local coordinate system by an origin at 

oC  (by assuming a small angle and neglecting small terms).  
Equations 20 to 23 have been found by expanding vectors (equations 2.6 and 2.7 by 

Kakino (Kakino et al 1993)) into 4*4 matrices form and adopting these to Mitsui Seiki’s 
geometric structure. 
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Equation 20 can be further simplified by neglecting small terms. In equation 20 there is 
no expression for squareness error because we have assumed the other two axes can have 
squareness error compared to the Z-axis. 
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In a similar way, we can approximate the location of A with a local coordinate system 
with the origin at oA . 

In equation 22, we have introduced new expressions for squareness error compared to 
equations 21. If the X-axis is not perpendicular to Y and Z-axes, then there will be 
positioning error in the orthogonal direction, which can be expressed by the direction 
cosine of the axis (with small angle assumption). From figure 5, we see that the Z-axis is 
assumed ideal and the X and Y-axis has been allowed to be out of square. Equations 22 
and 23 have been derived with the help of figure 5 by consulting figure 6 of Rahman 
(Rahman et al 2000), table 5 of Fan (Fan 1989) and by Kakino’s figure 5.11 (Kakino et al 
1993). 
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In equation 22, if xyk  is zero (that is the X and Y-axis are perfectly perpendicular,  
cos (90) =0) then there is no effect of squareness error in the Y-axis direction. On the 
other hand, if there is squareness error, then the angle between X and Y could be less than 
90 degrees or greater than 90 degrees. This angle determines the magnitude of the term 

xykX ⋅ , which can be a positive or negative number. If the relation �Sin � ≈ is not 
valid then this small angle assumption is not valid. In most machine tools this squareness 
angle is so small it is assumed to be valid always. We can describe xzk  in the same way. 
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According to figure 5, the Y-axis can go out of square on the YZ plane. It is not necessary 
to count on the XY plane because that has been considered by allowing X-axis to vary on 
XY plane and its effect has been counted in equation 22, so no corresponding error term 
has appeared for this in equation 23. 

In equations 21, 22 and 23, X, Y and Z are the commanded displacements. xyk  and 

xzk are small angles produced by a real X-axis with an ideal X-axis on the XY and XZ 
plane. yzk  is a small angle produced by a real Y-axis with an ideal Y-axis on the YZ 
plane. xa , xb  and xc  are roll, yaw and pitch respectively for the X-axis. xxX∆ , yyY∆  
and zzZ∆  are positioning errors independent of geometric error; i.e. this error depends 
on pitch, thermal, measuring system of linear scale etc. za , zb  and zc  are roll, yaw and 
pitch respectively for the Z-axis. ya , yb  and yc  are roll, yaw and pitch respectively for 
the Y-axis. Positioning error in equations 21, 22 and 23 is the result of ball screw 
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expansion, pitch error etc. Position error can be produced by RPY error because of offset 
distance. Positioning error due to RPY is not included in xxX∆ , yyY∆  and zzZ∆ . 

4.4.3  Volumetric error model 

Volumetric error can be defined between the differences of real tool tip position and the 
ideal tool tip position in the working space of the machine (Jun 1997). The real tool tip 
position is given by: 

realwrealsreal TOPOP ⋅=       (24) 

The real tool tip can be found by substituting the real transformation matrix in equations 
21, 22 and 23 in 14 and 15. 

Volumetric error can be expressed by equation 25. 

idealrealvol TTE −=       (25) 

If we substitute equations 21, 22 and 23 in equations 14 and 15 and expand these 
equations and neglect small terms and consider only the positioning vector of the matrix: 
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Volumetric error can be found by using equations 25 and neglecting those terms that do 
not affect the error. 
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By equations 28, 29 and 30 we can find the volumetric error for any point in the working 
space of the machine tool if we know the error components for that point. In equations 
28-30, X, Y and Z are commanded position and other variables are error terms or 
geometrical offset distances of the machine. 

4.5  Modelling for laser measur ing system 

With a laser interferometer we are able to detect the following errors for a particular axis: 

− Positioning error, 

− Pitch error, 

− Yaw error, 

− Squareness error with special optics (Renishaw 2003). 

An individual axis is measured at a time while keeping the other axis in a fixed position. 
This means that the errors of other axes do not affect the result of the measured axis. A 
LASER measuring system is static in nature. 

4.5.1  X axis 

Z and Y-axes are kept in a fixed location while the X-axis moves from oA  to A. 
Positioning error for wP  is recorded with a suitable interval. Positioning error at point wP  
includes the effects of RPY, any thermal expansion, elastic deformation of axis, 
measuring system error etc. We define that the positioning error at wP a is total 
positioning error and the positioning error at point A (a point on the center line of ball 
screw) is defined as basic positioning error. 

Total positioning error = Effects of Roll, Pitch and Yaw + Basic positioning error (31) 

When we measure the positioning error of wP , we actually measure the total positioning 
error of the X-axis. The xxX∆  in the previous equations is the basic positioning error 
and the total positioning error can be found by subtracting equation 16 from equation 26 
and after simplification we get equation 32 (other error components are neglected 
because they have no effect on this axis). We are not able to measure the basic 
positioning error directly. Only the feedback-measuring signal from the measurement 
system can give information about the basic positioning error (Ibaraki et al 2001). 
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xxxwzxwytotalxx ∆XbAPcAP∆X ++−=     (32) 

where totalxxX∆ , xxX∆ , xc  and xb  are total positioning error, basic positioning error, 
pitch and yaw error at a location A for X-axis. From equation 32 we can easily find the 
basic positioning error for the X-axis. When we measure positioning error with laser we 
actually measure totalxxX∆ . 

4.5.2  Y axis 

We can find the relation between total positioning error and basic positioning error for the 
Y-axis in the similar way. Total positioning error for the Y-axis is given by the following 
equation: 

yyysxysztotalyy ∆YcBPaBP∆Y ++−=     (33) 

Where totalyyY∆ , yyY∆ , ya  and yc  are total positioning error, basic positioning error, 
pitch and yaw error at a location B for the Y-axis. From equation 33 we can easily find 
the basic positioning error for the Y-axis. While we measure positioning error a with 
laser, we actually measure totalyyY∆ . 

4.5.3  Z axis 

When we measure the Z-axis with a laser interferometer, we keep the X and Y-axis at a 
fixed location, only Z-axis moves from oC  to C. Roll, Pitch and Yaw is recorded at some 
suitable interval during the movement. The X-axis is mounted over the Z axis, which 
means the position of the X-axis will affect the total positioning error because the offset 
distance will be changed based on the position of X-axis. 

We can find the relation between the total positioning error and the basic positioning 
error for the Z-axis in a similar way as described in 4.5.1 and 4.5.2 Total positioning error 
for the Z-axis is given by the following equation 

zzoyzoxzxzxzzzwywyxwxxzwxtotalzz ∆ZCAaCAbXk∆XXbaAPAPaAPbbAP∆Z ++−++−++−−=
        (34) 

where totalzzZ∆ , zzZ∆ , zb  and za  are total positioning error, basic positioning error, 
yaw and pitch error at a location C for the Z-axis. From equation 34 we can easily find 
the basic positioning error for the Z-axis. While we measure the positioning error with a 
laser we actually measure totalzzZ∆ . In equation 34 there is X-axis travel info to indicate 
that X-axis travel distance works as an offset for the Z-axis because the X-axis is 
mounted over Z-axis. 



 
 

59

4.5.4  Disadvantages of laser error modelling system 

Actual machines have different kinds of errors including thermal, geometrical, random 
vibration cutting forces etc. Sometimes the error is compensated for each other, especially 
if we consider roll, pitch and yaw together. With the laser system, the disadvantage is that 
no thermal error has been considered in this model. However, if we just consider the pitch 
error or the position error, we are able to update the compensation table with the result of 
this measurement. The compensation table is used for compensating error in the linear or 
orthogonal direction of an axis. In this model, basic positioning errors include thermal 
and other non-describable errors. Some CNC controllers have option and memory to 
collect the feedback-measuring signal for users from which we can find the basic 
positioning error (Ibaraki et al, 2001). 

4.6  Modelling for linear comparator measur ing system 

The VM182 linear comparator can be used for acceptance testing, inspection and 
calibration of machine tools and measuring equipment with a traverse range up to 1520 
mm. Machine tool builders and distributors can determine the linear and non-linear 
curves as well as the reversal error of machine axes according to ISO 230-2. In addition 
to determining the position error, the VM182 also measures guideway error perpendicular 
to the traverse direction of the measuring axis 1± mm (Heidenhain, 1997). Figure 7 
shows a typical set up for X-axis measurement of the Mitsui Seiki machining center. 
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Fig. 7. VM 182 measurement set-up for  Mitsui Seiki. 

The VM182 consists of a steel scale with a graduation of very high accuracy and a 
scanning head that moves over the graduation without mechanical contact. When the 
scanning head moves along the rail it reads the linear positioning error as well as the 
positioning error for the perpendicular direction. For example, for the Y-axis movement, 
it can measure the total positioning TotalyyY∆  error and the transverse error such as yxY∆  
and yzY∆ . The VM182 device can measure only one transverse error at a time. To 
measure other transverse errors, we put the device in a perpendicular position and we find 
the other transverse error (See figure 7). 

4.6.1  VM182 modelling for X-axis 

While we measure the X-axis, we keep the other two axes in a fixed location. The rail can 
be placed along the XZ plane to find the total linear error in the X direction and the 
transverse error in the Z direction. And later we can put the rail in a perpendicular 
direction on the XZ plane to find the transverse error in the Y direction. In VM182 
measurement, we don't have any information about RPY at any location (as with 
laser/Levelmeter measurement) of the axis movement. Instead, we receive the total 
positioning error in three directions (one linear and two orthogonal). 
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We can express the real position the for X-axis by the following equation: 
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totalxxX∆ is the total positioning error in the X direction when the slide is moving in the 
X direction and totalxyY∆ is the total positioning error in the Y direction when the slide is 
moving in the X direction. totalxzZ∆ is the total positioning error in the Z direction while 
the slide moves in the X direction. The origins of these errors are due to the fact RPY, 
bending, curvature of the drive axes, thermal, servo etc. totalxxX∆  should be same as 
found by the laser measurement system. 

4.6.2  VM182 modelling for Y axis 

While we measure the Y-axis we keep other two axes at a fixed location. The rail can be 
placed along the YZ plane to find transverse error in the Z direction. Later, we can put the 
rail in a perpendicular direction on the YZ plane to find transverse error in the X 
direction. We can express the real position of the Y-axis by the following equation: 
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totalyxX∆ is the total positioning error in the X direction when the slide is moving in the Y 
direction. totalyyY∆  is the total positioning error in the Y direction when the slide is 
moving in the Y direction. totalyzZ∆  is the total positioning error in the Z direction while 
the slide moves in the Y direction. The origins of these errors are due to RPY, bending, 
curvature of the drive axes, thermal, servo etc. totalyyY∆  should be same as found by the 
laser measurement system. 

