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Abstract

This work presents a new analysis method for machine tool measurements. It is
capable of analysing direct and indirect dynamic measurements in a plane. The
analysis system is mainly intended to be used in flexible manufacturing systems with
automatic measurement capability.

The analysis method is a further development of the analysis used in double ball bar
(DBB) measurements. The new method includes also the handling of vectors and
points in the measurement paths. This enables the use of the analysis system for a
great variety of measurement methods as long as they are located in one plane only.
The system can handle some servo and test piece related deviation types as well.

A study of different measurement methods that can be used with the analysis system
is presented at the beginning of the theoretical part. 11 different methods available
have been found, which demonstrates the available application potential. A sketch for
the implementation of the automatic measurement system is given at the end of the
paper.

The analysis system is practically tested with double ball bar, cross grid encoder and
co-ordinate measuring machine measurements. All the measurement results are
analysed with the new method and then the analysis results are compared with each
other. The same machines are measured with direct methods and results are compared
with the results achieved from the test pieces in a co-ordinate measuring machine.

The repeatability of analysis results of similar measurements is determined. Direct
measurements, in general, show low enough repeatability values, but the test piece
measurements do not necessarily fulfil requirements, set to machine tool
measurements. The problem with the test pieces is that accurate enough co-ordinate
measuring machines are not commonly available.

Expectable results are being found, showing that results of direct and indirect
measurements are not always congruent. The correlation depends on every different
case. Thus we come into the conclusion that an indirect measurement can be used
instead of a direct measurement only, if correlation is verified earlier for the particular
machine tool. The decision on the way measurements are completed, is important for
economical repetitive condition monitoring.

One can come into the conclusion that the analysis system is usable for automatic
follow-up of machine tools. The analysis is not, however, perfect and thus it requires
calibration before the actual production run. The greatest advantage of the system is
that it can incorporate many measurement methods into one general monitoring
system that makes continuous follow-up of the condition of machine tools.
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V
X0
Xo,t
Xi
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Yot
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Angle of line ¢

Approach angle of the point ¢

Position along the line

Angle at a measurement point i
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Estimate vector of deviation type magnitudes
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Measurement point number
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1 INTRODUCTION

1.1 General

The approach of this work is to represent a new method for analysing machine tool
measurements. Figure 1 shows a block “External geometry inspection”, which is the
area this paper concentrates on. The results of the work are disclosed by two ways,
both as a software program and in written form in this thesis.

Here, some measurement methods and general accuracy issues are presented in a level
that is seen to be relevant to the whole work. Also the motivation for the work is
being stated. Objectives of the paper and restrictions are described in chapters 1.5 and
1.6.

The reader must know that a great effort is put world-wide on improvement of
accuracy of machine tools. Mechanical, electrical and software solutions are being
developed to achieve higher accuracy. A question arises: “Why all this effort?” This
paper is not going to give an answer to this question, but it tries to promote
development in this field by offering a new economical and robust analysis method.

Machine tool External geometry
inspection
Tool wear Axes ~—
measurement T > Device
Drives
L+~ Analysis
Temperature ] ]
measurement »  Controller f
Figure 1. Quality feedback loops in a machine tool

1.2 Needs

Manufacturing systems are not modernised nor enhanced, if there are no economical
benefits to achieve. Modern measuring, analysis and compensation systems for
machine tools can offer a couple of enhancements that will lead either to bigger
income or smaller costs. These effects can be seen at a company level and at a level of
the whole society.

1.2.1 System automation

If a specialist carries out machine tool measurements, advantages gained with an
analysis tool, are not crucial. A specialist can in most cases tune a machine tool by
rote looking at the measurement result graphs. It is good to notice that not all
specialists interpret results the same way and thus methodicalness is missing.
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However, if machine tool measurements can be automated [chapter 5.6.4], an analysis
tool becomes essential. The whole follow-up chain can now work autonomously, both
monitoring and tuning the production system [chapter 2.3.3]. Without an analysis tool
the specialist should analyse each measurement manually and then store the results.
The work is extensively monotonous, and the risk for human errors is great. Also the
repeatability of results suffers from unavoidable inaccuracies of human interpretation.
Automation is a tool, used to achieve higher goals in production systems, just like
productivity, usability etc. From the point of view of analysing the machine tool
measurements, automation itself is a goal. The general advantages, claimed later in
this chapter, can be achieved by means of automation.

1.2.2 Costs of design

Manufacturing facilities can give feedback to the product design department. This
gives to the design better knowledge on possibilities and equivalent costs of the
production. With a frequent measuring this information can be up-to-date and reliable.
When this information is available in an early stage of design, it is possible to select
the right kind of a manufacturing method and a routing for gaining both an

economical and fluent manufacturing process.

\ /' Cap ability\

database

/ Inspection device\ <§/\©

—

ﬁ Analysis

<

Design
department

Machine tool

Figure 2. Capability information flow to the design

The feedback to the design requires a measuring system, analysis and network
database that can be utilised by design tools. The measurement information has to be
shown to the designers in terms of the capability of a manufacturing process to
produce quality for specific features [Donmez 1996]. In other words a designer has to
be able to draw parts using the features in CAD (computer aided design) and, at the
same time, to know how accurately those features can be manufactured and at what
cost.

1.2.3 Ecological aspects

Higher production accuracy, better surface quality and right fittings give a longer life
to a product and also lower the consumption of energy. Frequent machine tool
measurements and compensations help to achieve all these goals. Short compensation
intervals keep deviation range low and known in advance so that the functionality of
devices, produced by those machines, is what the designer had originally planned.
Ability to produce parts of higher accuracy gives better efficiency in general.
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Because the manufacturing process is better under control, there are less defective
parts as well as less waste and less useless power-up time of machines. This enhances
ecological side of the production itself.

1.2.4 General product quality needs

Many new products have now been designed more accurately than before and thus
also require a more exact manufacturing process. Frequent measurements of
manufacturing tools can guarantee the capability of the manufacturing process. When
measuring is combined with compensation of machine tools, one can also achieve a
higher end quality of the products.

Therefore, compensation and measuring have two benefits: they assure that the range
of variation is small and put the average level of variation lower. This makes the
manufactured products to fit with in a given specification.

Higher manufacturing accuracy makes it possible to design products of higher quality
demands. This again can offer both better functions and higher performance of the
end products.

1.2.5 Availability of machining capacity

We can have three scenarios, the first one is to use machine tools without any or with
few inspections, inspect machines often with conventional methods or inspect
machines often with an automatic system.

When no inspections are done, there exist a greater possibility of sudden breakdowns,
faulty products, and unsatisfactory quality. Those will occur without any warning and
then require fast actions, but unfortunately, it is not always possible to get service
staff as fast as it would be desired. This will lead to increased machine downtime.
Frequent inspections with conventional inspection equipment guarantee high product
quality, but it is expensive in terms of service personnel time and downtime of
machine tools.

Automatic inspection procedure can perform checks when it is more convenient, for
example the small hours of every fifth day. The inspection times can be scheduled
according to the production queue, and the inspection time itself is shorter than of a
conventional inspection. But again, frequent tests guarantee quality capability of
machine tools.

1.2.6 Quality systems

Quality systems require that at least the actions of the production department are
documented. Also the history of a single product must be traceable in some fields like
aviation industry. The follow-up of machine tools is not usually directly required in a
quality system. But from the point of view of the product quality and the general level
of activities, regular follow-up of machine tools fits very well in quality systems and it
supports other actions, that exist there already now. Indeed, ISO9001 requires that
“monitoring and control of suitable process parameters and product characteristics”
shall be controlled [SFS-EN ISO 9001: 4.9.d].

When a follow-up of machine tools is determined to be a part of a quality system, an
automatic inspection and analysis system can fulfil those requirements. Follow-up and
traceability are important for a quality system. The quality system requires that each



13

measurement and compensation action must be recorded in a database [SFS-EN ISO
9001: 4.16 and 4.20.2]. This offers information for other systems and acts at the same
time as a reporter of the quality system.

1.3 Accuracy of machine tools

The accuracy of a machine tool is based on its foundation, frame, slides, driving
system and controller. Each component cause its own kind of deviations in the
realised motion of a machine. Measurement of accuracy is significant to machine tool
builders and their end-users, because the accuracy of machine tools is to be seen
directly in the quality of the parts manufactured with those machines. One important
issue in the accuracy of machine tools is thermal behaviour, because it causes some
changes in all mechanical components.

Machine builders and controller industry make continuous work to improve
components in order to make new machines more accurate and affordable to
manufacture. Interests of machine tool builders and end-users differ from each other.
The scope of development in machine tool building is to make new machines better in
their performance and accuracy. The durability of those characteristics is not in the
direct interest of a machine tool builder. End-users instead, are interested not only in
accuracy of new machines but also to know their current state. Information shall be
used to file the condition of machines and to adjust them.

Inaccuracies arise mainly from mechanical parts of machines. These deviations can
however be compensated in some amount by a controller. Development of numerical
controllers has offered flexible compensation methods for machine tool builders and
end-users. Only machine builders have so far had means and knowledge to exploit
this new feature, but for end-users attaining measuring information has been too
complicated a task. However, these compensations do not offer a mean to enhance
accuracy of a new machine only, but also a better tool they are for maintaining the
good accuracy of machines. Thorough research has been carried out to study the
possibilities to both compensate machine tools and co-ordinate measuring machines
[Schellekens et al. 1998].

1.4 Machine tool measurements

Machine tool measurements are carried out in order to examine accuracy of the
motions of a machine tool. Here it means to measure the motion of a tool in relation to
the one of a table. Thus it involves slides, a driving system and controller effects.
Typically the examination of accuracy is performed for a new machine during
installation, in the acceptance of the delivery, after collisions, and after major
services.

However, in some cases these measurements are performed regularly to ensure quality
of production and to fulfil requirements of the quality system. This practise has spread
out from aviation industry, where it was first used to follow the strict requirements of
the safety regulations.

Roughly, machine tool measurements can be divided into two categories. The first
one of those is static measurements, and the second one the dynamical ones. The
history of measurements starts from the static measurement as all the lately introduced
methods are dynamical. Some fixed points, where machine stops are measured by



14

static measurements and continuous positioning data, are collected by dynamical
measurement.

Numerous other classifications also exist. For this study it is relevant to divide the
subject into direct and indirect measurements. Direct measurement measures actual
positioning of a tool, as a manufactured piece in a machine is measured in the indirect
measurement. However, both types can be either static or dynamical. Indirect
measurement involves more error sources than direct measurement, i.e. cutting and
fixing forces and errors of a measuring machine. Usually a co-ordinate measuring
machine (CMM) is used to measure those pieces and it is typically one or two degrees
less accurate than the direct measurement devices. However, indirect measurement
reveals important information on real accuracy of process especially when material
and tooling, equivalent to those in real production, are used.

1.5 Hypothesis and objectives

The research presents a new system to analyse machine tool measurements. The
method is fast, easy to use, reliable, and applicable to a number of measurement
methods. Furthermore it supports dynamic measurements contrary to most existing
methods known this far.

Measurement methods developed during the last decade, have created significant new
possibilities for measurement of accuracy of machine tools. This potential should be
exploited to improve the quality of manufacturing. This means that the measurement
information is used to file quality capability level of manufacturing tools, to follow
the condition of machine tools, and to adjust them when feasible.

The analysis and follow-up method described in this paper utilises a wide range of
currently available measurement methods. All the results are gathered under one
system, that can file the quality capability, follow-up machine tools, and give the
tuning information. It is proved that this system gives results equivalent to already
established methods and the inner uncertainty of the system is determined by
experiments.

Advanced analysis theories have been developed to analyse machine tool error origins
based on measurement sets. These methods work well when measurements are carried
out in a way the analysis method requires. However, this causes in most cases the
measurements to be laborious and time-consuming. The method presented here is
easy to use and applicable without modifications in machine shops.