4.6.3  VM182 modelling for Z-axis 

While we measure the Z-axis we keep other two axes at a fixed location. The rail can be 
placed along the XZ plane to find transverse error in the X direction. And later we can put 
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the rail in a perpendicular direction on the XZ plane to find transverse error in the Y 
direction. We can express the real position of the Z-axis by the following equation: 
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totalzxX∆  is the total positioning error in the X direction when the slide is moving in the 

Z direction.  

totalzyY∆  is the total positioning error in the Y direction when the slide is moving in the Z 

direction.  

totalzzZ∆  is the total positioning error in the Z direction when the slide moves in the Z 

direction. The origins of these errors are due to RPY, bending, curvature of the drive axes, 

thermal, servo etc. totalzzZ∆  should be the same as found by the laser measurement. 

Again volumetric error can be defined for VM182 measurement by equations 35, 36 and 
37 and by using equation 14, 15 and 25. We find the volumetric error for any point in the 
working space by the following equation for the VM182 measuring system (equation 38). 
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4.6.4  Relation between VM182 and laser measurement 

For a particular axis, when we measure with a laser device we measure total positioning 
error, roll, pitch and yaw in separate cycles. When the slide or spindle is moving along 
the axis, the machine produces also transverse error, but a laser measuring system can’ t 
capture the transverse error because of it’s working principle. On the other hand the 
VM182 device is capable of recording linear error (total positioning error) as well as 
transverse error at the same time. The machine can produce total transverse error in the 
other two directions perpendicular to the moving axes. With VM182, we can measure one 
total transverse error and the total positioning error at the same time. So the position error 
measured by the laser system and the total position error measured by the VM182 should 
be equal. 
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4.6.4.1  Relation for X-axis 

totalxxX∆  (of equation 35) is measured by a VM182 device when linear positioning for 
X-axis is measured. totalxyY∆  and totalxzZ∆ are the total transverse errors in the Y 
direction and the Z direction while the slide is moving in the X direction. All these three 
total positioning errors can be computed based on the result of laser measurement. 

xxxwzxwytotalxx ∆XbAPcAP∆X ++−=     (39) 

where totalxxX∆ , xxX∆ , xc  and xb are total positioning errors (measured by VM182), 
basic positioning error, pitch (measured by laser) and yaw (measured by laser) error at a 
location A for the X-axis 

totalxyY∆ and totalxzZ∆ can be found by multiplying equations (22) and (10) and then 
equating Y and Z positioning error. Thus we have, 

xyxyxwzxwxtotalxy Xk∆YaAPcAP∆Y ++−=     (40) 

xzxzwyxwxxtotalxz Xk∆ZAPaAPb∆Z +++−=    (41) 

Left hand side of equations (39), (40) and (41) are computed based on the right hand side 
components (measured by a laser measuring system), thus we can obtain or simulate trace 
for a VM182 measurement system.  

4.6.4.2  Relation for Y-axis 

totalyyY∆  (of equation 36) is measured by a VM182 device when linear positioning for 
the Y-axis is measured. totalyxX∆ and totalyzZ∆ are the total transverse errors in X the 
direction and Z the direction while the slide is moving in the Y direction. All these three 
total positioning errors can be computed based on the result of laser measurement. 

yyyszysxtotalyy ∆YaBPcBP∆Y +−=      (42) 

Where totalyyY∆ , yyY∆ , yc and ya are total positioning error (measured by VM182), 
basic positioning error, pitch (measured by laser) and yaw (measured by laser) error at a 
location B for the Y-axis 

totalyxX∆ and totalyzZ∆ can be found by multiplying equations (23) and (13) and then 
equating X and Z positioning error. Thus we have, 

yxszysyytotalyx ∆XBPbBPc∆X ++−=     (43) 
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yzyzsyysxytotalyz Yk∆ZBPaBPb∆Z +++−=     (44) 

The left hand side of equations (42), (43) and (44) are computed based on the right hand 
side components measured by a laser measuring system, so we can simulate Y axis 
measurement for VM182 if we have data from laser measurement. 

4.6.4.3  Relation for Z-axis 

totalzzZ∆  (of equation 37) is measured by a VM182 device when linear positioning for 
the Z-axis is measured. totalzyY∆  and totalzxX∆  are in the total transverse errors in Y 
direction and X direction while the slide is moving to the Z direction. All these three total 
positioning errors can be computed based on the result of laser measurement. Equation 
(16) is subtracted from equation (26) and equating the Z component 

zzoyzoxzxzxzzzwywyxwxxzwxtotalzz

�
ZCAaCAbXk

�
XXbaAPAPaAPbbAP

�
Z ++−++−++−−=

        (45)  

Where totalzzZ∆ , zzZ∆ , zb  and za  are total positioning error (measured by VM182), 
basic positioning error, pitch (measured by laser) and yaw (measured by laser) error at a 
location C for the Z-axis 

totalzyY∆ and totalzxX∆ can be found by subtracting equation (16) from equation 26 
and then equating X and Y positioning error. Thus we have 

zxozzoyzxxzwzwzxzwyxwytotalzx

�
XCAbCAc

�
XbAPAPbcAPcAP

�
X ++−+++−−=

        (46) 

xwzxyxyzyxwxzozwzzoxwxtotalzy aAPXk
�

Y
�

YcAP)aCA(AP)cCAX(AP
�

Y −+++++−++=
        (47) 

The left hand side of equations (45), (46) and (47) are computed based on the right hand 
side components (measured data by laser measuring system) so that we can plot or 
simulate Z-axis measurement for VM182 measurement. That means if we have 
measurement data from a laser we can predict VM182 traces and later when we compare 
these traces with the result obtained by VM182 measurement with a similar set-up. 

4.7  Modelling for an Inclinometer Measur ing system 

In a Levelmeter measuring system, electronic levels are used to measure RPY of an axis 
with some interval. The measuring system is quick to assess a machine tool. To know 
about the volumetric error of a machine tool, we can interpret the results. In our 
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modeling, we have used vector/matrix to calculate the volumetric errors. We can compare 
the results with other measuring systems, such as VM182, to validate our results. 

4.7.1  Principle of the inclinometer 

The inclinometer is moved along the axis of machine a tool with a suitable interval. 
Measuring data is recorded to PC via an RS232 cable for processing. An inclination to the 
right is positive and declination to the right is negative. The measured data is expressed in 
micrometer/meter. Following are the components of the measuring system: 

− Electronic level: with a calibrated analog and digital signal output is measuring the 
smallest angular difference related to the earth’s center of gravity and sends a 
proportional signal to the computing system (PC), 

− Interface: A level adapter 2000/Interface box, changes the analogue signal to digital 
signals and compares the two signals when using a differential measuring mode, the 
signal will be transferred to the computer's COM connection via RS232 cable, 

− Levelsoft software that collects the data from RS232 port and present to the user. 

With a Levelmeter, we can measure the following. 

− Lines (straightness) 

− Lines with twist 

− Parallelism 

− Surface flatness 

− Measurement on Machine Tools 
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Fig. 8. Levelmeter  working pr inciple. 

According to figure 8, the data received at point 1 and 2 are shown in the following table. 
Y is expressed in µ m, and X has been expressed in meters: 

Table 1.  Level meter error magnitudes. 

Point 1 
mm

X

Y
/

1

1 µ  

Point 2 
mm

X

Y
/

2

2 µ  and so on 

In the first location, the machine bed is inclined positively with an angle 1α , and in 
second position, the machine bed is inclined with an angle 2α . These angles are 
expressed as mm/µ  as shown in the above table. 

Depending on the position of the inclinometer, we can find roll or pitch error of the 
machine axes. 

By measuring the guide ways in parallel lines, we can assess the whole working 
surface of the machine tools. This error can be used in same way as laser modelling. With 
this method, we can't measure total positioning error, but using equations 14 to 30, we 
can find the tool tip and total positioning error for a particular point in the workspace. 

Measuring Direction

α1

α2

X1

Y1

Y2

X2
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4.8  Modelling for a DBB Measur ing system 

The double Ball Bar (DBB) method is a device for measuring volumetric error of 
machine tools. Volumetric error is expressed in three dimensions as the total overall error 
of a machine tool (Kim et al 1991). DBB consists of two high precision balls and two 
magnetic sockets. The precision ball can move in an axial direction, enabling one to 
record the telescopic movement by the Moiré scale. The obtained signals are AD 
transformed and shown on a digital counter. The numerical values from the counter are 
processed by personal computer and the deviation from the base circle is plotted as a 
motion error trace by an XY plotter. DBB can be used to measure the motion error of 
multi-axis milling machines, boring machines and industrial robots driven by NC and 
having circular interpolation motion in control a system (Kakino et al 1993). 

4.8.1  Principle of DBB test method 

In the DBB method, the error vector is derived based on the difference of actual point and 
commanded point positioned by the machine. In reality, the two points are not the same, 
though they should be same. The commanded point is P (X, Y, Z) and the actual point is 
Ṕ ( X´, Y´, Z´). In the real machining centre, the difference between the two points is 
expressed by error vector as follows (Kakino et al 1993): 

Cx = X´-X , Cy = Y´-Y and Cz = Z´-Z     (48) 

Thus C = (Cx, Cy, Cz ) 
C represents an error vector and it is a function of point P. 
In the DBB method, the volumetric error is measured in terms of circular 

interpolation. By producing a trace pattern of major error origins, and observing at what 
scale those patterns appear in the DBB motion error trace, the error origin and their size 
can be diagnosed. However, in the machine tool, sometimes we find the same kinds of 
error trace patterns for different error origins. In this case, we have to measure the 
machine in a different plane, with different feed motion, and in different direction of 
circular interpolation. In this way, we can come to conclude the error origin and the 
magnitude of the error.  

The machine is programmed to perform a circular interpolation with a radius of R that 
is equal to the DBB radius. Let the interpolation be done around a fixed point Po 
(Xo,Yo,Zo) in the space. In this point, one ball is fixed and the other ball is fixed with 
P1(X1, Y1, Z1) in the tool holder of the machine. We can express the relation by (Kakino 
et al 1993) the following equation. 

R2 = (X1 - Xo)2 + (Y1 - Yo)2 + (Z1 - Zo)2     (49) 



 
 

68

The actual position of the machine always includes error. If the error vector at the point 
Po is Co= (Cxo, Cyo, Czo) and at P1 is C1= (Cx1, Cy1, Cz1), then the elongation of the 
DBB bar is given by ∆R in equation 49. In equation 50,the actual center of the spindle 
socket and actual centre of table socket are expressed by )Z,Y,(XP 1

'
1
'

1
''

1  and 
)Z,Y,(XP o

'
o

'
o

''
o . By considering elongation and the actual point in the three 

dimensions we can write (Kakino et al 1993) 

2'
01

'2'
01

'2'
01

'2 )()()()( ZZYYXXRR −+−+−=∆+    (50) 

Expanding and neglecting small error terms and putting equation 48 in equation 50, we 
get an expression for the increase in radius (Kakino et al 1993). 