The work goes forward in phases, which are based on the work of an earlier phase.
Empirical part of the work gives feedback to first phases and thus altogether the
process is iterative. Concrete objectives of the thesis work are the following:

1. Create theory for analysis

2. Develop software based on the theory

3. Show that the analysis system gives consistent results for different direct
measurement methods

4. Show that direct free form measurements can be used instead of test pieces
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1.6 Research approach

This research has been carried out, using three different research approaches to verify
the proposed method. First, a simulation model have been used to verify the presented
model, secondly, controlled experiments are run in a laboratory, and thirdly, a field
study has been made to survey the generality of the proposed system. [Classification
based on Jarvinen and Jarvinen 1993]

The approaches support each other and push the research forward. Even of principally
the proposed method would behave just perfectly can experiments in controlled
environment bring up some new aspects. Still, after controlled tests, field studies may
reveal phenomena not anticipated at the beginning of the study. Field studies can also
show how well the system can be generalised to different environments and how
sensitive it is to common disturbances.

1.7 Scope of work

The work focuses on three-axis milling machines. The results are, however,
applicable for a greater variety of machines having at least two linear axes. Rotational
axes are not considered in this work.

The presented analysis method handles geometrical and some servo tuning related
errors. It doesn’t deal with thermal behaviour and compensation. Thermal and tool
wear compensations are considered to be a separate task that have a higher update
frequency and a closer integration with a machine tool [Figure 1]. Thus it is not
preferable to involve these deviation sources with geometrical errors.

The analysis method handles all the measurements in a plane. It does not analyse
three-dimensional errors though that kind of an analysis can achieve higher accuracy
and exactness. However, planar analysis can offer good generality, ease of use, good
variety of available standard measurement devices and fast computation.
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2 AVAILABLE TOOLS

2.1 Quick measurement methods

The measurement methods introduced here are applicable together with the analysis
method presented later. They all also offer some potential to be used automatically
without human intervention even if this functionality hasn’t been proved and tested
this far. Double ball bar, cross-grid encoder and co-ordinate measuring machine have
been used in the practical part of this work.

2.1.1 Double ball bar

Double ball bar (DBB) was developed in the early 80’s and it has become
increasingly common during the 90’s. DBB is based on a very accurate linear scale,
which measures changes in radial direction during a circular motion.

lvdt core

lvdt coil

Extension
bar

Insulation

/
nc controlled
circular or

/ Extension ball spherical

\ . / Magnet tool path
I\

X« !‘; B 3 point spherical
| segment contact

— fL—_—AJ s;cker
Figure 3. Double ball bar [Bryan 1982]

The most important limitation of this device is that it is only capable of measuring
points in circular trace. The measurement type itself can be either a circular test or a
static measurement. A circular test is a dynamic measurement with a constant
feedrate. A static measurement instead involves some positionings in a circular trace.
The both test types are very fast to accomplish and the device itself is rather cheap.
The evaluation of results is well studied and many of the most significant formulae
can be found in literature [Kakino et al. 1993]. Standardisation organisations have
also published some standards concerning double ball bar measurements. The most
important of those are 1SO230-4 and ANSI B5.54-1992. This ensures unified
practices in ball bar measurements and makes it possible to reliably find many
machine tool deviation types out of this simple measurement.
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It is preferable to measure a whole circle with this device. That way it gives more
accurate and reliable results. It is possible to measure only partial circles though and
sometimes it is more convenient from the point of view of the measurement set-up.
This concerns most of all lathes, though with some special equipment it is possible to
measure the whole circles in lathes too, which is therefore recommended. Semicircle
measurement has some limitations, concerning both deviations which can be found,
and the accuracy of analysis.

The comparison between DBB and laser interferometer has been studied in practise
[Oksanen 1997]. The research has shown that double ball bar reliably reveals most
deviations. However, it cannot find reliable values for straightness or angular
deviations.

2.1.2 Cross-grid encoder

The cross-grid encoder is a relatively new device, making it possible to perform all
kinds of free form tests in a plane, including circular tests. The device belongs to the
category of quick test devices, but it has also versatile capabilities to assist in servo
adjustments.

This device is based on the working principles of optical scales. There are two light
sensitive sensors and light sources with a lens system in the read head, one for both
measurement directions. The read head scans over a cross-grid plate, which has a
waffle like pattern engraved on it. The grooves reflect the light back to optical
sensors, causing a sine wave formed electrical signal. This signal is counted on a
special counter card attached in a computer.

The accuracy of the device depends heavily on the accuracy of the plate. Whereas the
measurement feedrate depends on the bandwidth of the counter electronics and the
distance between two engraved lines on the plate. Nowadays it is possible to achieve
an accuracy of +2um and a feedrate around 24 m/min with this device [Heidenhain
1998].
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Figure 4. Cross-grid encoder [Heidenhain 1998]

One of the disadvantages of this device is the accurate measurement arrangement it
needs and its limited measuring range (currently &230mm on KGM182 [Heidenhain
1998]). A comparator system is also available using the same technique. It has a long
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measurement length and a short measurement range in cross direction, too (currently
1520mm in length and 2mm in width with VM 182 [Heidenhain 1998]).

The measurement plate has to be aligned with machine tool axes. This should be done
with an accuracy of 0,2 degrees to guarantee that the measurement can be completed
without loosing the effective measurement signal. The alignment error of 0,2 degrees
causes also 0,8um scaling error and half a millimetre deviation perpendicular to the
plate. This error can be observed in measurement results, but as it comes to machine
tools it is of little consequence.

2.1.3 Co-ordinate measuring machine

Both test pieces and ordinary work pieces can be measured with a co-ordinate
measuring machine (CMM) in order to evaluate the accuracy of a machine tool. A
CMM measurement is not a real quick test method, but if those measurements would
be accomplished anyway to guarantee the achievement of tolerance goals, a proper
analysis could at the same time utilise those results more efficiently to reveal
deviations of a machine tool.

Figure 5. CMM measurement

CMM is not so accurate a piece of equipment like other quick check measurement
methods. This has to be considered when evaluating a measurement. Deviations in a
CMM itself cause similar kind of deviations to be found in an analysis. These
deviations should be distinguished from the similar kind of deviations of a machine
tool.

The simplest way to handle this problem is to use a CMM which is one order more
accurate than the machine tool to be inspected. This is not, however, realistic in most
cases. This is because CMM's are not commonly so accurate as it would be needed for
the analysis of machine tools. And when an accurate enough CMM is available, one
should remember that the deviations found out by an analysis based on CMM
measurements are partly caused by the CMM itself. When the uncertainty of a CMM
is known, the uncertainty has to be added to the uncertainty estimate of deviation
results achieved from the measurement.

If a production CMM used in measurements doesn't in all respects fulfil the needs of
accuracy inspection of machine tools, it is possible to use the substitution method
[ISO TC3/WG10]. We have to have a stable known test piece, which is measured
with a CMM, having a high grade of accuracy. Now this same test piece should be
measured with a production CMM. The measurement results are compared with each
other and differences between the points of a high grade measurement and a
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production measurement are calculated. The measurement should be repeated in order
to find out the stability of a production machine. If stability is good enough, i.e. one
decimal less than expected accuracy of the machine tools to be inspected, the method
can be used. The deviation between measurement sets will be used to compensate all
the subsequent measurement results of the test pieces of a production CMM. The test
piece used for comparison and the actual test piece for production have to be equal or
very close to equal. All the measurement paths, movement directions and probing
forces etc. have to be equal, too.

2.1.3.1 Test pieces

A variety of different test pieces has been used to evaluate the accuracy of machine
tools. There are several national (ANSI/ASME BS5.54, DIN8606, NAS 979,
VDI/VDQ-3444) and international (ISO 1984, 3070, 10791) standards on how a test
piece should be machined available and many companies have also their own
recommendations. The great variety of pieces has been caused by different kinds of
needs and measurement possibilities available.

— Test piece bo @
N |
|

\ R VAV AN
Auxiliary table \j
Figure 6. 1SO3070/11 test piece [ISO 3070/11]

The ISO 3070 test piece above can reveal values for circularity, cylindricity,
concentricity, coaxiality, flatness and perpendicularity. Perpendicularity of those types
only is a real direct error of a machine tool. Other deviations are more or less
consequences of other unknown errors of a machine tool. Thus the standard itself does
not tell in detail how to analyse the measurement data. It merely presents a method for
manufacturing the piece, leaving conclusions to the measurer.

A specially designed test piece at Tampere University of Technology has been used in
some research [Andersson 1992][Oksanen 1996]. This test piece is designed to reveal
positioning error, squareness and backlash in two axes at a time (usually in xy-plane).
The evaluation of the test piece is a straightforward process with the aid of a co-
ordinate measuring machine.
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Figure 7. TUT test piece [Andersson 1992]

Multiple different test pieces can be used in order to reveal the wanted collection of
deviation of a machine tool. For instance, three different kinds of test pieces were
used in a research project to adaptively correct errors of a turning centre [Mou et al.
1995]. Each test piece revealed some deviation types and thus the information,
observed from individual test pieces, supported each other. Features in the pieces
were chosen in the way that they detect unambiguously certain deviation types.
Information, got out of the machined test pieces, together with temperature
information, were used to compensate a turning centre.

2.1.3.2 Workpieces

As the specially designed test pieces can include only suitable features to detect
deviations of a machine tool, this is not necessarily the case in workpieces. However,
it is possible that also those pieces include features that reveal some deviations of a
machine tool. It is common that a machine tool can be partly analysed by using
information from a workpiece only. It requires that the finishing part of a
manufacturing process is well known, i.e. direction of machining, direction of
approach, tool, orientation and position in a machine.

Attention in the analysis of workpiece measurements should be focused on the
incompleteness of the results. They reveal only a part of deviations of a machine tool
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and thus merely detect problems of a machine generally more than show exact values
for some certain deviations. Another matter is that also the analysis method has to
cope with this incomplete information.

Machining conditions may change considerably between measurements, when
ordinary production pieces are used for a quality follow-up. The information on
changes in the NC-program, cooling and tooling should absolutely go up to the
analysis phase. Without proper background information crucial misinterpretations can
easily occur.

2.1.4 Uni-Test

The Uni-Test equipment was developed to measure both machine tools and robots
[Haas 1996]. This device can measure all the six degrees of freedom, which makes it
possible to make a complete analysis of a machine. It also allows the user to make
multiple tests on one setting. The disadvantage is that because of many joints, needed
to measure all the degrees, this device is not as accurate as the competing methods.

Figure 8. Uni-Test Il [Meitz 1999]

The first version of the Uni-Test is equipped with an air bearing and this limits
orientation of the device. It can be used only in a horizontal plane. The next
generation of Uni-Test uses instead a high precision mechanical bearing, which
allows free measuring angles [Meitz 1999].

The device consists of many mechanical and measuring parts, which cause errors in
measurement results. However, these errors can mostly be compensated if an accurate
enough calibration method is available. The compensation can be carried out for each
axis individually by means of a measurement software. Each axis is measured and
compensation tables for both movement directions are composed. Some errors will
still remain because of the differences in measurement force, temperature variation
and other changes in environment. It is possible to make this device accurate enough
for machine tool inspections by the means of thoroughly good mechanical design and
software. Preliminary practical tests have shown good results for this device.
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2.1.5 Laser tracking

3D laser tracking devices are versatile pieces of measuring equipment, but in general
they are not yet accurate enough for measurements of milling machines etc. This
problem concerns especially the angular encoder needed in the device, whereas the
laser interferometer part is similar to an ordinary laser measurement device and thus
accurate enough. A standard laser tracker measures three position co-ordinates of a
target retroreflector. Manufacturers offer two models, one with a less accurate
absolute distance measurement and an other one with differential distance
measurement. Positional measurement accuracy of a laser tracker is better than 50
um/m and repeatability is below 10um/m [Prenninger et al. 1995].