Fig. 9. Working steps for  DBB measurement. 
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        (51) 

Develop error vectors 

Theoretical error traces 

Measure machine 

Compare actual and 
theoretical traces 

Find error origin and 
magnitude 

Take corrective actions 
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X

YZ
Y'

α

Y

Now substituting the following to the above equation, we can express the changes in 
radius (Kakino et al 1993) 

(X1-X0, Y1-Y0, Z1-Z0) = (X, Y, Z) and (Cx1-Cx0, Cy1-Cy0, Cz1-Cz0) = (Cx, Cy, Cz) 

∆R
C X C Y C Z

R
x y z=

⋅ + ⋅ + ⋅( )
     (52) 

Equation 52 gives the changes in the radius in the circular interpolation motion. Any 
deviation in the motion is recorded by the DBB and passed to the data processing system 
to be drawn by an XY plotter. 

4.8.2  Theoretical error trace pattern 

The error trace patterns are different for different error origins and for different machines. 
The individual structures and feed motion of machines are important for DBB 
measurement. Before developing theoretical error trace patterns, we should know the 
DBB radius, magnitude of the error and rotation plane. Here we shall develop the trace 
pattern of a horizontal machining center for squareness error. For the rest of the error 
trace development see book by Kakino (Kakino et al 1993) 

Fig. 10. Squareness error  when Y-axis tilts at angle αααα on XY plane. 

An elliptical shape is observed if the machine has a squareness error as shown in figure 
10. The corresponding DBB measurement simulation is shown in figure 11. The 
measured trace should not change direction if we change the circular interpolation 
direction. 
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Fig. 11. Representation of squareness er ror  on XY plane for  figure 10. 

4.8.3  Drawbacks of DBB method 

Major drawbacks of the DBB method are that DBB captures actual data, which has 
resulted from multiple error origins. Some of the errors magnify the effects of each other 
and some cancel each other. We can be sure to a certain level if we make multiple 
measurements by changing the measurement parameters such as CW or CCW, DBB 
measurement length, measurement position in the working space etc. When an axis has a 
local straightness error, ball bar software can think the local straightness error as a 
squareness error and DBB software will display the result almost as a squareness error in 
both cases (straightness and squareness error). When a machine has error such as in 
figure 10, then the DBB trace will be like figure 11 but the opposite is not true, which 
means if a machine makes an elliptical shape during measurement then the error origin 
may be or may not be a squareness error. 

We can illustrate an example with the following figure (Figure 12). If the X-axis of the 
measured machine is either as an upper part or a as lower part of the figure, in both cases 
DBB software will display it almost as squareness error. Of course, we can identify the 
error origin if we change the measurement area along the axis, but in that case DBB is no 
longer a quick method to measure machine tools. 
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Fig. 12. DBB drawback: difficult to separate different error  or igins without multiple 
measurements. 

4.8.4  Relation between DBB with laser and VM182 

We are able to interpret one measurement result in other ways around. We have shown 
the relation between laser and VM182 measurement results in section 4.6.4. Now we can 
find a relation between the static measurements (VM182, laser and Level meter) and 
dynamic measurements such as DBB and KGM. These relationships can play a very 
important role when validating other measurement results. Often, the machine tool 
measurement and measuring systems are very complicated to understand because of sign, 
angular rotations and minute positioning error. 

4.8.4.1  Static Measurements 

This measurement is such that a position deviation is measured in the linear axes using a 
comparator system, permitting conclusions exclusively on the geometric accuracy of the 
machine. Conventional inspection and acceptance testing of machine tools has been 
limited essentially to static measurement of the geometrical machine structure without 
load. Normally one axis is measured at a time. Effects of other axes' error are minimal. 
Laser interferometers, linear comparators, inclinometers etc. are examples of static 
measurement. 
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4.8.4.2  Dynamic Measurements 

Dynamic measurements, especially at high traverse speeds, provide information on 
contouring behaviour that permits conclusions both on the conditions of the machine tool 
and on the parameter settings of the control loop consisting of CNC control, drives and 
position feedback systems. Accuracy of machining depends on dynamic deviations from 
the nominal contour and on high acceleration in the machine tool as well. DBB and KGM 
are examples of dynamic measurement. 

4.8.4.3  Laser measurement to DBB measurement 

With a laser interferometer, the total positioning error is measured with a suitable interval 
along the axis. An error between two measurement points can be found by the following 
equation: 

F
EE

EE ii
iptdes ×

∆
−+= +1

_      (53) 

where ptdesE _  is the error at a desired point, ∆ is the measuring interval and F is 
mantissa.  

In DBB we make a circular interpolation on a plane; while the spindle head makes a 
circular interpolation and DBB makes records of radial changes with a certain interval 
(for example 1200 points around a circle). If we calculate 1xC , xoC , 1yC , yoC , 1zC  
and zoC  of equation 52 with the help of equations 14, 15, 26, 27, 28, 29 and 30 we can 
find R∆  for that point. We can calculate as many points as possible around the periphery 
of the circle. If we plot the changes of radius with an ideal circle we get the approximate 
DBB trace (which is comparable to the result obtained by the DBB method). The process 
of finding DBB traces from static measurement is shown in the following figure (Fig 13). 
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Fig. 13. Static measurement to dynamic measurement conversion. 

A major disadvantage of this conversion algorithm is that in static measurement we don’ t 
have information about cross coupling effects (the effects when two or more axes move 
simultaneously). In the simulated traces, those errors are reflected accurately, which are 
not dependent on cross coupling effects (for example geometric errors) 

4.8.4.4  VM182 measurement to DBB measurement 

In VM182 the total positioning error is measured on a suitable interval. The error 
between two measurements points can be found by equation 53. 

In DBB, we make a circular interpolation on a plane. While the spindle head makes a 
circular interpolation and makes records of radial increase with a certain interval (for 
example 1200 points around a circle). If we calculate 1xC , xoC , 1yC , yoC , 1zC  and zoC  
of equation (52) with the help of equations 14, 15, 35, 36, 37, 38 and 52 we can find R∆  
for that point. We can calculate as many points as possible around the periphery of the 
circle. If we plot the changes of radius with an ideal circle we get the approximate DBB 
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trace (which is comparable to DBB method). The working steps for these methods are 
same as shown in figure 13. 

4.8.4.5  DBB measurement to laser and VM182 measurement 

In DBB, we receive changes in radius due to error between the centers of the sockets and 
control points of the circular traces. This change in radius is recorded while the spindle 
moves around the center socket. This change in radius is the result of geometric error, 
servo error, cross coupling error, ball screw pitch error, thermal error etc. We can find the 
actual tool tip location from the changes in radius in the reference coordinate system. The 
actual tool tip and ideal tool tip can be analysed. From this we can approximate the 
angular error (RPY), positioning error etc. with inclinometer, VM182 and laser 
measurements. We are able to make circular tests with different radius depending on the 
DBB bar used or by making the device inclined to the plane (Kakino et al 1993, DBB 
measuring manual). If we use a longer radius, we get information about the axis in wider 
ranges. Figure 14 shows the principle of these conversion methods, which is basically in 
reverse direction of figure 13. 

Equation 52 can be rewritten as a linear equation of n variable if we have n R∆  

0011 ..... xaxaxaR nnnnn +++=∆ −−      (54) 

where n varies from 1 to N (maximum number of measurement points along the 
periphery of the circle) and nx , 1−nx ,…. ox  are the variables of linear equations. If we 
want to obtain error components of a laser measurement a system (RPY and positioning 
error) then these variables will denote these, if we want to obtain error components of 
VM182 measurement system, then these variables will denote total positioning error and 
two orthogonal errors and if we want to obtain error components of inclinometer 
measurement then these variables will denote those components. That means when we 
have several changes in radius around the measuring circle, we are able to approximate 
the components of error at those positions. If we have enough data then we can form a set 
of linear equations. But unfortunately in DBB measurement, we get the changes in radius 
at a point on the periphery, which is a result of a combination of different errors (for 
VM182 devices two orthogonal errors and one positioning error for each axis on any 
point of the axis). 
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Fig. 14. Static measurement from dynamic measurement. 

In this section we modelled for DBB measurement to VM182 measurement, but other 
conversions, for example, DBB measurement to laser or inclinometer can be done in a 
similar way.  

We develop a conversion method for converting DBB measurement for the XY plane 
to parameters for VM182 measurement. Conversions for other planes can be done in a 
similar way. 

Equation 38 is generic as a volumetric error equation that gives a magnitude of error 
for a point in the workspace, which can be simplified to equation 55 for XY plane (Z axis 
error has no effect in DBB measurement on XY plane). 
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Using equations 52 and 55 we get the following set of equations that expresses changes 
in radius for location 1 to N on the XY plane of Mitsui Seiki machining centre. Equation 
52 can be rewritten for the XY plane 

R

YCXC
R yx )( ⋅+⋅

=∆        

Using the following relations in the above equations we get a general equation that 
describes the changes in radius for a point on the periphery of the DBB ideal circle in 
terms of the variables of VM182 measurement. xoxpx CCC −= , yoypy CCC −= , 

θCRX ⋅= , θSRY ⋅=  ( )sin(θθ =C , )cos(θθ =S ) and  

xpC  is an error component in the X direction on the periphery of the circle which is 
equal to xxpyxp XX ∆−∆  

xoC  is an error component in the X direction on the center of the circle which is equal to 

xxoyxo XX ∆−∆  

ypC  is an error component in the Y direction on the periphery of the circle which is 
equal to xypyyp YY ∆−∆  

yoC  is an error component in the Y direction on the center of the circle which is equal to 

xyoyyo YY ∆−∆ (Kakino et al 1993) 

)()()()(
�

R xyoyyoxypyypxxoyxoxxpyxp YYSYYSXXCXYC ∆−∆−∆−∆+∆−∆−∆−∆= θθθθ
        (56) 

Fig. 15. DBB measurement with different changes in radius along the per iphery (solid/dotted 
line ideal/real traces). 

If we have DBB traces (obtained by measurements), then we can use equation 56 to 
simulate VM182 variables .A major problem of this equation is that we know R∆  and 
θ  for a point and we have more variables to solve. We can reduce the number of 
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variables by using figure 15. Point 1 and 2 are on the same location of the X-axis which 
means they have the same error components. By this we can find a set of equations. If 
angular rotation at point 1 is 1θ  and at point 2 is 2θ  then we have a relation between 

1θ  and 2θ , which can be expressed by 122 θπθ −= , also we use the following 
relationship. 

21 xxpxxp XX ∆=∆ and 21 xypxyp YY ∆=∆  

)(1)(1)(1)(1
�

R1 1111 xyoyyoxypyypxxoyxoxxpyxp YYSYYSXXCXYC ∆−∆−∆−∆+∆−∆−∆−∆= θθθθ
                       (57a) 

)(1)(1)(1)(1
�

R2 1212 xyoyyoxypyypxxoyxoxxpyxp YYSYYSXXCXYC ∆−∆+∆−∆−∆−∆−∆−∆= θθθθ
                       (57b) 

and in a similar way for point 3 and 4 with the following relation, 

34 θπθ −= , 43 yxpyxp YY ∆=∆  and 43 yypyyp YY ∆=∆  

)(3)(3)(3)(3
�

R3 3333 xyoyyoxypyypxxoyxoxxpyxp YYSYYSXXCXYC ∆−∆−∆−∆+∆−∆−∆−∆= θθθθ
                       (57c) 

)(3)(3)(3)(3
�

R4 4343 xyoyyoxypyypxxoyxoxxpyxp YYSYYSXXCXYC ∆−∆−∆−∆+∆−∆+∆−∆−= θθθθ
                       (57d) 

In these equations, R∆  is a change in radius at any point on the periphery. Relationship 
and changes in radius at other point along the periphery of the ideal circle can be obtained 
by the same way. Thus we can predict RXo +  to RXo −  of the X-axis and RYo +  
to RYo +  for the Y-axis for VM182 measurement, where oo YX ,  is center of circular 
interpolation and R  is the radius of the DBB ideal circle. 