Nowadays a laser tracker can offer accuracy which is very well capable for inspecting
robots. Some studies have been carried out to measure even orientation angles with a
single beam laser tracker. The method is based on a retroreflector, having wires fitted
in. Those wires create shadows in a detection CCD and the information can be used to
determine an orientation angle of the retroreflector. [Prenninger et al. 1995]

2.1.6 Multifunction laser-interferometer

With a single laser-interferometer device it is possible to measure positioning, pitch or
yaw of an axis each at a time. Development work has been done lately to combine
those measurements in a single run. This has been realised by combining three
retroreflectors and corresponding laser light sources together. Thus it is possible to
capture all those measurements in one run using old tested measuring principles. A
device has been developed, using this principle and diode lasers to study the
behaviour of the system. Positioning measurement results have been good but no good
results have yet been achieved for angular errors with this method. [Abou-Zeid et al.
1996].

The same measurement can be realised also by using Doppler lasers. The
measurement is not as accurate as with a laser-interferometer, but the measurement
installation is some what easier.

2.1.7 Autocollimator laser

Principles of an autocollimator can be used to measure many deviation angles of a
machine tool at the same time. Further on this can be combined with straightness
measurement. The method relies on two-dimensional photodetectors, which detect
deviation of light reflected back from the measuring head. The helium-neon laser or a
collimated visible laser diode can be used as a light source. With this method it is
possible to measure lateral straightness, vertical straightness, pitch, yaw and roll
errors.

The accuracy of the autocollimator laser depends greatly on the accuracy of
photodetectors and beam pointing stability of the laser. Roll measurement is
especially sensitive to all error sources and thus its reliability is rather low. [Ni and
Wu 1993]
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2.1.8 Laser ball bar

Laser ball bar (LBB) is a kind of a further development of DBB. Originally the
method was developed to measure co-ordinate measuring machines, but it is
applicable for machine tools as well [Tikka 1992].

LBB consists of a two-stage telescoping tube with a precision sphere mounted at each
end. A heterodyne displacement measuring interferometer is aligned inside the
telescoping tube and measures the relative displacement between two spheres.
Because of the laser interferometer measuring principle instead of the LVDT,
measuring range can be given in 100 millimetres compared to millimetres in DBB.
The accuracy of measurement is also very good. Determinant error sources are balls,
ball sockets and uncertainties in environmental compensations of laser.

MULTI-MODE FIBER
TO RECEIVER
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Figure 9. Laser ball bar [Schmitz and Ziegert 1998]

Because of the wide working range of LBB, it is possible to use them in a trilateration
arrangement. This makes it possible to measure three dimensions simultaneously. The
difficulty in the arrangement is to construct a three-point contact of all three bars to a
single ball attached in a moving part of a machine tool (spindle or turret). Similarly, it

is possible to use just two laser ball bars and measure with triangulation in a plane
[Tikka 1992]
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Figure 10. Trilateration with three LBBs [Schmitz and Ziegert 1998]

The method offers precise accuracy measurement with high sampling rate. Today
Tetra Precision Inc. offers commercially a laser ball bar called OmniGage ', but the
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device itself and the methodology involved in the measurement are still under
development [Krulewich 1998][Schmitz and Ziegert 1998].

2.1.9 Laser circular test

A method has been developed to use an ordinary doppler laser [Liotto and Wang
1997] to perform a circular test [Wang and Griffin 1999]. There are some
dissimilarities to other circular tests in the testing procedure as well as in the
measuring principles. The system is based on a flat mirror on a machine tool spindle
and on two test runs that are performed in right angle to each other. Thus crucial
factors for the accuracy are thus the flatness of the mirror and the perpendicularity of
the turn of the mirror. Also the synchronisation of the two runs have to be performed
well. This can be done either by giving a signal from the controller via PLC
(programmable logic controller), or the measurement device itself can detect the start
of the measurement autonomously. In order to detect the signal autonomously the
performed runs must be placed in a 45 degree angle to the machine co-ordinate
system.

The benefit of the device is that multiple other tests can be performed with the same
equipment as well. It is possible to measure positioning, pitch, yaw and even
squareness with suitable options. The measurement device itself (doppler laser) is an
accurate device, however measurement installation inevitably causes some deviations
in this measurement method. The system with different kinds of options is obtainable
at Optodyne Inc.

. :i : Circular
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adapter spindie /- L

2™ run
Laser head — =—
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Figure 11. Laser circular test

2.1.10 Circular test with a scanning probe

One of the earliest quick test methods has been so called Knapp’s test. A circular test
method based on an accurate master ring and scanning measuring head was
introduced in the mid 1980°s [Knapp and Hrovat 1987]. This device is capable of
performing a circular test, but it suffers from noise and friction. Only a fixed diameter
test can be accomplished by this device.

A lot of valuable work was done to improve analysis of these measurements. This
theory is still valid for other quick test measurements. Originally the test run was
designed to be accomplished without a computer, and an analogue plotter was used to
record the measurement data. Likewise analysis of results was to be performed by an
operator.
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Figure 12. Circular test with a scanning probe [Knapp and Hrovat 1987]

2.1.11 Touch probe and an artefact

A touch probe can be used to make a quick test, when probe is used to measure a
known artefact. This measurement data can be used like a CMM measurement, but the
artefact must be specially designed for this purpose. Analysis and data capture must
be integrated in a numerical controller to make this measurement method feasible.
This kind of a system could fit well in flexible manufacturing systems, but special
attention must be focused on questions concerning cleanliness of the artefact and the
touching probe.

Ferreira and Liu [Ferreira and Liu 1993] have used a metrology pallet with two
different length touch-trigger probes to determine the accuracy of a machining centre
in three dimensions. They used this measurement platform also to track thermal
behaviour of a machine by repeating measurements after a certain period (45 to 90
minutes) during the heating and cooling cycle.

Figure 13. Metrology pallet with touch-trigger probe [Ferreira & Liu 1993]

Instead of a metrology pallet mentioned above, a hole plate can be used as a reference
target [Theuws 1991, p.128]. A plate with holes at a distance of 50mm to each other
was used in a study performed at the Technical University of Eindhoven. Actual
distances between the holes were calibrated by PTB (Physikalisch Technische
Bundesanstalt). Theuws reports that a repeatability of from 1,4um to 7,5um was
achieved in a direction of a single axis.
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A slightly revised version from the above is to use measuring probes instead of a
touch trigger-probe. Thus it is possible to capture measurement data without
involvement of a numerical controller. A three dimension probe has been used to
measure position of precision balls located in a calibration frame [Tajbakhsh et al.
1997]. The probe consisted of three linear variable differential transformers (LVDT)
assembled in 90 degree angle to each other in order to measure deviations in
directions of the three axes. Two repeated measurements in one ball were used to
decrease the effect of repeatability errors in this experiment.

2.1.12 Summary of measurement methods

Two categories can be found in these so called quick measurement methods; dynamic
and static methods. Dynamic measurements are done in-run i.e. during motion and
static measurements stop on a target point where the measurement value is captured.
Touch probe with an artefact is the only device of the previously presented choices
which can do static measurements only. The other devices can perform both
measurement types depending on the current need and used software.

Table 1. Applicability of measurement methods

¥ v v W O v w o

= = AN = =
Measurement method % % % 3):; § i: g: & é % §

@ g @ < & g
Double ball bar © O e e o o o ¢ o
Cross-grid encoder e 6 6 o6 o6 o o o o
Test piece measurement e 6 6 6 O o o o o B
Workpiece measurement” © @ @ @ O @ @ @ @ (
Uni-Test ® 6 6 o6 o o o o o
Laser tracker ® 6 © e o o o o O
Multi-beam laser ® 6 0O e ¢ o O O e A
Autocollimator laser ® 6 0O e e ¢ O O e B
Laser ball bar Y 0 e e e e e e o A
Laser circular test e 6 o e o o o o o -
Circular test with artefact © 0Y @ e © e e e e B
Touch probe with artefact ® 6 ¢ 6 O e O O O B

@ = Device can measure the deviation.

® = Device can fairly well measure the deviation under reserve.

O = Device cannot measure the deviation.

A = Device fits well for machine tool calibration and acceptance testing.

B = Device is adequate for daily inspections of machine tools.

C = Device can be used for daily inspections if accuracy requirement is low.
" = Applicability depends greatly on the complexity of a workpiece.

2 = Deviation can be measured well with optional equipment.

3) = 2-bar and 3-bar systems can measure these deviations well.

D = Rectangular features in an artefact enables measurement of straightness.
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This work concentrates later mostly on dynamic measurements. Analysis of dynamic
measurements is not a well studied field and thus offers yet unrevealed potential.
Some comparisons, between measurement methods are presented in Table 1.
Classification of deviations is made according to terminology used elsewhere in this
paper. This terminology differs to some extent from the commonly used manner, but
here it is justified to sustain consistency throughout the work.

Accuracy levels are as well disputable, because exact values are difficult to give for
most methods. However some classifications are made based on the given uncertainty
and evaluation of the methodology. Class “A” means that this device certainly meets
accuracy requirements of a machine tool inspection, if only used properly. Class “B”
can be used for daily inspections without great concern towards accuracy, but tuning
and compensations should be carried out based on these measurements only if
trustworthiness is assured by some other means. This reliability can be tracked down
for example by a previous comparative measurement between the device in question
and a calibration level device. Class “C” devices can be used in everyday inspections,
if reliability has been beforehand assured by comparative measurements and the
accuracy requirement is not specially high. Compensations and tunings should not be
done based on these measurements only.

2.2 Thermal effects

Thermal drift is the most significant single source of geometrical errors in machine
tools. Thermal drift alone can cause even more than 50 % of the overall error [Weck
et al. 1995]. Means to reduce this effect can be classified in three groups, which are
1.) reduction and insulation, 2.) temperature control and 3.) compensation. The two
first categories are most commonly used in practise while compensation has been a
popular research object. Bryan [1990] speaks for a temperature control mainly
because of the difficulties in other means explained below.

Standard draft ISO/DIS 230-3 describes the methods to measure thermal drift and
environmental temperature variation error (ETVE). These measurements can be used
to evaluate and to quantify the thermal stability of a machine tool. Thus it is a basis
for the further development in the thermal error research.

2.2.1 Reduction of thermal effects by design

The first and most important basis to make an accurate machine tool is naturally
design. Design for thermal behaviour is not an exception and thus good design alone
can already produce a good enough behaviour. Bad thermal design can hardly be
compensated by any means at all but good design can be improved with
compensation.

Heat sources can be either isolated or their power reduced in some cases. FEA (finite
element analysis) is an important tool in this area to study behaviour of different
structures. Different dispositions of heat sources as well as frame structures can be
relatively fast examined with FEA. Lately heat pipes have been successfully used to
transfer heat away from source areas [Zhang et al. 1991]. This method equalises
temperature distribution and shortens consequently the warm-up time.
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2.2.2 Compensation of thermal effects

All the compensation methods are based on measurement of temperature in a machine
tool body or drives. This temperature information is used in different models to
calculate the compensation amount. Generally only the thermal behaviour of a
machine tool itself is modelled and compensated leaving effects of a workpiece and
tool untouched. The modelling of a workpiece thermal behaviour is a complicated
task in itself and would need a new model for each new workpiece type making thus
compensation rather laborious and difficult to realise in practise. A tool is easier to
model but the measurement of its actual temperature is difficult to arrange.

The first and the most simple way is to use a single temperature sensor in each axis
and compensation using a linear model for each axis positioning. This schema is
available in modern numerical controllers and thus it is easy to implement. Here have
to be remembered that the uncertainty of the expansion coefficient of the scales and
the workpiece are very high [Bryan 1990]. Temperature measurement itself involves
uncertainty too and thus the overall accuracy of the compensation is low.

Recently neural networks have been used to model thermal behaviour of machine
tools [Ling 1996]. This method offers a chance to use many sensors per axis and even
to place them off the axis, because the calculation method itself can find out the
importance of each sensor. Depending on the structure of a neural net used, the
system can model also non-linearity as well as dynamic behaviour in time. The
method is, however, somewhat complicated and needs an expert to tune it. Nowadays
it is possible to purchase a system like this and it will be assembled later into the
customer’s machine.

Many studies have been made to incorporate compensation of thermal effects into a
general model together with other geometrical errors. The benefit of this approach is
that this way not only the positioning error in direction of an axis but as well other
thermal related deviations are compensated. The model parameters are solved in
continuous thermal states and then these parameters are used to compensate a
machine tool [Donmez et al. 1986] [Ferreira and Liu 1986] [Theuws 1991]. Parameter
estimation has to be carried out to each machine tool individually. Because of the
complexity this kind of approach hasn’t become popular in practise. The amount of
parameters to reveal increases when different kinds of dynamic thermal states are
modelled and still this kind of a method can hardly achieve good general reliability
and robustness.

2.3 Analysis

The aim of analysis is to determine parametric errors from a measurement data. The
analysis of measurement results can be accomplished manually, semi-automatically or
fully automatically. These steps present different phases in the development of
technology and calculation capacity available. Previously measurement equipment
and methods offered measurement results directly. This was mainly because it wasn't
possible to interpret more complicated kind of measurement results without
computing power. The situation has changed with the development of computers and
now there are no more reasons to use self-evident measurement methods just because
they are easier to understand for a human.

The complicity of an analysis algorithm depends on the machine tool structure and
measurement data presentation. It can be quite simple as in this work, when only
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Cartesian three axis machine tools are considered and measurements are reduced to a
plane. The work would be significantly more complex on hexapod machine tools
[Soons 1997].

2.3.1 Manual interpretation

Some measurements are interpreted directly by a person without any assistance of
computers. Most classical standardised measurements are analysed this way. Mainly
this involves taking only a couple of discrete measurement points instead of scanning.
These measurements are usually also parametric and thus reveal one deviation type at
a time. This makes a human interpretation possible, but looses some information. And
even though the intention is to measure just one deviation type, some other deviations
can easily interfere in the measurement. Partly these restrictions are caused by
measurement equipment, which doesn't have the capability of catching measurement
points in high frequency.
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Figure 14. Human interpretation of machine tool measurements

Good examples of human interpretation are measurement of squareness and runout of
a spindle (DIN 8601). We can think this is the case also when a circular test is
recorded by an analogue plotter and then interpreted by a person. Also a DBB
measurement recorded by a computer can be classified into this group when no further
analysis is made.

2.3.2 Semiautomatic analysis

A semiautomatic analysis can find out separate deviation values and a capability value
for the current tested path based on a measurement. Still some interpretation is left for
the user and he must evaluate the relevance and reliability of results.

A combination of laser-interferometer measurement and generally available capture
software belongs to semiautomatic analysis. It can give results for positioning
accuracy and also give some uncertainty estimates for those values. But it lacks any
ability to tell reasons for deviations it has observed. This can cause serious
misinterpretations when some angular errors exist in a machine tool.
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Figure 15. Semiautomatic analysis of machine tool measurements

A few pieces of analysis software are commercially available for DBB measurements.
These pieces of software also belong to a semiautomatic group, because although they
give some estimates of different deviation types, there is no information on the
reliability of those results nor are those values put back on a numerical controller for
compensation purposes.

The analysis method presented in this thesis also belongs to this group. This analysis
gives results, which are ready for compensation and it also reveals the uncertainty of
those estimates, but it lacks the ability to compensate machine tools automatically.

2.3.3 Full-automatic analysis

A full automatic analysis can find out deviation values and also estimate their
reliability. It can ask for an additional measurement with new parameters when
needed to ensure the reliability of results. This type of an analysis can still work only
in one plane, though it causes higher uncertainty values for deviation estimates.
Therefore a three dimensional analysis is preferred.

Full-automatic analysis can either do the compensation itself or it can offer
compensation information, which can be activated without a human intervention.
Compensation can be performed either by a machine tool controller itself or it can be
done before by a postprocessor of an off-line NC-programming tool.
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Figure 16. Full-automatic analysis of machine tool measurements

This type of analysis is needed for flexible manufacturing systems, because it makes it
possible to measure machine tools between workpieces without interruptions.
Measurements could even be completed at night after all the scheduled pieces are
machined and thus loose no valuable machine time at all. The analysis and
compensation cycle could be realised without interruption in production. Because of
the shortened measuring time frequent tests are feasible. This again keeps machines in
control all the time and also narrows the deviation range.

Currently there are no available measuring equipment nor analysis software in this
level. However, this will become possible in the near future, because analysis methods
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have been developing lately and, on the other hand, flexible manufacturing systems
have become more common. Because those systems are expensive and intended to be
used 24 hours a day, it is important that they can be utilised during the maximum time
and that they are producing high quality all that time. This means full-automatic
measurement, analysis and compensation.

2.3.4 Analytic geometry notation

The first method to represent errors of a machine tool has been geometrical approach
[Love and Scarr 1973]. Compared to the Denavit-Hartenberg method presented
below, this notation can lead to long equations if the whole machine is modelled at
once.

The basic principles of this method are however solid, but the problems are more
related to cumbersome notation of a solved problem. Because a more convenient
method has been found, this older way has been forgotten. The basic formulae of
geometrical notation are however more intuitive and also they can be flexibly used
with different conditional statements.

The work presented later is based on geometrical notation. Also because the whole
analysis works just in a plane, the complicity of solved equations is no issue at all.
Conditional statements used in latter equations take into account changes in the
feedrate and motion direction.

2.3.5 Denavit-Hartenberg notation

A systematic approach to model lower-pair mechanisms, called Denavit-Hartenberg
(D-H) notation [Denavit and Hartenberg 1955], has been successfully used in robotics
and also in machine tool measurements. Most of the recent work has been based on
this theory, because notation offers good tools to model straight and inverse
kinematics.

Matrix notation supports translations along axis and angular turn around joints. A
joint is coupled with an arm and a single matrix presents this pair. This method
supports well three-dimensional systems and it can model also errors in joints and
arms. Straight kinematics from joint values to an actual position of a tool point is well
behaving and easy to calculate. However, inverse kinematics is in most cases
complicated to evaluate analytically and that is why different approximations are
widely used.

Because D-H notation does not natively use different parameters depending on motion
direction, nor do the developed methods based on D-H, support that. Thus the systems
are insensitive to different kinds of reversal errors. Neither do the systems have speed
dependent parameters, which hampers detection of servo based errors. These
deficiencies are not actually Denavit-Hartenberg’s fault, but taking these matters
along would force one to split calculations in many parts depending on motion
parameters.

Even if modelling a machine is rather a straight forward process by using D-H
notation, it can hardly be expected that this modelling could be implemented in
ordinary machine shops. However, good results have been reported in the US in the
mid 80’s [Ferreira and Liu 1986] [Donmez et al 1986]. Research groups tested the
system in laboratory conditions and achieved remarkable enhancements in accuracy.
The both groups had integrated a thermal compensation in their algorithms. However,
thermal compensation didn’t take advantage of D-H, it was merely a pure positioning
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correction added to the global model. Donmez claims that this kind of an integrated
algorithm can give accuracy enhancements up to 20 times.

More thorough explanation on using rigid body kinematics with D-H notation was
completed for three axes machines [Andersson 1992] and for five axes machines
[Theuws 1991][Soons et al. 1992]. Theuws integrated a thermal compensation in his
system and got rather good results (i.e. 50% reduction in geometrical errors and in
thermal errors more than 50%). However, he points out that the measurements needed
for this method are really laborious and that many complicated issues are involved in
thermal compensation. Because of the many parameters and unknown variables in the
thermal stage of a machine tool, Andersson has concluded to recommend making
measurements in a thermal stage which corresponds to normal machining situation.
Based on the analysis model a whole follow-up system of a machine tool has also
been proposed [Figure 17].
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Figure 17. A machine tool's quality control system with respect to its

quasistatic errors [Soons et al. 1992]

2.4 Compensation and adjusting

Analysis results of deviations of a machine tool should be used to adjust the machine
to produce better quality. These actions can be called either adjustments or
compensations. Adjustments change the parameter values in a controller or in a
machine tool itself. Compensations instead are additional corrections, which are
added to target positions.
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2.4.1 Adjustments

Numerical controllers offer a possibility to adjust servos by parameters. Thus it is
possible to adjust servo mismatching and also, to certain extent the servo lag
automatically. However, because many factors are involved in servo tuning the values
should not be changed without careful consideration. Thus even if the analysis method
can reveal this type of deviations, they are not applicable for full-automatic adjusting.
Manual adjusting is needed to reduce some geometrical deviations. The smoothest
and the best way to reduce the squareness and clearance error is to adjust them
manually, even if means also to compensate them exist. Manual adjusting was earlier
needed to tune servos, too.

Adjustments and compensations cover partly equivalent deviations. Nevertheless
these methods are not mutually exclusive. Compensations can be used to fine tune
remaining amount of deviation after adjustment.

2.4.2 Compensation

Compensation of a machine tool path can be realised by compensation tables, by an
external correction of a feedback value and by modifying an NC-program. All the
methods have been used to some extent, but compensation tables are the most
common.

Compensation requires always some computing time, which has this far effectively
hindered implementation of sophisticated compensations. However situation has
changed lately and now a great variety of compensation methods is available. The
superiority of a compensation method can be determined by looking at compensation
interval, renewal time and resolution. Ease of use, management of compensations,
information flow and compatibility with other systems are important parameters when
choosing a compensation method.

2.4.2.1 Compensation tables

Compensation tables are stored in the numerical controller. Look-up type tables have
compensation amounts stored at certain intervals. Depending on the controller type
compensation values between the stored points are either interpolated linearly or the
whole interval has a fixed value [Figure 18]. Compensation can either correct the
same axis, which determines the look-up position in the table or some other axis. This
enables compensation of squareness error. Tables of their own can be determined for
both motion directions, which is used to compensate reversal errors.
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Figure 18. A look-up table
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Because compensations are stored in a controller, some benefits are being gained.
Firstly, servo algorithm is adapted with compensations and thus the existence of
compensations does not deteriorate the dynamic performance of the servo system.
Secondly, the compensation algorithm is all the time aware of real motions of a
machine tool (speed, direction) and thus can use the exactly right compensation
model. And last, but not least, the combination of a controller and a machine tool is an
independent unit, which has a standardised interface (NC-program) to an upper level.
Tables can be updated also during the run-time without a power-up or reset. Theuws
[Theuws 1991] used this property to compensate thermal effects in real time. This
enables also automatic compensation of geometric errors.

2.4.2.2 External correction of the feedback value

If compensation tables are not available or requirements for compensation are so high
that tables are not adequate, it is possible to build an external compensation unit,
which adjusts feedback values to the controller. This system can easily involve both
geometrical and thermal compensations [Donmez et al 1986].

This practice offers great flexibility, but it has some drawbacks. Even if the servo loop
performance is not directly deteriorated, the living feedback makes the tuning of servo
parameters difficult. If new compensation values are not calculated with the same
frequency as new position loop target values, unexpected servo behaviour can occur.
Because this kind of a system can strongly reduce the dynamic capability of a
machine tool, it is not likely this system will become more common. However, it can
be very useful in laboratory conditions when new compensation methods are tested.