If we had VM182 measurement we could obtain simulated DBB traces fairly easily, 
but the opposite way, such as we are trying to do so in this section, is hard and impossible 
to predict uniquely. We can reduce the number of variables by considering DBB 
measurement on the YZ and ZX plane (with same centre of rotation) in the same way. 
But in any case, it is not possible to solve analytically and uniquely. By the trial and error 
method we can approximate these variables that best fits the changes in radius at that 
point. Thus, we can use these relationships to test the measurement result when we have 
VM182 measurement and DBB measurement for a particular machine.  
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4.9  Summary 

A machine tool’s ideal situation and real situations are different. Even a new machine can 
produce error due to of installation, thermal error etc. However, with time, error profiles 
are changed.  

The modelling of machine tools to simulate errors is complex. This complexity is 
reduced by small angle assumption. Static measurement gives information about an axis 
at a time. Static measurements are simple to perform and easy to realize. On the other 
hand, dynamic measurement is complex and difficult to realize in real machine tools. 
Modelling of VM182, laser etc. is simple because of its single axis movement at a time. 
On the other hand, DBB, KGM are complex to model. For example, in DBB we get only 
changes in radius that is the result of multiple error origins. Some of the error cancels its 
effects on the final tool tip and some might increase the magnitude. If we want to increase 
our confidence in a measurement, we need some way to validate the measurement. From 
VM182, by laser we can approximate DBB modelling, but the opposite way is more 
complex. In DBB we get only changes in radius that is a combination of different kinds 
of error. If we think this in analytical way, we have more variables than number of 
equation we have. That leads us to use trial and error methods to simulate VM182 
measurement obtained from DBB measurement. 



 

5 Error or igin identification of machine tools 

5.1  Classification of measur ing systems 

Measuring systems may be classified into two classes. Different measuring methods can 
have different advantages and disadvantages. There is no single measuring system that 
can measure the machine tools completely. In some measuring systems machine tools 
interact in a complex way (for example DBB and KGM measurement system), in some 
measuring systems it does not interact (laser, VM182, KGM (if used as VM182) level 
meter). However, it is difficult to be sure about the measurement result as the machine 
errors are a combination of multiple error origins. So, most often we use multiple 
measuring systems to be sure about the measurement. 

5.1.1  Direct cutting test 

In this test, the machine cuts the work piece, which is measured and tested to find the 
error origins in the machine tools. However, in this test the result is greatly influenced by 
the way in which tool, fixture and work piece are mounted and also by the cutting 
mechanism. Due to cutting and inspection of the piece, it is time consuming. In this test, 
for example, CMM may be used to inspect the test piece. The desired dimensions and the 
actual dimensions obtained from the CMM are analysed from where we can conclude 
machine tools error origins. If a cutting mechanism does not affect greatly then the result 
obtained by indirect method should match with the result a of direct test, but in practice 
there are always the effects of the cutting tools used, the presence of cutting forces, the 
work piece material and surface finish of the test piece. To minimize the cutting forces, in 
most cases aluminium work pieces are used. Another problem in the direct cutting 
method is that it is greatly influenced by the accuracy of CMM itself. 
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5.1.2  Indirect test 

In this test we don't use the machine to cut material, instead we command the machine to 
move with a linear or circular interpolation motion. By some suitable device we can 
measure the position of the spindle tip with respect to some reference point. We can 
analyse the motion error traced by the measuring devices and can estimate the possible 
error origins. For example DBB, Laser interferometer, VM182, cross grid, inclinometers 
etc. are these types of instruments. The best advantages of these methods are fast 
measurement results. Among these measurement methods, laser measurement is most 
time consuming measurement. There are no involvements of cutting processes in these 
methods. 

5.2  Measurement of a hor izontal machining center  

As a reference machine, we have used a horizontal machining center, the Mitsui Seiki HR 
5B. Several measuring methods have been used to measure the machine. One kind of 
measuring result has been used to predict or validate the result made by other measuring 
methods. We have used the following measuring methods to measure; 

− Laser interferometer measuring method, 

− A Linear Comparator measuring method (HeidenhainVM182), 

− An electronic level measurement (Wyler Inclinometer 2000), 

− A Double Ball Bar (DBB) measuring method, 

− Direct cutting method. 

In this section, we present the measurement results for different measuring systems and 
the predicted results for other measuring systems based on each measuring system. 

5.2.1  Laser interferometer method 

By the laser interferometer, we can measure almost all axes. Normally, the RPY and total 
positioning errors are measured. One axis is measured at a time, while the other axes are 
kept motionless. In the following, we present some of the measurement results obtained 
by HP laser interferometer measurement of the Mitsui Seiki 3,5 axes machining center. 
All the measurements were done from a reference point to another direction while 
keeping other axes fixed. The machine was commanded to move from the reference point 
to a negative direction (the reason was that in Mitsui Seiki machine the reference point is 
located in a corner and machine must move to a negative direction of the coordinate 
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system in the work space). On the other hand if we see the pallet (not the tool), it was 
moving from reference point to + direction for the X and Z-axis. The movement direction 
is shown in figure 24. 

From figure 16 we can say that the positioning error increases when the pallet moves 
from the reference point to +X direction (tool moves to –X direction). Positioning error at 
a distance 400 mm from reference point is 10 um at 500 mm 11 um and so on. An 
intermediate point, such as at 450 mm, can be found by equation 53. In figure 24, the 
pallet was moving from 0A  to the A direction. 

Fig. 16. The positioning error  of X-axis of M itsui Seiki (position error  increases as travel 
distance increases) 

Fig. 17. The pitch error  of X-axis of M itsui Seiki (wear  in the middle of stroke) 

From figure 17, we can say that the X-axis pitch error (work table rotates around the Z 
axis) changes sinusoidally. The worktable rotates clock wise up to 260 mm and starts to 
rotate counter clockwise. At the end of stroke it has rotated –3.5 arcs second. From figure 
18 we observe that the worktable rotates in a clockwise direction the around X-axis from 
the reference point to the end of stroke. This type of error produces orthogonal error in 
the Z direction to the final tool tip point. 
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Fig. 18. The roll er ror  of the X-axis of M itsui Seiki (continuously increasing in negative 
direction). 

 

Fig. 19. The yaw error  of X-axis of M itsui Seiki (M ore wear  in the middle). 

Fig. 20. The pitch error  of the Y-axis of M itsui Seiki (increasing with stroke). 
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Fig. 21. The yaw error  of the Y-axis of M itsui Seiki (increasing with stroke) 

Fig. 22. The linear  error  of the Y-axis of Mitsui Seiki (increasing with stroke) 

Fig. 23. The roll er ror  of the Z-axis of M itsui Seiki (increasing with stroke) 
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We can find the orthogonal errors if we know the offset distance (from center of X-axis to 
work piece point) from the machine structure. Figure 19 shows the yaw error (rotation 
around the Y-axis) for the X-axis. The magnitude of error is small but it changes direction 
randomly. There is no effect for a point on the X-axis because rotation is around the Y-
axis but if there are offset distances in the X and Z direction (in the work table), this error 
will be magnified. 

Figures 16 to 23 describe different kinds of error found from laser measurement of a 
Mitsui Seiki 3.5-axis machining center at the Production Technology Laboratory.  

Fig. 24. Star t/Ending of M easurement and its positive direction for  figures 16-23. 

If we consider each axis individually, then positioning error comes from the defect of that 
axis. In most cases, we run multiple axes at the same time which means we get a 
combination of all these error at the final tool tip point. Some error components cancel 
each other out and some may magnify the error, depending on the axes and errors. 

5.2.1.1  Laser measurement to DBB measurement 

An empirical relation can be derived from the laser interferometer measurement result. 
The basic principle is that we have error information of the machine tool by measuring 
with a laser system. Now, by using these errors’s information, we can plot circular 
interpolation by using equations 26, 27, 28, 29, 52, and 53. The derived trace pattern 
(simulated DBB trace) obtained from laser interferometer measurement is shown in 
figure 25 and figure 26 shows the result of actual machine measurement by a DBB 
system. These trace patterns are not exactly similar, but we can explain why there are 
differences. In both case, there are similar error trends.  
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Table 2. Comparison between simulated traces (from laser measurement) with DBB 
measurement. 

Method Feedrate 

mm/minute 

Scale (µm 

/division) 

Circularity Max Rad. 

deviation (µm) 

Min Rad. 

deviation 

(µm) 

Simulation from laser 

measurement to DBB 

measurement 

N/A 6 6.4 3.3 -3.1 

DBB measurement 500  5 15 8 -7 

Fig. 25. Simulated trace obtained from laser  inter ferometer  measurement. 

Fig. 26. Trace obtained from DBB. 
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Figure 25 is plotted based on laser measurement. With a laser interferometer 
measurement result, we have predicted DBB trace theoretically. Figure 26 is obtained by 
DBB measurement. In the simulated trace, backlash has not been considered, so there is 
clearly backlash in negative X direction. On the other hand from DBB real trace we see 
that DBB trace is more elliptical with the X-axis as the main axis, the reason could be a 
combination of the following (Kakino et al 1993) 

− Local thermal expansion of the X-axis (Uniform expansion of X-axis), 

− Roll error of Z-axis, roll error of Z-axis increases from reference point that means 
relation between X-axis and Y-axis seems to be like out of square (X-axis is mounted 
over Z-axis) which varies depending on the location of Z-axis (Figure 23). 

− Temperature effects have not been included in figure 25, 

− When DBB detects the tool tip, it actually detects the resultant effects of all geometric 
errors of those axes and related abbe effects. Resultant errors could be magnified or 
cancelled by individual error components. This is the main reason why there are 
difference between circularity and radial deviation. 

− Controller compensates some of the errors while doing circular interpolation, 

− Roll error for the Y-axis was not possible to measure because this axis is a vertical 
axis, if we had included this in our modelling we would have gotten a different result. 

Still there are some differences between figure 25 and 26.The most important differences 
are radial deviation and circularity. 

5.2.1.2  Laser measurement to VM182 measurement 

When a machine is a measured with VM182 device, we are able to record the total linear 
positioning error as well as orthogonal errors. In case of total positioning error 
measurement for any axis, a VM182 measuring system and laser measuring system 
should give the same output result. Figure 27 is the total linear error measured by a 
VM182 device that is comparable with total linear error measure by a laser-measuring 
device (Figure 16). The magnitudes of the errors are not exactly the same, due to the fact 
of thermal errors. The two devices have been used at different times, and thermal errors 
are time dependent. 
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Table 3. Comparison between laser and VM182 measuremenst for the X-axis. 