2.4.2.3 Modification of a NC-program

A NC-program can be modified in such a way that the errors observed in a machine
tool are compensated when the program is run [Takeuchi and Watanabe 1992][Spaan
1995][Mahbubur et al 1997]. The benefit of this method is that it is applicable also to
older controllers. However, this method has also some drawbacks, which hinders it to
become a primary choice for compensation purposes. Firstly, lines in a NC-program
must be split in many smaller lines thus increasing the program size. Secondly, a
numerical controller has difficulties to shift between these new lines, because it tries
to achieve all the new corner points. Thirdly, administration of right versions of NC-
programs can easily become difficult to handle.

A new NC-program coding method with NURBS (Non-Uniform Rational B Spline)
etc. can help to exploit this method. However, this cannot be seen to be a native
compensation method for numerical controllers, but can be applicable to some special
tasks.
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3 MATHEMATICAL MODEL

3.1 Introduction

Raw measurements of machine tools themselves do not reveal errors of machine tools.
Some kind of a method is needed to find out separate deviation values and to make
different kinds of measurements comparable with each other. These separate values
can then be used to follow-up and diagnose machine tools. This calculation should be
automatic and reliable to be able to serve higher functions with right information.

3.2 Tasks

The calculation model includes different tasks to complete. These actions prepare raw
measurement data for analysis and also estimate sensitivity of results. Analysis can be
divided into the following tasks:

classify array of measurement points to analysis features
carry out possible co-ordinate transformations

do rough filtering of measurement data

evaluation of deviation values

estimation of the accuracy of results.

Nk W=

These tasks are dependent on the actual analysis method used, but in some way each
method has to handle these tasks. It is more a question of calculation and functions
used to perform those tasks.

3.3 Methods

The calculation method for the evaluation of deviation values must be chosen between
different search algorithms and the analytical solution. Widely used search methods
are neural networks, genetic algorithms and traditional stepping search algorithms.
When an analytical solution is attainable, it offers a more accurate result compared to
different search algorithms. Secondly, computing time is commonly shorter for an
analytical model. Because of this the analytical model is always preferred when it just
is possible to achieve.

3.3.1 Analytical model

When a process model is non-linear, it is generally very complicated to find an
analytical solution. In those cases a general approach is to linearise a model in the
operating point. This offers a relatively simple calculation for a solution with a price
of limited solution space. It is sometimes also possible to resolve an original non-
linear equation offering exact solutions in the whole parameter space. Unfortunately
this is possible only in rare cases and it is also laborious. This thesis presents a
linearised model, which gives reliable results with normal machine tools [chapter 1.7].
The fitting procedure is an essential part of the analytical solution. The most common
method is to use least-squares fitting, which is used in this work, too. The benefit of
least-squares is that it is fast and reliable to compute and solutions are generally
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robust. The biggest drawback, that is commonly presented, is that it minimises the
error, which does not have clear physical background thus not being relevant to the
problem. However least-squares fitting works well to give a good average result, but
cannot tell or restrict the maximum error.

The Chebyshev norm has also been used to evaluate deviation parameters in some
cases [Tajbakhsh et al. 1997]. This fitting minimises the maximum error and is thus
theoretically the best fitting procedure. It doesn’t necessarily give the best result in
average, but it gives a value for the maximum error and also minimises it. There is a
drawback though that the method is very sensitive to measuring errors and noise.
Thus it requires filtering. Filtering on the other hand can cause similar problems in
authenticity as mentioned earlier with the least-squares fitting.

If repeatability of machine tools is on a level later reported in this work, there is no
practical difference in accuracy between fitting methods. The question is merely
computational and of reliability. Some other studies [Takamasu et al. 1998] as well
have recommended the use of the least-squares method in order to separate features
from CMM measurements. Thus the least-squares method is here the choice, because
it offers the highest efficiency.

3.3.2 Genetic algorithms

A genetic algorithm can vary itself by two different methods: mutation and
inheritance. Inheritance combines properties of two predecessors. Mutation is a
random change in parameters. Hereby this method uses inheritance to search a local
minimum and mutation jumps around the parameter space to find a new global
minimum search start point. The method has been found to be useful in cases with a
very large parameter space and difficult non-linear equations.

3.3.3 Neural networks

Neural networks are multi-layer modellers, which combine non-linear transfer
functions with a linear summa. A layer consists of cells, which each first add values
from cells of a preceding layer with an individual weight and then this sum is put
through a transfer function. The most intelligent part of these methods is the system to
tune weights for cells. This kind of a system can model also non-linearities. It fits for
problems with unknown underlying equations, a quite large parameter space and
moderate accuracy requirements.

A previous research has been made earlier to compare neural nets to an analytical
model in a double ball bar analysis. The study comes to the conclusion that when an
analytical model is available it can offer better results than a neural net. [Torvinen et
al. 1995]

Generally neural nets are used in the cases in which dependencies and functions from
initial values to observation are unknown or especially difficult. There are many cases
in which these dependencies are known in theory, but in practise the application of
them is so complicated that neural nets are used to model the behaviour. However, the
rule of thumb is that neural nets should be used only when analytical methods are not
applicable. Because a neural net structure does not really know the behaviour behind a
phenomenon it cannot give as good results as a good analytical model does.
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3.3.4 Search algorithms

Traditional search algorithms stride over the parameter space using a known linear or
non-linear function trying to find a global minimum or maximum depending on
requirements. The search algorithm can either use real derivative information of the
underlying function, estimate a derivative with two subsequent points or neglect a
derivative. Search algorithms are effective solution providers when an analytical
solution is not achievable for some reason. Weaknesses of these methods are that they
can find just a local solution and that computing time cannot be estimated and it can
be rather long.

3.4 Modelling of deviations

3.4.1 Principles

The analysis is based on the use of features. Every measurement is first split into
features and then they are handled the required way. Original measurement data is
first split into features, transformed to a local co-ordinate system, deviation prototypes
are built for each feature and deviation and the prototypes are then fit to the
transformed measurement.

3.4.2 Modelling

Before individual features can be distinguished the measured paths have to be known.
This can be achieved either by drawing measurement paths in an analysis program or
by importing them from a measurement program file, for example DMIS
(Dimensional Measuring Interface Standard) [ANSI/CAM-I 1995].

The measurement path is just one side of the modelling information needed, because
the manufacturing information is also required. Again this can be modelled in the
same way as the measurement paths above. At least machining directions, tools,
positioning on the machine tool table and feedrates have to be modelled in the
machining information database.

3.4.2.1 Features

The types of features handled by the analysis are restricted, because every feature
handled needs its own kind of formulae. In this thesis work only features in one plane
are studied. The features used are line, arc and point. Information required by the
features is presented in table 1.
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Table 2. Feature information

Arc Line Point

Order number Order number Order number
Plane Plane Plane

Feedrate Feedrate Feedrate

Tool Tool Tool

Centre point x,y,z  Start point x,y,z  Position x,y,z
Radius Length Bore hole radius
Direction Angle

Start angle Approach angle  Approach angle
Stop angle

Material side Material side

3.4.3 Feature separation

Measurement data is commonly just a long list of co-ordinates without information on
where it was obtained. CMM measurement results are originally stored by features,
but this information is easily lost when transporting measurement in a compatible
data-file format. The cross grid encoder measurement does not even have this
information, because it is just a time based capturing device without any knowledge
of the actual measured shape.

The method uses recognition zones [Figure 19] to separate points belonging to each
feature. If a point hits in a start zone of the first feature, a collection of data points for
this feature is started. The collection will continue until a point in the end zone of a
feature is found. This starts a search of a start zone of the next feature. This continues
until all the features are collected.
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Figure 19. Recognition zones

A predefined constant a, recognition length, is used to determine the length of
recognition zones. The recognition length depends on the data point interval and the
centring of a measurement. The higher the capture frequency and the better the
centring, the smaller can the recognition length be. Too small a recognition length
causes loosing of features (and furthermore failure of analysis) because no points hit
in a zone and a too long one lets unnecessary many points to be neglected.

A point is determined to locate in a position where two successive points in a
collection area of the point are closest to each other. The average of those two
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measuring points is used later to stand for as the real location of the point. A point in
CMM measurements is presented by a bore hole. The hole is recognised by an arc
recognition system and the point location is interpreted to be the centre point of a
calculated least squares circle.

The feature recognition leaves always some measurement points from the start of a
line or an arc neglected. This looses information on the behaviour of a machine and
that is why too long recognition zones should be avoided. On the other hand the
analysis presented in this thesis concentrates on low frequency geometric errors and
thus transients occurring just in a switch of features can disturb the analysis algorithm.
With this in mind, it is more advisable to write off some points right at the start of a
feature.

3.4.4 Internal data format

The measured data can be read in Cartesian co-ordinates. Yet, this format is not
suitable for analysis and it has to be reduced to a difference between a target form and
a measured path only. This preparation makes it possible to use the least squares
method presented later.

This reduction is implemented in arcs by calculating for every measurement point the
difference between the measured point and the target point in the direction of the
radius. The difference between the measured point and the target point in the direction
of the normal of the line is used for lines. But for points we use the distances in the
direction of both Cartesian axes instead.

/— Measured
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Figure 20. Measurement deviation [Holsd 1997a]

In addition to the measurement deviation also the position within the form has to be
calculated. So for arcs this is the angle for the measurement point, for lines it is the
position on the line from the starting point and for points it is neglected. These are
needed later when calculating deviation prototypes for the measurement analysis.
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3.5 Analysis of deviations

An own kind of behaviour can be found for every deviation type. They are also
reflected differently on each feature type. The first thing needed to start the analysing
work is to find the formulas, which characterise these phenomena. The following
kinds of machine tool deviations are considered in the analysis:

Backlash

Cyclic error

Lateral play

Linear scaling error
Servo mismatch
Servo lag
Straightness (2"
Squareness
Measurement offset
Measurement rotation
Tool compensation
Up milling deflection

The deviation types to be analysed have been selected among the deviations
commonly found in machine tools. The selected deviations are of great importance for
the quality capability of a machine tool, they possess a regular deviation path and are
distinguishable from each other in favourable conditions. However, there are no major
obstacles to prevent taking other deviation types in analysis as long as they have a
regular deviation path and are distinguishable with used measurement methods. The
deviation description here is mainly based on the work done for a double ball bar
measurement analysis in Kakino's laboratory, Kyoto Japan [Kakino et al 1993].

The three last deviations, measurement offset, rotation and tool compensation, don't
tell any information on the condition of a machine tool. Yet they have to be
calculated, because otherwise the analysis process would try to explain those errors
with real deviations of a machine tool. Thus these deviations are measurement - not
machine tool - specific.

3.5.1 Description of deviation types

3.5.1.1 Backlash

Backlash is an error motion occurring because of a clearance in a transmission and
lost motion caused by an elastical deformation of a driving mechanism. This deviation
type includes thus, indeed, two different type of error sources. Clearance is constant
regardless of speed, acceleration and forces, whereas the lost motion is dependent on
the force aimed at a transmission [Kakino et al 1993]. The direction of the error is
opposite to the motion direction. If the deviation amount is negative, this deviation is
usually caused by too big a backlash compensation value in a numerical controller.
Pitching of an axis causes also motion, which looks like backlash. The amount of a
deviation caused by pitching increases further away from the pivot point. This fact
can be used to detect pitching when suspected.
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3.5.1.2 Cyclic error

Cyclical deviation can be caused either by an error in a ball screw with an interval of a
ball screw pitch (drunkenness) or a misalignment of a transmission system when
rotary encoders are used. Generally no cyclical error can occur if linear encoders are
used. The direction of the error is parallel to the direction of the axis having an error
source.

3.5.1.3 Lateral play

When an angular error is present in an axis, it causes deviation, named here lateral
play. Lateral play is dependent on the motion direction and its direction is normal to
the axis causing the error. Lateral play can most reliably reveal the rolling of an axis.
In this case the amount of the deviation increases the further away the measurement
plane is from the pivot point.

Yawing of an axis can also cause lateral play in some cases, but it depends on the
distance between the measurement setting and the pivot point. Generally lateral play
doesn't reliably detect the existence of a yawing.

Pitching is not detected by a lateral play, but it can be seen in a backlash value.

3.5.1.4 Linear scaling error

Uniform expansion or contraction of a motion of a machine tool can occur, if a ball
screw warms up in a machine equipped just with rotary encoders or a linear scale
expands because of heat. The expansion here is a linear deviation and thus presumes
constant warm rise all along the measurement. The direction of the deviation is
parallel to an axis having the error.

It is typical for linear scales to have some amount of scaling error when installed in a
machine tool because of tensions in fixing and difference in temperature compared to
calibration conditions. In some scales this expansion or contraction can be adjusted
mechanically, but it can also be adjusted by parameter changes in a controller.

The ball screw is mounted with a pre-tension and this should absorb the thermal
expansion effect. However, it is possible that sometimes pre-tension is not tight
enough and thus warming up of a screw causes error in machines, which have rotary
encoders only assembled at the end of a ball screw or a servo motor.

3.5.1.5 Servo mismatch

When the position loop gains for the two axes are not equal, mismatching of servos
occur. Then the more rigid axis moves ahead of the other one and it causes bad
following of a circular path. The problem is especially difficult when the weights of
the axes are greatly different, because in that case it is very difficult or even
impossible to tune both axes equally. When seeking this, the tuning can either end up
in oscillation or sluggish total performance.

3.5.1.6 Servo lag

It is characteristic for a servo system that it has some lag to a commanded position.
This lag is the bigger the higher the speed is. Thus circular paths will remain too small
with high feedrates and a small radius. Increasing of a position loop gain will reduce
this deviation, but it has other restrictions, which usually limits adjustments.

A feed-forward control eliminates this deviation when used at 100%. Feed-forward is
not, however, available in all controllers and even where it exists it's not always
possible to use it at 100%. This is because of limitations in the calculation power of a
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controller and rigidity of a machine tool. Nevertheless this is a powerful tool to reduce
servo lag.

3.5.1.7 Straightness

Straightness of the guide ways can differ many ways from an ideal straight line. The
model uses, however, only a second order curve to model the straightness error. This
can explain only major straightness errors, leaving higher frequency variations
neglected. It is a compromise between modelling reality and total reliability of the
analysis system. The outcome is that the model can reveal problems in the
straightness of the guide ways, but it cannot tell exactly how much and where the
problems lie.

Straightness deviation points out in the direction of normal to the axis having the
straightness error.

3.5.1.8 Squareness

Squareness error is a non-perpendicularity between the two axes tested. A bad
assembly of a machine, poor machining quality of the parts of a machine tool or a
collision can cause this deviation. This is thus a structural problem and can be
adjusted either mechanically or using compensation tables in a numerical controller.
The sagging of an axis, usually a spindle head, causes also the same kind of a
phenomenon. The deviation path is not exactly the same as it is for a squareness error
of the axes supported in the both ends or the whole length, but the method will explain
this deviation by giving a higher value for a squareness deviation.

3.5.1.9 Measurement offset

When measuring either directly a machine tool or a test piece, a theoretical zero point
doesn't hit exactly in the same point with the real fitted zero point. Measurement data
is transferred to a theoretical zero point to make data visually more pleasing to look
at.

3.5.1.10 Measurement rotation

Like the measurement offset just before, a rotational orientation of a measurement
doesn't automatically agree with the theoretical one. Rotation angle is used likewise to
turn the measurement data into a more suitable position for the visual interpretation.

3.5.1.11 Tool compensation

Differences in a tool radius can be caused by bad presetting of a milling tool or into a
smaller extent by the errors in the measuring probe calibration. This deviation exists
only in machined pieces, direct measurements do not have this deviation type at all.
Like the two previous deviations, also this is just a measurement specific issue and
doesn't reflect any problems of a machine tool.

3.5.1.12 Up milling deflection

Machining of test pieces includes both down- and up milling. Depending on the tool,
raw material and machine tool itself can milling mode cause different deflections. We
make the assumption that this deflection is similar to the direction of both axes and it
depends solely on the milling mode. This deviation type doesn’t exist in direct
measurements.
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3.5.2 Fitting

The deviation prototypes are combined in the format of a matrix, which will be fitted
to the measurement data. When collecting this matrix it has to be tested if the matrix
is linearly dependent after each deviation type vector. If this is the case this type of
deviation cannot be analysed and it is removed from the matrix. Then the next
deviation type is added to the matrix and tested. This is repeated for every deviation
type. The final prototype matrix can be presented as:

a=[p o] (1)

—devl o —dev_n

Now it is possible to calculate the estimates for deviations d collected in a vector in
the same order as we collected deviation prototypes for the matrix 4. The estimation
is based on the use of the least-squares fitting, which is justified in chapter 3.3.1.
When the measured difference to the target path is marked as m, we will get the
following kind of a formula:

d=A"m (2)

Here " means pseudoinverse. If we assume that all the data points have the same
variance s° and that they are also independent, we can use the following formula to
estimate the uncertainty of our results:

V=(A4"4)"s (3)

The assumption of independent points and equal deviation in each point do not fully
meet reality, but the value achieved using this formula can however estimate the
reliability of results. It is more just for an internal use of a method than to be shown
for a user as a final estimate of the reliability.

It is more secure to include also external sources of error in the estimation of
reliability. Practical experiments should be done to reveal the real reliability of a
method and this value can later be used as the final reliability of the method.

3.5.3 Prototypes

Notation for individual deviation types for arcs is largely based on the work of Kakino
[Kakino 1993]. Additions made for this system are rotation, tool compensation, up
milling deflection and servo lag. Notation of vectors and points is made just for this
system, but it naturally inherits principles from handling of arcs [Holsd 1997c]. The
formulas presented, use the following notation:

i Measurement point number

t Feature number

fi  Feedrate on the feature ¢

I, The half of the total width of the measurement along the 1* axis
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3.5.3.1 Prototypes for arcs

The formulas used to calculate the deviation prototypes for arcs are presented here for
x-axis using the notation:

R, Radius of the circle ¢

xo, Centre point of the circle ¢

xo  Centre point of the measurement

dir, {1 if counter-clockwise | -1 if clockwise}
6, Angle at a measurement point i

These formulas can be generalised to other axes just by replacing the equivalent
variables with their counterparts.

Centring:
parcﬁcenlringx (01 ) = COS(@, ) (4)

Rotation:

x, =cos(8) R, +x,, —x,
Y, =sin(6)-R, +y,, — ¥, @)

parcirolalion(ei) = xi2 + in ’ COS(Q‘ - atan(yi 9xi))/\/ I? + Zyz

Tool compensation:

Parc w0 (6) = {1 material outside | -1 material inside} (6)
Up milling deflection:
Pare_upiing (0,) = dir; (7
Squareness:
Pare spureness(6) = c08(8)-(sin(8) - R, + v, ~,) /1, ®)
Scale error:
Pare i (0) = c08(6) -(cos(0) - R, +x,, —x,) /1, ©)

Straightness:

. 2/
parcf,s’tralghtnu,ys (61) = Sln(ez) ’ ((R[ ' COS(Q) + xO,[ - xO) /lx - ?) (10)
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Backlash:

dir, -cos(§) ,when g €(0,7]v 8 €(27,37]

11
—dir, -cos() ,when 6 e(-7z,0]v @ e(x,27] (1)

p arc_backlashx (01 ) = {

Variable backlash:

dir-cos(@)-(R, -cos@) + vy ~ )1, . 0 =07
_ Ir, - cos(g, - COS(Y, Yoo ™% * ,\/9, E(27Z',37Z']

parcfb/varx(ei) - if 9] E(— 72_’0] (12)

—dir, -cos(Q)'(Rf ~cos(6) + x,, _xO)/ZX v e(r27]

Lateral play:

parcfplayx (91) = —dll", |Sln(91 )| (13)
Servo mismatch:

f‘max = m[ax(-f;)

. . (14)
pdl’(!iSUFV(} (6,) = dlrf : f‘l‘ ' Sln(zel )/f‘max

Cyclic deviation:

Pare eyeticn1 (6,) = €08(6)) - sin((cos(@,. )R +x,, ) . 27r/pitchx)

15
Dare eyetien2 (6,) = €08(6) - cos((cos(@, )R, +x,, ) 27 / pitchx) 4>

To use these formulas, a value for the cyclic deviation pitch (pitch,) has to be
determined beforehand. The results can be converted after fitting to a more
understandable form by using the formula for a magnitude and a phase:

_ 2 2
dcyclicxfmag - \/(dcyclicxl + dcyc/ich

= atan(dcyd,cxz 5 dcyclzcxl )

(16)

cyclicx _phase
Servo lag:

S =max(f/R,)

2 (17)
parcﬁservulag (9] ) = f‘l‘ : frmax /R[
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3.5.3.2 Prototypes for lines

The specific variables used for lines are:

o, The angle of line

¢;  The position on the line

Xp, Starting point of the feature ¢
Because the cosine and sine functions are needed in most deviations the following
notation is used:

x, =cos(a,)
Jx, os(a, (18)
fy, =sin(e,)
Centring:
plmeicenmngx (¢1 ) = fyt (19)
Rotation:

x, = fx, -9 + Xy, =X

ylzﬁ)[.gol-i_yo,t_yo (20)
plmeimtallun (gol ) == V xzz + yl2 ’ Sin(atan(yz 9x1 ) + %)/ V lf + l}%
Tool compensation:

Pine w0 (6) = —1{1 material on the left| -1 material on the right}  (21)

Up milling deflection:
Pine_upmittng (6) =1 (22)
Squareness:
Pine spurene @) = J, (B -0+ v0, =0 )1, (23)
Scale error:
Pine st (@) = 0, (, 0,430, =) 1, (24)

Straightness:

2
p/mui,s’tralghtnu,s;sx ((P,) = _fxt ’ ((fxt ’ gol + xO,[ - xO) /li - %) (25)
Backlash:

p/muiback/ashx (¢1 ) == Sgn(fj(f[ ) ' fj)[ (26)
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Variable backlash:

p[muiblvarx (gol) == Sgn(fxt) ’ fyt ’ (fjc[ ' ¢I + xO,[ - xO )/lx (27)
Lateral play:

Pine v (0) = = 15| (28)

Servo mismatch:

S = max(f,)

(29)
plinefscrvox (¢z) =2 ij, ) ﬁ}I ) ﬁ /.fmax

Cyclic error:

Pine ctea @) = 13, sin(( £, -9, +x,,)- 22 piteh, )

(30)
Piine_eyeiic2 (9,) = I -cos(( fr, o+ x0>,)-27Z' / pitchx)

Servo lag is neglected for lines.

3.5.3.3 Prototypes for points

The specific variables used for points are:
f The approach angle of the point
xp, Position of the point ¢
i Index for deviation in the direction of the 1% axis
i+1 TIndex for deviation in the direction of the 2" axis

Because the cosine and sine functions are needed in most deviations they are marked
in the following way:

Jx, = cos(f3)

£, =sin(f) G1)

Centring:
ppo int_centringx (l) = 1 (32)

Rotation:

X =Xy, =X
Yi=Yos—

ppom( rotation (Z) aY, )C + y, COS(atan(y, »X; ) + 5 /, /lz + ]' (33)
P point_rotation (@+1= \V x, + y, . sin(atan(y] , X, )+ 5 / /lf + [yz
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Squareness:
P o sares @ = (30, =00 )1, (34)
Scale error:
P s D) = (%0, = %0 )1, (35)
Straightness:
Pt 4D = (50, =, ) 12 =4 (36)
Backlash:
P point backiashs (1) = —sgn(fx,) (37)
Variable backlash:
P oo s (D) = s £, (xq, =, )1, (38)
Lateral play:
P point bivare (0 +1) = sgn(fx,) (39)

Cyclic error:

ppumticyclwxl (l) = Sin(xo,[ : 2ﬂ/plt0h\’) (40)

ppumticychcxz (l) = COS(XOJ : 27T/pll0hr)

Tool compensation, up milling deflection, servo mismatch and servo lag are neglected
for points.