Method Feed rate 

mm/minute 

Scale 

(µm/division) 

Max positioning 

error (µm) 

Remarks 

Laser 500 As in graph 15 

VM182 500  As in graph 34 

Figure 27 and 16 are comparable. The 

results are different because there are time 

gaps between two measurements. VM182 

has been used lately and laser measurement 

was done early. In the mean time, the 

machine’s positioning performance has 

gone down. 

 
 

Fig. 27. X-axis measurement result with a VM 182 device 

 

The orthogonal error results from different kinds of geometric error as well as 
dynamic/kinematic error. The linear errors measured by both devices are quite similar, 
but the orthogonal error of the VM182 device can be simulated with the help of equations 
39-44. Figure 28 is simulated orthogonal error for a VM182 measurement system based 
on section 4.6.4 while the X-axis is moving from the reference point to another direction 
of the machine. Figure 29 is the corresponding measurement by VM182 device after 
removing the inclination error by VM182 manipulation SW.  
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Fig. 28. Simulated (for  VM 182 from laser) or thogonal movement for  the X-axis in the Y 
direction. 

The original raw measurement can be seen from the lower part of figure 30. Now from 
figure 28 and 29, we can see that there are differences between the traces. The main 
reason for this difference is the shifting of the angular error of the machine between the 
time of laser measurement and VM182 measurement. Maximum error in real VM182 and 
simulated measurement is observed at 400 and 600 mm respectively. Error direction and 
magnitude in both figures have similar trends though they are not exactly same. 

 
 

Fig. 29. Real or thogonal movement for  the X-axis in the Y direction (measured by VM 182 
device after  removing inclination error). 
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Table 4. Comparison between simulated traces (from laser measurement) with VM182 
measurement. 

Method Feed rate 

mm/minute 

Scale 

(µm/division) 

Max orthogonal 

deviation (µm) 

Remarks 

Simulation from laser 

measurement to VM182 

measurement 

N/A As shown in 

graph 

6 

VM182 measurement 500  As shown in 

graph 

9 

Figure 29 is lower part of 

figure 30 that has been found 

based on linear correction of 

inclination error. Figure 28 has 

been derived based on laser 

measurement. Maximum error 

has been found based on 

absolute error. 

 

Figure 28 is a simulated result based on laser measurement results, whereas figure 29 is a 
real measurement by a VM182 device for the X-axis in Y-axis direction (orthogonal 
error). The main reasons for these are:  

− Temperature effects have not been included in figure 28, 

− When VM182 detects the tool tip, it actually detects the resultant effects of all 
geometric errors of that axis under measurement, so some effects of angular error can 
be corrected or magnified. 

− Positioning of VM182 device on the table, the inclination error of the devices are 
corrected by SW, 

− The reason for maximum error position shifting is changes of geometric error during 
two real measurements due to quasistatic error or other kinds of error (for example 
collision).  

5.2.2   VM182 measurement to DBB measurement 

In VM182 measurement, we get linear and orthogonal error information while moving an 
axis at a time. The machine is commanded to move along an axis at a certain interval and 
the measuring device keeps a record of error at each interval. We can use this error 
information to predict possible DBB trace. We find the changes in radius by using 
equations 26, 27, 28, 29, 52, and 53.  

Figure 30 shows the VM182 measurement for the X-axis (X axis linear and Y axis 
orthogonal), figure 31 shows the measurement for the Y-axis as linear and the X-axis as 
orthogonal and figure 32 shows the simulated DBB traces. From the simulated DBB 
trace, we see that traces have shifted to a counter clockwise direction compared to real 
measurement with DBB (figure 26). The main reasons are described in section 5.2.1.1.  
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Fig. 30. VM 182 measurement for  the X axis linear  and Y-axis or thogonal. 

Fig. 31. VM 182 measurement for  the Y-axis linear  and X-axis or thogonal. 
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Fig. 32. Simulated DBB trace obtained from VM 182 measurement. 

Table 5. Comparison between simulated traces (from VM182 measurement) with DBB 
measurement. 

Method Feed rate 

mm/minute 

Scale (µm 

/division) 

Circularity Max Radial 

deviation (µm) 

Min Radial 

deviation (µm) 

Simulation from 

VM182 

measurement to 

DBB measurement 

N/A 6 13.09 9.28 -3.81 

DBB measurement 

(Figure 26) 

500  5 15 8 -7 

 

Figure 32 shows us that we are able to simulate DBB traces from the result of a VM182 
measurement system, which is comparable with figure 26. In this type of conversion, 
there is always some amount of error due to the fact that in the DBB measurement system 
there are effects of cross coupling, thermal expansion etc., which are not included in this 
modelling. 

The main reasons for these are:  

− Orthogonal errors, in VM182 devices are combination of many errors. 

− Temperature effects have not been included in figure 32, 

− When DBB detects the tool tip, it actually detects the resultant effects of all geometric 
errors of those axes and related abbe effects. Resultant errors could be magnified or 
cancelled by individual error components. 
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− A VM182 measuring device also measures the resultant effects (effects of RPY) of 
individual axis. So some error may magnify or cancel each other. As a result this, 
simulation result is closer than the circle obtained by laser measurement. 

− Rolling error of the Z-axis can produce error in Y direction based on the location of 
the Z-axis (effect will be same as squareness error between the X-axis and Y-axis) and 
VM182 device can’t detect it at all. 

5.2.3  DBB measurement to VM182 measurement 

When we have a dynamic measurement result such as DBB, we could approximate the 
static measurement of the axes with certain accuracy. Of course static and dynamic 
measurement are different in nature. In dynamic measurement, cross-coupling, servo 
response errors etc. are influencing the results. On the other hand we don’t see these 
affects on static measurement when we run an axis at a time. But if the geometric errors 
dominate in the machine tools we could convert the result of dynamic measurement to 
static measurement approximately (see mathematical model in chapter 4.8.4.5). Major 
problems in these conversion methods are that we have more variables to solve than the 
number of equations. We have used DBB as a dynamic measurement in this thesis. In 
DBB we get changes in radius on a plane, but if we had changes in radius in another 
plane, we could have solved it uniquely.  

From ideal and real machine tools circular interpolation, we could develop volumetric 
error equations for other static measuring system of machine tools. When a machine is 
commanded to make circular interpolation with a radius R, the changes in radius is 
recorded by the DBB device and changes in radius at a point is given by equation 52 
(Kakino et al, 1993). We rewrite the equation as follows where n varies from 1 to a 
maximum number of points on the periphery of the circle. In these experiments, we have 
considered only the XY plane for simplicity, so znC  is set to zero. 

R

)ZCYCX(C
∆R nznnynnxn

n

⋅+⋅+⋅
=     (58) 

where xoxpxn CCC −= , yoypyn CCC −= , and )cos(0 nn RXX θ⋅+=  and 
)sin(0 nn RYY θ⋅+=  as defined in section 4.8. If we have the value of ∆R, we can 

synthesize the linear and orthogonal error for VM182 measurement. A major problem in 
this case is we can’t solve it uniquely, so we get a set of values for those components, 
which satisfy the change in radius on a point of the ideal circle for DBB measurement. In 
the figure 33, we present linear error for the Y-axis (we can have another combination 
that fits the change in radius for considered points on the DBB traces). Figure 33 is 
comparable with the upper part of figure 31 from 250 mm to 550 mm. 
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Fig. 33. Simulated VM 182 trace obtained from DBB measurement (Y axis linear  error , best 
fit data). 

From this trace, we can say that linear error for the Y-axis varies from 0 um to -14 um 
with an error in the center (center of DBB trace, Y axis value was 400 mm) –4 um. 

Another disadvantage of this method is that we can get an error profile of the axis only 
from those areas where we are using the DBB ball bar. For example, if an axis is 1000 
mm long and we measure with a DBB radius of 150 long, then we get only information 
of 300 mm (+150 mm and –150 mm from center of the circle) . From figure 34 we can 
see that at the center of DBB trace ( X-axis center 365 mm), the linear error is .023 um 
and the error varies from approximately .022 um to.021 um from -R to +R of the X axis. 
Figure 34 is comparable with the upper part of figure 30 from a range of 215 mm to 515 

mm. 

Fig. 34. Simulated VM 182 trace obtained from DBB measurement (X axis linear  error , best 
fit data). 



 
 

94

5.2.4  Comparison of measuring methods 

In the following table, we have summarized the advantages and disadvantages of 
different kinds of measurement methods. Most NC machine tools measurement operators 
use multiple measurement systems to be sure (or to get more information about the 
machine) and validate the measurement results obtained by one kind of measurement 
system. Some information about other measuring methods can be found from the thesis 
done by Hölsä. (Hölsä 1999) 

Table 6.  Comparison of Measuring Methods. 

DBB Laser VM182 

Dynamic measurement, circular 

interpolation is used to command the 

machine. 

Static measurement, linear 

interpolation or point to point 

positioning is used to command the 

machine 

Static measurement, linear 

interpolation or point to point 

positioning is used to command 

the machine 

Two axes move simultaneously Single axis moves at a time Single axis moves at a time 

Cross coupling (effects of other axes 

movement) affects considerably. 

No effects of cross coupling. No effects of cross coupling. 

Backlash is detected at the quadratic 

changes of the circular traces. 

Backlash is detected without reverse 

direction of the measurement. 

Backlash is detected during reverse 

direction, which means if there is 

no reverse direction measurement, 

then no detection of backlash. 

Backlash is detected during 

reverse direction, which means if 

there is no reverse direction 

measurement then no detection of 

backlash. 

Squareness error is detected easily. Squareness error is difficult to 

detect. May be possible with 

different optics (Renishaw 2003). 

Squareness error is difficult to 

detect. 

Roll, Pitch, yaw and positioning 

errors are not easily visible to the 

traces. The reason for this is that it 

plots the traces as a combination of 

these errors. 

Pitch, yaw and positioning errors 

are measured separately, so these 

are visible to the traces. 

Roll, Pitch, yaw and positioning 

errors are not easily visible to the 

traces. The reason for this is that it 

plots the traces as a combination of 

these errors. 

Easy and quick to measure the 

machine. 

Easy but time consuming to 

measure the machine. 

Easy and quick to measure the 

machine 

No effect of cutting force. No effect of cutting force. No effect of cutting force. 

DBB measurement plots traces as a 

combination of different errors 

present in the machine, so the 

operator must have good skill to 

analyse the result. 

 

Laser measurement plots traces, 

which have a lower number of error 

origins. 

VM182 measurement plot traces 

which have a lower number of 

error origins. 



 

6 Error compensation of machine tools 

6.1  Compensation modelling 

Nowadays, software error compensation is used in coordinate measuring machines 
(Barakat et al 2000, Kruth et all 1994, Busch et al 1985 and Zhang et al 1985). The 
compensation task for the coordinate measuring machine is straightforward compared to 
the error compensation of machine tools. The machine must cut metal and continuously 
monitor the actual position and the desired position of the tool. Machine tools error 
compensation has been reported by (Chen at al 1993, Rahman et al 1997 and 2000, Suh et 
al 1999). These are based on generalized vector/matrix error modelling and then 
enhancing work accuracy by post processing or by manipulating the CNC signal. Many 
machine tools controllers support pitch error compensation, which means a pitch error 
table, can be updated in the controller and from where a controller can compensate it. 
Many modern controllers have much more built in features in it, for example the 
Heidenhain TNC 530 (Heidenhain 2002). The TNC exploit its jerk-limited acceleration 
for optimum path control in order to prevent machine oscillation at corners and during 
position approach. The Siemens 840D can do more at the controller level; with a feed 
forward control, excellent accuracy levels are achieved even with high machining speeds 
and with temperature compensation of the individual axis, four million increments per 
motor revolution ensure the highest positional quality (Sinumerik 2002). 

In this work, we have emphasis on geometric errors, which do not change rapidly. 
However, due to wear, the geometric error will change with time. Machine tools 
calibration with a long period of time shows that a calibration period of one year is 
advisable (Jun 1997). From time to time, the machine should be calibrated to take new 
error information into account. 
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Fig. 35. A machine tool er ror  compensation system, (1) Control software modification, (2) 
Control parameter  modification, (3) Post Processor  modification and (4) NC code 
modification used. 

Due to different errors in machine tools, the problem arises of how to compensate for the 
errors in a flexible way by some mathematical tricks or programming tricks. These errors 
can be compensated for by four different ways as described in the four-flow path in the 
fig 35. The error correction will be implemented based on an established mathematical 
relation with error sources and measuring methods.  

6.1.1  Embedded software module addition 

In this method, we can add another software module that has knowledge of machine tools 
current error information. This module can hold the measurement results of the machine 
tools and it can update the positioning signal based on the encoder feed back and send the 
corrected feed information to the feed drive system (Jun 1997). The algorithm in figure 
38 could be used to develop a separate SW module that can consider the optimised 
measurement result and can compensate the motional error in real time. 
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6.1.2  Control parameters modifications 

Many controllers allow one to update the control parameters and CNC can read the 
information before executing a block of an NC program, for example, a pitch error 
compensation table. There is a lot of commercial software, which can do the update to 
many CNC controllers. For example, a Pitch error compensation table can be updated in 
CNC controllers based on laser interferometer measurements (Sinumerik 2002). Separate 
SW can read laser interferometer measurement and then it calculates a new compensation 
table, writes out an NC-program consisting oft his parameter table and then this file is 
sent by SW to a controller. Other examples of this are backlash, lost motion, mismatching 
of position loop gain etc. Figure 39 and 40 are examples of control parameters 
modification. Some controller, for example the Siemens 840D, supports temperature 
compensation. Sag error also can be compensated for by Siemens controllers. A table can 
be updated in the controller and error could be compensated in orthogonal direction as 
well (Sinumerik 2002). 

6.1.3  Post processor modifications 

The preparation of NC data to drive a NC machine from CL data requires a post 
processor. The post processor converts the machine data to generate the NC program. 
During the generation phase of the NC program we can embed the geometric error 
information that can take care of error information while generating the NC program 
(Takeuchi et al 1992). Figure 41 is a sketch about how to implement it in post processors. 

6.1.4  NC program modifications 

When we don’t have any post processor to generate NC code, we can use this approaches. 
We can develop an NC code modifier that can take an ideal NC program and machine 
geometric and error information. From this input NC code modifier will create a new NC 
program that will give better performance than an ideal NC program due to the presence 
of error in the machines. Post processor modification and NC code modification are same 
in principle but are done at different stages. Figure 42 is a sketch about how to implement 
it in NC code modifiers. 

6.2  L inear interpolation 

Linear error is defined as the difference between the actual positions minus the nominal 
position of the spindle tip. idealreal XXX −=∆  from where we can find the real 
position for a point in the workspace idealreal XXX +∆= . If the error is too high 
compared to a predefined error value, the intermediate points are calculated based on the 
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general geometric processing technique for linear interpolation (Weck 1984b). Volumetric 
error (error for all axes) can be calculated as described in chapter 4. When a new path is 
defined based on modifications, it may increase the NC program block and size. 

6.3  Circular interpolation 

A circle or an arc can be divided into many arcs, which are joined end to end. For 
example, four arcs that give an equivalent path as compared to an original circle can 
replace a circle. However the NC code becomes larger. By replacing a circle with arcs it 
is possible to obtain better contouring accuracy in NC machine tools. The new arc should 
be designed in such a way that the ending phase of an arc will be same of the next arc. An 
arc further can be divided to many arches based on the error magnitude and the required 
accuracy (figure 36 and 37). This arc replacement technique for non-linear errors such as 
backlash, stick motion etc will not work due to their non-linearity. 

In the following figure, (figure 36, angle α can have any value, if α is too large the arc 
is further divided to smaller ones to meet the requirements) an arc has been replaced with 
another arc that can improve the circularity of NC machines. The ABC arc is the error 
profile (∆S is the maximum profile error for arc segment AC), the middle curve is the 
expected path and ADC is the modified path. If we run the NC program based on the 
modified path, it will follow the ideal path, thus reducing profile error for the final 
product. Flow chart in figure 37 shows the algorithm to find the center of circular 
interpolation of the new path. The arc can be divided into smaller pieces based on the 
desired accuracy level and the error profile of the actual path.  

Fig. 36. Arc replacement for  circular  interpolation. 
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Fig. 37. Arc center  finding algor ithm. 

The drawback of this arc replacement is that it increases the size of the NC program 
remarkably. If there occurs a large non-linearity in the circular interpolation this method 
will not give the desired results.  

6.4  Error compensation with controllers 

NC machine tools are supplied with a numerical controller that controls all axes 
movement based on the NC program. The control unit of a machine tool has as one of its 
functions as the transmission of the information it receives to the feed-drives in the form 
of distances to be travelled and velocities for that travel (Weck 1984b). For each axis, 
there is a feed drive system. For multi-axis machines, all axes move in coordinated 
fashion as commanded by the control unit. The control unit receives the measured value 
from the measuring system and an error signal is generated based on the desired value to 
the actuators. The control algorithm itself is implemented in software that is embedded in 
the unit. Most controllers allow some parameters to be modified by the users and others 
are not modifiable by the users (closed system). At the moment, this industry is going 
towards the direction of open architecture control technology trends (Reuven 2000). With 
open architecture CNC (open system), it is possible to update the control software of a 
CNC machine that can take advantage of third party developed corrected control SW 
based on the measurements made with different measuring devices.  
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6.4.1  Embedded software module addition 

In this section, we describe the possibility of modifying the embedded software or the 
addition of a SW component to the control unit. This is path 1 of figure 35. Typically a 
CNC machine is composed of embedded software and PLC system. At the beginning, the 
control unit reads the NC program and the geometric processor interprets the movement 
in to the distance to be travelled and the velocity and acceleration followed. 
Most machine tools hardware developers develop the control unit themselves or purchase 
it from other vendors. In most cases the control routines are not accessible by the users. 
Therefore the control unit software is not possible to modify by a third party. As the 
machine tools industry is going to a more and more open architecture control direction, it 
will be possible in the future to install a third party control software in the control unit.  
Most machine tools use the same control software almost all the time. With time, the 
machine drive system becomes worn (volumetric error model changes) and the control 
software has no knowledge of this wear. Hence, from time to time, it is recommended to 
update the additional module or update its parameters so that it can have knowledge of 
actual machine geometry or the control software should allow users to reconfigure 
properties of machine tools based on the measurement results.  

6.4.2  Installing a separate hardware controller 

Typically, a machine tools control system consists of a command interpreter, geometric 
processor, PLC, measuring, servo drive system etc. All these components work together 
to control the machine for point-to-point and contouring movements. When an NC 
program is executed by the main CNC board, it sends positioning commands to the servo 
drive system. The servo drive system reads the current position from the measuring 
system, and based on the slide position it sends a signal to the servo drives. A separate 
compensation controller can be realized to overcome the drawback of NC program 
modification as described in NC program processors. A separate I/O card can be installed 
in the PC to get the feedback signal from the machine while the NC program is being 
executed. Based on the current position, the control routine can modify the coordinate 
value for the machine before injecting it into servo drives. The feedback signal can be 
observed as described by Ibaraki (Ibaraki et al 2001). One advantage of this system is that 
we are able to control the position to the lowest level of resolution of the servo system. 
With NC code modification, it is difficult for circular interpolation to redefine the new 
path if the error magnitude is small. With real time compensation we can overcome this 
problem. The major drawback of this is that we have to install the I/O routine into 
separated real time compensation controller. Figure 38 describes the proposed method. 
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Fig. 38. Real time er ror  compensation of machine tools (based on Chen 1995). 

6.4.3  Control parameters modification 

6.4.3.1  Pitch error compensation 

Pitch error means ball screw or recirculating ball screw pitch error. With time to time the 
ball screw is worn with friction, thermal effects or with quasistatic error. Pitch error is 
kept as a lookup table inside the controller. When the machine is commanded to move a 
certain distance, the controller looks at the pitch error compensation value from the look 
up table and adjusts the movement. From time to time, it is necessary to update the table. 
One disadvantage of these is that it is time dependent and it has compensation values at a 
discrete level. Most controllers use interpolation to find the exact compensation values if 
the desired position is between the travel lengths. By laser interferometer, we can 
measure the pitch error and we are able to load the compensation table into NC 
controllers. 
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6.4.3.2  Backlash compensation 

Motion is lost upon reversing direction. This can be due to play in screw/nut fittings, gear 
heads bearing etc. Most CNC controllers are equipped with automatic backlash 
compensation that adds the estimated amount of lost motion upon each reversal. The 
major problem with this error is that the error varies with load, lead screw position, 
temperature etc. With a laser interferometer /VM182 we can measure the backlash if we 
measure an axis in forward and reverse direction. With DBB it is easier to measure the 
backlash error with circular interpolation. By measuring backlash, we can update the 
controller to take account of the new backlash value. Most CNC controllers offer constant 
backlash compensation values for each axis though it varies based on different factors. 
Some modern CNC controllers offer speed dependent backlash and different backlash 
values. A better method has been proposed by Hiroshi (Hiroshi et al 1999) where the 
backlash compensation signal is added to a reference signal and the friction compensation 
signal is added to reference torque generated by velocity controllers for the CNC control 
algorithm.  

Fig. 39. Backlash on X-axis (scale 5 um). 
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Fig. 40. Backlash on X-axis is removed (scale 5 µµµµm). 

Figure 39 shows a DBB measurement when there is backlash and figure 40 is the same 
measurement when we have compensated for the backlash parameter in the CNC 
controller. 

6.4.3.3  Position loop gain 

CNC Servo control system must be properly tuned when multi-axes interpolation is 
made. The mismatching of position loop gain between two axes simultaneously running 
causes contouring error (Kakino 1993). If position loop gain for the Y-axis is higher than 
the position loop gain of the X-axis, it causes an elliptical shape on the XY plane for CW 
and CCW interpolations by the DBB method. By adjusting these servo parameters in 
CNC controllers, we eliminate these errors to some extent. 