3.6 Reliability

The reliability of the results is a crucial issue, because the method is sensitive to noise
and different measurement methods can give slightly different results. The user
should get an estimate of reliability for each result to be able to better comprehend the
real relevance of it.

Reliability here means uncertainty of the method. Uncertainty is composed of
uncertainties of the calculation itself and uncertainties of a measurement and a
machine tool. Uncertainties are here classified into two categories. Inner uncertainty
consists of uncertainties arising from the calculation and the analysis method
principles. External uncertainties are caused by the measurement method, measuring
device, natural variation of a machine tool, and material etc.
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3.6.1 Inner uncertainty

3.6.1.1 Deficient analysis

The analysis method can explain just a couple of different deviation types and leaves
many other deviation types intact. This can, in favourable conditions, cause
considerable errors in the analysis results. It is possible to estimate goodness of fitting
visually, because if deviation types, which cannot be analysed, exist in a measurement
a low-gradient difference should occur between fitted and real measurement curve.
This verification of neglected deviation types can be automated for example in the
following way: The difference between the analysed results and the real measurement
data is first low-pass filtered and then the minimum and the maximum of the filtered
difference are searched. The difference between found maximum and minimum is
then compared to a total circularity value of a measurement and on this basis one can
judge whether the analysis is good enough.

3.6.1.2 Recognition zones

The length of recognition zones affects the results. Long zones can cancel
measurement data, which would have been needed for analysis. But also a short zone
can leave bad transient points inside the analysis area and hereby cause bad results.
Transient points can easily be observed visually in a measurement graph like too long
zones, too. Differences in analysis results caused by different length of recognition are
more difficult to find, because it is specific to a single measurement and changes in
measurement graph are located in a short area and do not have any repetitive nature.
This also quite severely prevents the automatic handling of this uncertainty source. It
is possible to just have a limit for a maximum distance of a point to a fitted feature
and if this limit is exceeded the system should announce a warning on a possible too
short a recognition zone. Too long a distance would mean in this case that points from
some other feature are included in the area of the current feature.

3.6.1.3 Singularity and rounding

Some errors in the analysis are caused by pure rounding errors in calculation. The
method is based on matrix manipulations and big matrixes can sometimes behave
badly, especially when they are close to a singular point. These singular points are
also in otherwise bad for an overall performance of the method, because at those
points it becomes very sensitive to a measurement uncertainty and other sources of
uncertainty. Altogether it means bad behaving of the method if a matrix is close to a
singular. In this case Singularity is caused by two (or more) deviation types, which are
very similar in their behaviour. Therefore, the method carefully selects the deviation
types to be included in the calculation and abandons some of them, if singularity is
close. This causes shorthanded analysis, but the overall performance of the system for
the included deviations is better. The restriction mentioned in 3.6.1.1 should be
noticed here.

3.6.1.4 Ambiguous deviation types

If a single deviation type, which is analysed by the method, can be caused by multiple
reasons in a real machine tool, the results can be misunderstood. Some not
documented changes in a test accomplishment can also cause variation in results.

A good example of this is backlash, because it is caused by a real clearance in a ball
screw and by elasticity in a drive system. This means that even if the backlash should



50

stay constant in different situations, it, indeed, varies depending on the feedrate,
acceleration forces, material and temperature of a machine tool.

There is also reason to pay attention to different angular deviations, which are here
explained only by a single deviation type, the lateral play, and, partly, by the backlash.
However, there exist rolling, yawing, and pitching in all the axes of a machine. Thus
just a small difference in the centre point of a measurement can cause significant
changes in the value of the lateral play and backlash, if those angular errors are
present. This ambiguousity is caused by the incapability of the measurement methods
operating in one plane only. It is possible to analyse angular deviations in a plane in
greater detail, but in such a case we easily face the singularity problems.

3.6.2 External uncertainty

3.6.2.1 Measuring device

A measuring device itself has some uncertainty, that can be either systematic or
stochastic. Stochastic errors are not generally a big problem for an analysis method,
because these deviations are filtered by the use of an average and least-squares fitting.
But then again, systematic errors can cause significant differences in the analysis
results, because those errors can just fit to look like some specific deviation type and
thus the measuring device errors will be explained by the machine tool deviations in
the analysing process. These types of errors can thus cause serious misinterpretations
and they should be studied carefully. The temperature measurement and compensation
are of great importance in this matter.

3.6.2.2 Measuring method

A measuring method involves some assumptions about the behaviour of a machine. A
direct measurement does not produce any force against the cutting head and the
inspected paths may not always be characteristic of the tasks executed by a machine.
This causes dissimilar inspection results compared to a real situation, which, of
course, is the target of our real interest.

A comparison between different measuring methods has to be carried out in order to
solve which methods fit the current situation the best. It is possible that very different
methods, for example a cross grid encoder and a test piece, give out similar results
and thus both methods are known to be valid for the machine in question. Even if the
results are not similar, it is possible that they have some correlation and can thus be
used when this dependency is taken into account.

3.6.2.3 Local testing

Most quick test methods for measuring a machine tool are quite narrow-range.
Measurement data can thus cover the machining space only partly and some areas are
left beyond the measurement. It is possible to repeat measurements in several
positions in a machine tool table, but this annuls the fastness and easiness of a
method. That is why a single measurement is often used to stand for the whole plane,
even if it can cover it only partially. This causes naturally distortion in the
measurement analysis results and they can present well only the ability of the area
really measured. However, it is possible in many cases to make the measurement in a
way that one measurement only can present the whole plane of the machine well
enough. Nevertheless, this restriction applies to all quick test measurements.
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3.6.2.4 Temperature

Temperature is always an important factor in machining and measurements. It is
mentioned to contribute more than 50% of the overall error [Weck et al. 1995]. This
emphasises how concerned the user should be about this matter when performing the
tests.

The test piece machining or a direct measuring of a machine tool has to be carried out
in settled temperature which equals to normal operating conditions. It requires the
warm-up of a machine tool and attention paid to possible outer disturbances, for
example sunshine, an open street door and a heat source of other machines. From the
point of view of this method, it is important to pursue conditions close to the ordinary
situation, and not to get them better than the ones which real production undergoes.
This concerns especially the temperature level, however temperature fluctuations have
to be minimised.

When a test piece is measured by a CMM, it again requires paying careful attention to
temperature. The user must comply with the general rule of measurements to let the
piece to be measured thoroughly absorb the room temperature, to use right expansion
coefficients and accurate temperature measurement.

Generally errors on the temperature level during machining or measuring and
inaccuracy in expansion coefficients cause a false scaling factor result in the analysis.
Fluctuation of temperature during machining or measuring increases uncertainty of all
analysis results, because it causes an irregular deviation path, which cannot be well
explained by any known deviation type.

3.6.2.5 Machining test specific

Material

Differences in material cause deviations in test results. Even if the last cut is thin,
differences in machineability and forces arising from cutting cause deviation in pieces
to some extent. Thus it is advisable to use always the same raw material when tests
are repeated and also to use exactly the same material as for ordinary production
pieces. This way a test piece will reflect the real situation of the production quality.
The effects can be found by a CMM measurement and then corrected if necessary.

Machining parameters

The depth of the last cut inevitably has an influence on the final dimensions of a test
piece. A mode for a corner approach, servo tuning parameters, approach directions in
an NC-program and small fluctuations in the programmed feedrate have their impact,
too.

The tightness of the fastening of a test piece in a fixture causes some changes in the
dimensions of the raw material and thus later also in the final piece. The significance
of this error source depends greatly on the used material and clamping mechanism.

Surface quality

When measuring a test piece in a CMM, surface quality causes deviations in results
depending on the interval of measurement points and the diameter of a probe. Thus
taking a greater amount of points with in a measurement can reduce the influence of
bad surface quality.

Thin finishing cuts cause small forces and, accordingly, deflections are not big either
because of the relative high stiffness of the machine tools. However, those finishing
cuts produce forces with strong periodically variable components. The relationship
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between the variable force, variable deflections and their imprints on the machined
surface is rather complex [Tlusty 1990].

Tool wear

A wrong preset value of a tool is to be taken into account in analysis as well as a
possible slightly false touch probe diameter. But no attention is paid on the wear of a
tool during machining. This inevitably causes some deviation in the results, but this
amount will be indiscernible small, because only the wear during finishing can be
observed.

CMM deviations

General concern on CMM measurement accuracy and uncertainty is naturally valid
here. It concerns all the environmental aspects as well as good measuring practise.
Systematic and random errors of a CMM affect in different ways the analysis results
correspondingly causing systematic and random errors there.

Systematic CMM errors can even be seen directly in an analysis result. Especially
when a test piece is measured exactly in the same order as it was manufactured, the
same type of deviations in a machine tool and CMM are added to each other. The
amount of a deviation in a CMM is subtracted from the value of a machine tool and
this value is shown as the result of an analysis. This phenomenon occurs only when an
error source in a CMM corresponds to a deviation type handled in an analysis,
otherwise systematic error cause just random error of an analysis to increase.

Random errors of a CMM cause uncertainty of the results to increase. Random errors
cannot cause any systematic error in the analysis results, but they correspondingly
arise random errors in the analysis instead. Because analysis examines only low
frequency deviations in a machine tool, the analysis is also more sensitive to low
frequency random errors in a measurement, whereas high frequency errors have
almost no influence at all.

3.6.3 Deviation in practical tests

Practical tests in various conditions are performed to determine uncertainty estimates
for different deviation types. Because uncertainty consists of many elements,
dedicated tests are performed to find out values for individual uncertainty sources.
However, the tests can mainly reveal only the repeatability of a method, not absolute
accuracy.

Since the sources of errors are so various, it is not necessary to try to determine all the
independent sources. Instead, some typical test experiments are arranged to find out a
combined variation of the method in current conditions. These experimentally
achieved combined uncertainties can be used later to determine the total uncertainty
of the method.

Single CMM repeatability

A CMM repeatability test uncovers a united uncertainty of singularity and rounding,
surface quality and CMM random deviations. A single test piece is measured multiple
times in this test. Then these measurements are analysed and the analysis results are
compared with each other, from which a deviation is calculated.
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Test piece repeatability

Many copies of test pieces are manufactured in a single machine tool in conditions as
close to each other as possible. The pieces are measured with a CMM and analysed.
This test puts together uncertainties of singularity and rounding, temperature,
material, surface quality, clamping, tool wear and CMM random deviations.

Machining parameter influence

The test pieces are manufactured with different machining parameters, i.e. the depth
of a finishing cut and the mode of corner approach, to determine their influence. The
results achieved can be compared to the results obtained by a test piece repeatability
experiment.

Cross-grid encoder repeatability

The same machine is measured repeatedly in the same position and plane with a
cross-grid encoder. The results again are compared with each other. The variation
observed is a combination of uncertainties arising because of singularity and
rounding, temperature and measuring device.
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4 EMPIRICAL PART

4.1 Validation software

A software program was developed to assist the validation of the presented method.
The main frame and the user interface of the program were created by using Microsoft
Visual Basic 5.0". A calculation module was compiled into a dynamic link library
(DLL) with Microsoft Visual C++ 5.0

4.1.1 Database structure and data flow

The analysis system involves information from three sources. Thus database is
divided in three separate areas. It makes it possible to physically distribute data
storage close to their native sources. Links to those sources are determined in the
analysis program, which gathers this information together to form a meaningful way.
Databases are in Microsoft Access 97 format.