6.4.3.4  Other parametric error compensation 

Many modern controllers, such as the Sinumerik 840D and Heidenhain have published 
advanced error compensation with controllers. Non-linear error, such as sagging error can 
be compensated with a Heidenhain iTNC controller (Heidenhain 2002). The most 
important compensations offered by the Sinumerik 840D controller are: temperature 
compensation, where compensation values are calculated based on temperature and the 
axis values; position dependent backlash and sagging error can be stored in a table. A 
CNC controller can pick the right values while executing the NC code (Sinumerik 2002). 
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6.5  NC Code modification 

In this section, we show examples for error compensation with NC code modification. 
Once we are able to locate the machine tool’s geometric error precisely by methods as 
described in chapter 4, we are able to compensate for those errors by counting the new 
axis value by post processor (PP) or by NC program processor (NCPP) (with theories 
described in section 6.2 and 6.3), which have the information of actual machine 
geometry. The algorithm can be implemented in a post processor or NC code modifier, 
which could be developed. 

6.5.1  Implementation in postprocessor (PP) 

To make use of multi-axis control machine tools, it is necessary to generate an NC 
program from CL-data. The preparation of NC-data to drive multi-axis machine tools 
inevitably requires a post processor converting CL-data to each axis movement of 
machine tools while considering geometric errors, feed rate control and spindle rotational 
control. The post processor requires the machine data and then calculates new axis values 
of all three axes on the basis of a desired tool tip point. The inverse kinematics for an axis 
that has arbitrary direction cosines is difficult; two iteration methods may be adopted to 
find the inverse solution. Any of the two methods can be used (Mooring et al 1991): 

− Newton- Raphson iteration method, 

− Redefinition of task points based solution. 

Fig. 41. Correcting the NC program by postprocessor  (PP) (Rahman et al, 2000). 
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6.5.2  Implementation in NC program processor 

If some machine tool users don’t use a postprocessor for their NC programming system, 
we are still able to implement this software correction to correct the NC program. The 
software correction diagram is shown in the following diagram. 

Fig. 42. Correcting NC program by NC Program Processor  (NCPP) (Rahman et al, 2000). 

The corrected NC program should position the tool tip to the desired position. 

6.5.2.1  Examples of Squareness error correction 

In this section, we provide an example of how we can compensate squareness error for a 
machine tool with NC code modification. If, for example, the Y-axis tilts in the CW 
direction with a small angle, then if we make a circular interpolation it will make an 
ellipse on the plane. Squareness error and its profile have been presented in figure 43. 

The major reasons for squareness errors are: 

− In multi-axis machine tools, the two guide ways are located on the same structure and 
are not perpendicular to each other. 

− The case in which the two motions axes are not perpendicular, because the columns tilt 
fore and backwards, or to the right or left when the column base is not set horizontally. 

If we make a circular interpolation on the XY plane we obtain an ellipse (figure 43) 
where: 

)cos()( θθ ⋅= RYI , )sin()( θθ ⋅= RXI , )cos()()( θθ ⋅∆+= RRYR and

)sin()()( θθ ⋅∆+= RRXR  

NC Program

NC Program
Processor (NCPP)

Machine Information

(Analysis/Correction 
    of NC Program)

Corrected NC Program

Error  Information



 
 

106

R is the radius of circular interpolation and R∆  is the increase/decrease in radius 
according to equation 52. 

Fig. 43. A representation of squareness error  on the XY-plane. The solid line means the ideal 
circle (XI (θθθθ), YI (θθθθ)) and the dotted line the real circle (XR(θθθθ), YR(θθθθ)) (Rahman et al 2000). 

Fig. 44. Compensation of squareness error  on the XY-plane for  circular  interpolation 
(Rahman et al 2000). 
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Figure 44 shows the principle of error compensation of a circular interpolation motion. 
The squareness error has an effect that makes the circle an ellipse on a given plane. Now 
the ellipse is replaced by four arcs ab, bc, cd and da. The direct linearization works 
because of a small angle assumption. The clockwise-rotated ellipse (dash line) is 
produced by the machine as a result of the squareness error and the counter-clockwise 
rotated ellipse (dot line) is produced as result of the NC program correction. The 
correction by four arcs is programmed as follows: 
N200 G91 
N 201 G02X-150.000Y-150.000I-149.978J-0.022 (arc ab) 
N 202 G02X-150.000Y150.000I0.022J150.022 (arc bc) 
N 203 G02X150.000Y150.000I149.978J0.022 (arc cd) 
N 204 G02X150.000Y-150.000I-0.022J-150.022 (arc da) 

6.6  Summary of er ror compensation algor ithm 

We can compensate machine tools error in four different ways. Most users use some of 
these methods in their daily operations. For example, control parameters modification 
based on measurement results are quite common in industries. The pitch error table can 
be updated based on laser or VM182 measurement. Machine controllers look up the table 
and compensate for the error based on the table. Backlash error can be modified by the 
user as a parameter in the control system. However, backlash depends on the position of 
the travelled axis and the load of the cutting force. These are not considered in most old 
controllers. Depending on the reversal position of the axis, the controller can compensate 
for the backlash values. Another common parameter is loop gain, which can be easily 
adjusted by the gain parameter stored in the controller. Other errors, for example, 
squareness (and other geometric, thermal error) cannot be compensated with any 
parameters adjustment by the old controllers. This led us to the solution of embedded 
software module addition. However, this solution is difficult to implement, though not 
impossible. One of the main difficulties is the access of real time software of the 
controller. It demands considerable experience with the entire controller, geometry and 
servo systems. A reasonable solution is the implementation of a correction algorithm in 
the post processor or another NC program processor (This can modify the NC program 
based on the error profile). The main disadvantages of these approaches are that it 
generates a larger NC program. It also needs very good and accurate mathematical 
modelling of the error profile of the machine tool. Many recent controllers, such as 
Sinumerik 840D controllers, can overcome these problems of parametric error 
compensation (Sinumerik 2002). The most important error compensations that have been 
applied to controllers are: friction, temperature, variable backlash and sag error 
compensation. By sag error with position dependent orthogonal error can be stored in a 
table and the controller can pick the right values to compensate it. 



 

7 Practical examples 

7.1  Compensation software 

A Windows-based software has been developed (further development is necessary to be 
used by real end users) to recalculate the machining path based on machine geometry and 
machine error sources. This software has been used to validate the algorithm used in this 
work. This software is named an NC program processor (NCPP). It has a feature in which 
the user can select one of the three types of machines and insert its geometric information 
for modifying the NC program. The user can select any measuring methods (DBB, 
VM182 and Inclinometer).  

7.1.1  Structure of NCPP 

NCPP is a COM DLL. Typically all calculation is performed inside the COM object. User 
interface only communicates with the COM server when the user selects something or 
takes an action.  

Fig. 45. Program set up for  the NC program processor . 
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The COM DLL can take the input NC program as a parameter and then recalculate the 
NC program based on the data selected by the user.  

 

Fig. 46. M achine set up for  the NC program processor . 

Figures 45 and 46 show program set up dialogs of NCPP software, where we can 
configure the program for the measuring system to be used. A combination of all 
measuring systems should optimise the error profile to find an optimum path that 
minimizes the effects of errors for the final products. Figure 46 shows the configuration 
of the machine tool that is used to produce and check error in the NC program. Three 
different kinds of machine tool structures are supported. Machine type one is a horizontal 
machine tool (Valmet Paper Machines) where the tool is located in the Y-axis and the 
workpiece is located on the X-axis. Machine type 2 is a horizontal machine (Mitsui Seiki, 
Production Technology Laboratory, Oulu University) where the workpiece is located on 
the Z and X-axis and machine type 3 is a horizontal machine (TL-Tuotanto Oy) where 
tool is on the Z-axis and the work piece is on the Y and X-axis. All the geometric 
information may be obtainable from the machine tool geometrical drawing. Each 
machine tool has a separate forward kinematics chain for an ideal case and a real case. In 
chapter 4, we have described kinematics modelling for the Mitsui Seiki machine in the 
Production Technology Laboratory. 
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Fig. 47. Internal Structure of NCPP. 

7.2  Compensation with DBB 

We have recalculated the NC program based on DBB measurements. The new NC 
program has been run to measure the machine and a significant improvement has been 
found in the test run for circularity based on the arc replacement technique described in 
section 6.3. We have modified the DBB circular program and rerun it in the same 
machine with the same setup. In the second case, the circularity accuracy has been 
improved. 

Fig. 48. M itsui Seiki measurement result with or iginal NC-program. 
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Fig. 49. With modified NC-program (scale 5 µµµµm) 

Table 7. Main parameters of DBB measurement by original and modified program for 
Mitsui Seiki. 

Backlash 

X Y 

NC Program Feedrate 

mm/minute 

Scale (µm/ 

division) 

Circularity Squareness 

deviation 

(υm/m) + - + - 

Original 500  5 22 40 0 5 3 0 

Modified 500  5 12 -5 4 5 2 -1 

 

Figure 48 has been obtained from DBB measurement on the XY plane of a Mitsui Seiki 
machine. Figure 49 has been obtained from the modified NC program (for DBB 
measurement) based on arc replacement. Also, an aluminium work piece has been cut 
with another test machine in one company with both a modified and original program. In 
this case, we have also some improvements. Figure 50 shows the DBB measurement 
result of the same machine, which is comparable with the trace obtained from work piece 
measurement (figure 52). These traces have been indicating squareness error (according 
to DBB measurement and calculation SW) in the machine tool as obtained from the DBB 
measurement. This squareness error has appeared in circular trace as an ellipse, which 
can be replaced with four arcs. Again an arc replacement technique has been applied to 
modify the NC program. The modified NC program has been used to cut similar work 
pieces. The results of the plot are drawn in figure 53 with better circularity. Figure 52 and 
figure 53 compare an aluminium work piece with the original and modified program. In 
most cases, the error magnitude is small enough so that the arc replacement technique 
does not create uneven machining error. 
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Fig. 50. DBB measurement of the test machine. (scale 3 µµµµm). 

Fig. 51. DBB measurement of the test machine (scale 3 µµµµm).. 

Table 8. The main parameters of DBB measurement by the original and modified 
program for the test Machine 

Backlash 

X Y 

NC Program Feedrate 

mm 

/minute 

Scale (µm 

/division) 

Circularity Squareness 

deviation 

(υm/m) + - + - 

Original 500 3 16 -84 0 1 1 3 

Modified 500 3 10 37 -1 -2 -1 -2 

Note: in figure 51, there was overcompensation in our arc replacement algorithm, and as 
a result the ellipse shifted 90 degrees. This figure has been drawn here to convince that 
over compensation can make an error in the opposite direction. 
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Table 9. The main parameters of the original and modified program for the horizontal 
test machine (TL-Tuotanto Oy) by direct cutting with aluminium pieces. 

NC Program Feed rate 

mm/minute 

Scale (µm/division) Circularity Measuring 

instrument 

Original 500 5 12.59 RTH 

TR210 

Modified 500 5 8.10 RTH 

TR210 

 
 

Fig. 52. M easurement of an aluminium test-piece or iginal NC Program (scale 5 µµµµm). 

Fig. 53. With a modified with the NC-program (scale 5 µµµµm). 
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7.3  Compensation with VM182 

We can recalculate the NC coordinates based on the results obtained in the VM182 
measurements. NCPP can take care of these calculations when users select these options. 
The total linear positioning error can be compensated for in a straightforward way as 
described in section 6.2. The original NC program used in the measurements has been 
modified by using the NCPP algorithm according to the error profile (measured by the 
VM182 device) and a modified NC program has been run to measure the machine. The 
measurements with the VM182 device show fewer errors than without modification. 
Figure 54 shows the original results of VM182 and figure 55 shows the result of the 
modification affect of the measuring program. As one could expect when running the 
modified NC program, there should be zero positioning error. But in practice there still is 
positioning error but the magnitude is smaller. The reason is that both measurements have 
been done at different time from the start up of the machine. Hence, thermal errors affect 
the results of the measurements which have not been included in the algorithm. 

Fig. 54. VM 182-measurement with the or iginal NC-program for  X-axis. 

Figure 54 shows us that when the X-axis is moving it will move faster than ideal 
movement. Again, at the middle of the axis, the tool will not move as fast as the 
beginning. This position error is repeatable and can be replaced by NC code modification 
based on the algorithm described in section 6.2. Upper 3 traces of figure 54 are for 
forward direction and lower 3 traces are for reverse direction. The gap between forward 
and reverse trace indicate the backlash error in the axis. 
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Fig. 55. VM 182 measurement with a modified program for  the X-axis. 

Table 10. Linear error compensation with VM 182 measurement. 

NC Program Feedrate 

mm/minute 

Scale (µm 

/division) 

Max Positioning error 

(um) 

Remarks 

Original 500 As in graph 14 

Modified 500 As in graph 5 

Average values have been 

considered based on forward and 

backward measurement. 

 

Figure 55 has been obtained based on the modified NC program with a lower positioning 
error for each measuring point. Still, it seems there is error due to the fact that two 
measurements were taken at two different times and thermal error has affected the 
measurement result. Figure 56 is another measurement by VM182 device (with a 
modified program based on section 6.2 and 6.5.1), which can be compared with the 
traces, obtained by the original NC program. (Figure 30). From figure 30 we find the 
maximum linear error in the X direction is 32 um and with the modified program the 
maximum error is 24 um. In modified program, orthogonal error has not been 
compensated for but it can be compensated in same way. 
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FIG. 56. VM 182 measurement with the modified program for  the X-axis. 

7.4  Summary 

A prototype NC code modifier has been presented that can be used as a NC code modifier 
where we can configure different geometric information for different machine tools. Arc 
replacement technique has been utilized to obtain better circularity for both DBB 
measurement and direct aluminium work piece cutting. For DBB, circularity from 22 to 
12 has been obtained and for work piece cutting circularity from 12.59 to 8.10 has been 
obtained. For linear positioning, we have obtained positioning improvement. 
 



 

8 Conclusions and discussion 

8.1  Results of modelling and measurement 

NC machine tools are complex in modelling, so there is always a possibility for error in 
the modelling. Hence, modelling and measurement should go in parallel and incremental 
way. Modelling is very important for machine tools in the design stages and also later in 
operation stages. Based on the model, we are able to predict the location of a tool tip for a 
given axes movement command of the machine tools. We need different kinds of 
methods to model the machine tool for different measuring systems. Different 
measurement systems have different advantages and disadvantages. So by one 
measurement method we should be able to predict the results of another measurement 
method with a certain accuracy level. 

Four different kinds of measurement modelling have been studied in this research. 
Among them, the DBB method is the most complex modelling method. In these methods, 
many kinds of errors interact with each other. We can predict the motion error traces for 
DBB by superimposing the trace for individual error origins. Some other effects, for 
example, temperature of cross coupling etc. affect the motion error but theses are not 
detected or considered with DBB modelling. To consider these it will be more complex in 
the modelling. If there were only one error origin in the machine tool, then we would 
have an easy way to model the machine tool error origin and we could easily verify it by 
measuring the machine tool.  

We have plotted the actual measurement result obtained from the DBB measurement 
and predicted from the parameters obtained from the laser measurement system. If we 
were 100% correct in our modelling then Figure 25 and figure 26 should have been the 
same. As we noticed, these two figures are not same, which tells us we are not 100% 
correct in our modelling. The main reasons for these deviations are: 

− Temperature effects are not considered in the modelling 

− Two measurements done in two different times, which means they have different 
heating effects on the machine tool. 
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− Cross coupling effects are not considered in the modelling 

− Mass, velocity and acceleration effects have not considered. 

But as we have noticed from these traces, we have been able to model this complex 
system with certain accuracy. 

We have tried to simulate from a laser measuring system to a VM182 measuring 
system. From figure 27 and 16 we can easily see that both measurements tell us the same 
information, the X-axis has linear positioning error (X axis goes more). In figure 28, 
there are simulated traces for VM182 (orthogonal error in the Y direction while the axis 
moves in X the direction) from a laser measurement. The real measurement is shown in 
figure 29. Again we can see that these do not match exactly. The main reasons can be 
mentioned as those that were mentioned earlier (for DBB modelling) and the following 
ones: 

− Geometric error location and magnitude has been shifted as result of quasistatic (time 
varying) error. 

− The inclination of VM182 has not been included in the VM182 measurement 
modelling, as in figure 28, only the inclination has been calculated by VM182 SW. 
There could be some effects of SW correction and physical inclination correction of 
the VM182 device. 

There are several major achievements in this work. These are as follows: 

− The establishment of a relation between static and dynamic measurements and a 
conversion method to validate the measurement methods from static to dynamic and 
dynamic to static. 

− Modelling of machine tools for several measurement systems. Actual measurement 
verifies the measurement results, 

− Four different kinds of compensation algorithms that can be implemented in different 
ways according to the user’s need, 

− The application of an NCPP algorithm to increase the positioning accuracy of machine 
tool with NC code modification (Circularity has improved from 12.59 to 8.10 for 
aluminium work piece cutting and for empty cutting 22 to 12 has been shown), 

− Linear error correction by a modifying NC program shows a better result than arc 
replacement technique. 

The established relationship among different measuring systems can be useful for 
machine tool measuring staff. We can always interpret the measurement results to 
increase our confidence about the measurement techniques. Always machine tool 
measuring personnel face confusion with the measurement results. This confusion can be 
removed by converting the measurement result from one measuring system to another by 



 
 

119

software. This conversion software can be developed based on the mathematical model 
developed in this research.  

8.2  Achieved results and the target goal 

There were several goals of this research. Some of the goals have been achieved and 
some have been achieved partially.  

A method for machine tool modelling and measurement process with different 
measuring systems can be summarized with the following steps: 

− Modelling of machine tools for error diagnosis, 

− Measurement of the machine tools, 

− Diagnosis of error origins, 

− Correction of an NC program by a postprocessor or by an extra processor, 

− Testing of machine tools with a corrected NC program. 

In this work, we have established relationships among several factors, modelling, 
measurement and software error compensation. Machine tool modelling and 
measurements are iterative processes. The iteration is aborted when the desired accuracy 
is found. The obtained results can be summarized as below: 

− A general study of different kinds of machine tool measuring equipment and the 
making of error models for that equipment has been done. An error model for each 
measurement has been developed separately. 

− The establishment of a relationship between static and dynamic measurement of NC 
machine tools. The established mathematical relationship has been used to 
demonstrate that we are able to convert one kind of measuring result to other kinds of 
measuring results with fairly good accuracy. We have not been able to achieve one 
hundred percent because of a number of reasons, as mentioned in section 8.3. A way to 
develop simulation software for machine tool measuring operators has been 
established. We have been able to establish the foundation at work that can be used to 
develop the software. 

− Another important objective of this study was to find a compensation algorithm and a 
software system developed that could be used to compensate the machine tools 
accuracy. This objective has been achieved. A used algorithm has been used to 
compensate for linear interpolation and circular interpolation. We have developed a 
NC program processor partially. It needs further effort to make it usable for real end 
users. 
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8.3  Drawbacks observed 

Machine tools are very complex in nature with their functionality. During a working day, 
its error information can change, especially because of thermal errors. These errors are 
time dependent and also depend on the location of the machine tool (for example, if it is 
located under the influence of the sun or if sun rays hit the machine). The thermal 
information must be taken into consideration to completely describe the machine’s error 
information. This has not been included in this work. 
Another major disadvantage of the used method is that machine tools must repeat the 
error itself. If the error is not repeatable then it is difficult or impossible to use the 
described algorithm.  

Another drawback is that the size of an NC program increases as the NC block is 
divided into a suitable number of blocks based on the error type. It has been observed that 
backlash can’ t be compensated effectively with NC code modification because of its non-
linearity. If we modify the NC code at axis reversal time, we get some impact on the 
work pieces. Probably the reason is timing between the geometric processor and the NC 
controller. A controller uses the backlash values as correction parameters from the control 
memory differently than when we put sudden movement at the axis reversal. However, if 
we implement the compensation in a real time compensation system, then we can use the 
same NC program with extra HW/SW cost. But in this research, this compensation 
algorithm has not been applied practically to machine tools. The major drawbacks with 
this conversion method (from dynamic to static, DBB to laser or VM182) are that we 
have more variables to solve than the number of equations. That led us to use trial and 
error methods with multiple solutions that satisfy the changes in a radius at a point. 

The linear error of machine tools can be compensated with the described algorithm. 
Non-linear error such as backlash is difficult to compensate with NC program 
modification. Luckily, most CNC controllers allow changing the backlash parameter in 
the control unit A major problem with most old controllers is that it allows only two-
backlash values to be compensated; one in the positive direction and another in the 
negative direction. But backlash is position dependent error that means that from position 
to position backlash varies on each axis. So there should also be a backlash table in a 
CNC controller from where the controller can pick the right value to compensate for it. If 
a machine tool is equipped with modern controllers, such as the Siemens 840D or 
Heidenhain iTNC530, then the situation for backlash is different. Variable backlash and 
sag values can be updated to controllers and a controller can add the right reference 
signal to set points (Sinumerik 2002). 

8.4  Fur ther study 

Any development is an endless process. Though we have done some work, there are still 
more opportunities to develop the machine tools accuracy in different ways. For example, 
in this work every measuring system has been used independently and the results have 
been used independently to modify the NC program. The major work that can be done in 
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this respect is to develop an optimisation routine that can input several kinds of 
measuring results including thermal information in the machine and output unique 
information about machine tool’s error information. Based on this error information, we 
can modify the NC program or modify the signal to the servo system as described in real 
time error compensation.  

This work has established how to make a relation between static and dynamic errors 
for multi-axis machine tools. We could use this relationship to compensate for machining 
error by NC program modification. Further software can be developed that can interpret 
different static measuring systems and simulate them for dynamic measuring systems 
automatically and vice versa. When we measure a machine with dynamic measuring 
systems, we could simulate other components of static measurement systems to compare 
the obtained trace to be sure about our measurement results. This will increase confidence 
in the measurement results and also creates an optimised error profile that can be used for 
compensation of machine tools errors. 
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