Design k— Analysis program < Analysis
Circle Analysis Capability
Direct Follow-up Control deviation
Feature File filters Control limit
Piece Path editor Deviation types
Point AN LSC
Positioning ¢ Machines
Vector Machine Types
Measurement MZC
Measurement Reliability
Sesc—ajn Result
SS101 3
Torget Workpiece
Figure 21. Databases in the analysis system

The design database includes information on dimensions of measured pieces. It has
data both for real workpieces and test pieces as well as paths of direct measurements.
The fields included in the data structure are presented in Table 2.

The measurement database stores data points from a measuring equipment. Data is not
stored in the native format of a measuring device but in a generic format which is
explained in chapter 3.4.4. Currently the analysis program handles preprocessing of
raw measurement points, even though in some cases processing could be distributed
into a separate program.

The analysed results of measurements are stored in analysis database. The results are
used for the follow-up of individual machine tools, control limit monitoring and
comparisons between measuring methods. This database is native for the analysis
program and it uses this data storage also for internal settings and configurations.
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4.1.2 Analysis program

The analysis program is capable of reading measurements, analysing them in the
earlier presented way, storing results in a database and showing results in figures and
graphs. It has own functions to read different file formats, to edit measuring paths and
to follow-up magnitudes of deviations. A sample case of the usage of this software is
given in appendix 13.

7 FeatureCheck Analysis [_[O]x]
File Anabsic Setings ‘Window Help
. = [
F O 88 & B S %
Analysis Hesults i Driginal Measurement Graph [_ O[]
&0 Backlash | Capabilly | Cyche | Lateral Py | Difset | Scale| - oW @-
Sgrvol Sguarenessl S_Iraightnessl Yibration  Pareto | fosting - COwW Close
Circularity I 15 pm Straightniess 9 um I@ I %
Cloze Fiint
Fault Eae i
g Scale
Mismarchy  Baoklash y+ A Spkex Backlashx+ hismatch x 0 100 (2]
~ prn Adisy
i

_ S

| | Tampere University of Technology

Figure 22. Analysis results in figures and in graph

Generic inner data format enables the use of both direct and indirect measurements.
There are two phases where handling differs between these two methods: file input
and existence of tool compensation.

Direct measurements have path information included in a measuring file and this data
is used as it is. Indirect measurements, instead, require predefined information on
target paths. The operator inputs this information using a simple 2-D path editor
function.

Tool compensation is used for machined indirect tests. For each tool that is defined in
a path an individual deviation in a tool radius is calculated using the method presented
earlier. This calculation is disabled for direct measurements.

4.1.3 Long term follow-up of deviation magnitudes

The program gives an opportunity to follow-up magnitudes of either individual
deviations or quality capability values. This is a straightforward query in a database to
show a trend according to some classification keys. The trend is drawn in respect to
time, and real figures are also shown in a table.

User defined control limits are combined to this function in order to give an alarm if
one of the individual deviations rises above a certain limit. This check of warnings is
run each time after analysis of a single measurement and at a start-up of the program.
All the measurements are included in this review and each equipment type is shown
by its own colour. Thus comparison between measurement methods becomes
applicable. It is possible to compare development of results in respect to time and with
each other. Even though in most cases this is not absolutely necessary after first initial
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tests, however, the possibility is sometimes welcome when unexpected behaviour
occurs.

These simple tools are intended to ease the systematic monitoring of a machine tool
condition. It forces the user to save data in the exact same format every time and it
also stores vital information on time and conditions of the test.

4.2 Testing procedure

The analysis system has been tested with real machine tools and with simulations.
Practical testing has been made with double ball bar, cross-grid encoder, test pieces
and laser-interferometer. Comparison between methods and repeatability of results
has been accomplished. An individual case is presented where analysis results are
fully used to compensate a machine.

4.2.1 Simulations

Computer simulations were first used to evaluate functionality of both the algorithm
itself and the programming. Simulation program produced measurement files, which
were read by the analysis program. The results of analysis and initial values of
simulation were then compared with each other.

. FeatureCheck Simulator [_ O] ]
File Edit Dptions Window Help

8 =] [ @ [@ (i@}

B o
Deviations | Eas\csl < oW I@
b3 ¥ e Close
Axis Spike 0 = [0 & um Scale
Backash  + [10__[3] [z [3]um [ B [§
Backiash - [10__[&] 2 [&um pm /v
Cyelic Emar 2 & |0 = um
Lateral Play 10 & |0 = um
Scale Eror 0 F |5 = um
Servo Response 0 = |0 = %
Shraightness 0 F [0 = um
Stick Slip 0 = [0 & um
Random Yibration 5 = um
Directional Vibration 1] = um
Squareness 20§ arcsec
Default 4 alues Bedraw Graph I
Figure 23. Initial values and produced graph in simulation

The simulation algorithm is a simple stepping engine. It first reads the target path data
and based on this information it creates target points along the path with a
predetermined step. It starts to step these target points and adds to them deviations
which the user has given. This way it can take into account changes both in motion
direction and feedrate.

Simulation is not used to evaluate superiority of analysis, but only to validate
correctness of functions and logic in the analysis program. Because of the nature of
the problem and the assumption of the simulation that no other deviation types, except
the given ones exist in the measurement data, analysis results should agree with initial
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values of the simulation in precision of computational accuracy. An example is given
in appendix 13.

4.2.2 Primary practical tests

When simulations had given acceptable results, the analysis system was used together
with a double ball bar and a cross-grid encoder to measure a simple xy-table. The
table is equipped with a new Siemens 840D controller and therefore it is easy to
implement artificial deviations in the machine. This was made by using compensation
tables to create a known amount of squareness error, scale errors and backlash. The
machine was measured again and the achieved results were compared to the original
analysis result.

This testing method was used to ensure that assumptions made in simulation program
and the analysis are valid with real machine tools. Because the used machine is not
mechanically of a high level, repeatability in results was not expected to be especially
good. However, this phase more or less is able to show, whether the results have the
right magnitude, but it is not capable of indicating repeatability of the analysis system.

4.2.3 Repeatability

Measurement sets are repeated with the same machine tool in order to evaluate how
well the measurement results repeat themselves. Each measurement method has its
own kind of a repeatability for each deviation type and thus testing is made separately
for double ball bar, cross-grid encoder and a co-ordinate measuring machine.

Test piece measurements are reproduced in four ways. First several test pieces are
machined with the same machine tool and with the same settings. Secondly, the depth
of the finishing cut is changed in order to change the cutting force, which is an
unknown parameter in the analysis. Thirdly, CMM measurement is repeated with a
single test piece. Fourthly, the same test pieces are measured with two different co-
ordinate measuring machines, one of them representing a high accuracy measuring
machine and the other one being a standard CMM.

4.2.4 Thermal behaviour

While thermal behaviour is the most important single source of errors of machine
tools, its effect must be studied even if the presented method doesn’t handle thermal
errors. All the other tests explained here are carried out in machines, which have been
warmed-up.

There has been carried out a test procedure during which a machine tool is measured
continuously with a double ball bar. At the start of the test the machine tool is in a
cold state and during the test it is brought to the warmed-up state. Its temperatures are
recorded during, before, and after the testing.

4.2.5 Comparison

A few machine tools are measured with a laser-interferometer, a double ball bar, a
cross-grid encoder and by machining a test piece. The results achieved from each
method are compared with each other. The double ball bar is selected to be the basic
system of the measurement, because it is proven to be a reliable method [Oksanen
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1996] and because it gives the opportunity to analyse almost all the deviation types
[Kakino 1993], which the new presented method can also reveal.

Comparisons between methods offer real, absolute information on the accuracy of the
results. When this kind of hard proof is required, the reference method has to be both
well established and standardised. This prerequisite narrows absolute comparisons to
include backlash, scale error and squareness only. On the other hand comparisons can
also reveal differences between measurement methods. This latter comparison type
can comprise all the deviation types, which are handled in the current analysis
method.

Laser-interferometer measurements are interpreted according to the ISO 230-2
standard. Positioning errors and backlash values are compared to equivalent values,
achieved of cross-grid encoder and test piece measurements.

Double ball bar measurements are analysed using the software supplied by Renishaw
plc, and measurement installation for DBB is setup according to ISO 230-4 standard.
Double ball bar device, method and its reliability have already been studied rather
thoroughly [Bryan 1982] [Kakino et al. 1993] [Oksanen 1996]. Oksanen presents
results which show that backlash, squareness and scale mismatch agree well with
laser-interferometer and with square normal measurements. Comparison between the
analysis results achieved from Renishaw analysis program (Renishaw Ballbar Data
Analysis 4.21) and the method presented in this work are also presented.

Important comparison is concluded between the test piece and cross grid encoder
measurements. They can both reveal similar deviation types in a machine tool, but the
conditions and complicity of the measurement process differ significantly from each
other [see chapter 3.6.2]. The test piece used in this comparison is described in
chapter 4.2.8.

4.2.6 Compensation

When parametric deviations, based on measurement and analysis, have been found,
these values are used to compensate the machine tool. Compensation tables are built
on information of analysis, and servo gain is also tuned on the basis of the results.
Geometric deviations compensated with tables, can be activated by a single run. As
again the servo tuning needs iterations, because the values, achieved from the
analysis, tell only the direction of change, not the amount of change.

It is common in research reports to use really old and bad behaving machines in order
to demonstrate functionality of compensations. This will be the case here, too.
Industrial companies are not willing to tune their machines if not really necessary
especially if some risks exist. Smooth functionality of a compensation scheme must
be at first shown before the industry is willing to experiment new approaches. On the
other hand it is natural that when geometrical errors are small, thermal behaviour
dominates and thus there is no interest to remedy just one part of the problem.

4.2.7 Cross grid encoder test path

The cross grid encoder and the analysis method enable the use of free test path forms.
However, some rules have been applied to the testing of the method in order to unify
the results. The path used has similar forms with the test piece so that the analysis can
also find similar deviation types in the test.

The whole path is driven, using the same feedrate, but multiple tests can be performed
with other feedrate settings. All the machine tools are measured at least with 400
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mmy i and 2000 ™/, feedrates when some tests are done also with 10000™"/ .

Similar test path is used for all three planes.

140 mm
00) e—roo-v-—"F—»

Figure 24. Typical cross grid encoder test path

4.2.8 Test piece

An own test piece was designed and used in both repeatability tests and in
comparison. This was done, because the standardised test pieces do not have
sufficiently rich features to reveal all of the deviations the analysis system handles.
The main difference is that this new piece has a well defined inner machining [Table
3].

Simpler test pieces were used at first, but unfortunately the results did not indicate
good behaviour. The first problem arises because of tool compensation. If a test piece
includes only external machining and if these machined surfaces lie relatively close to
each other in the direction of one axis, the distinguishing of scale errors from a tool
compensation error is difficult. That means in the matrix notation, which is used in
this work, that matrix 4 [Formula 1] approaches to a singularity point. And
furthermore this causes large deviations in results.
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Figure 25. NAS 979 test piece [NAS 979]
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NAS 979 test piece [Figure 25] offers a good selection of features. There is circular
and linear interpolation. Circular and linear interpolations are, however, instructed to
be made in one direction only, but this drawback can easily be revised just by adding
one more level to both surfaces, which would be machined in reverse direction. Linear
interpolations are also at an angle of 45 degrees which offer a good indication of the
behaviour of a machine in interpolation. This NAS piece is clearly better for the
purpose of this work than the ISO 3070 test piece [Figure 25], because NAS has also
linear interpolations.

A test piece presented in ISO 10791-7 offers equal features as the NAS piece from the
point of view of the analysis method in use. However, the test piece can flexibly be
used to discover errors of rotary axes as well [Knapp 1997].

However, an own test piece was developed for this study. This was done in order to
get well defined inner machining and a straight angle linear interpolation. Straight
angle linear interpolation was used to get assured estimates for squareness. This way
straight lines should not suffer at all of an incomplete servo tuning. Inner circles are
machined by up- and down milling. Thus they offer an indication of a deflection to
the direction of both axes, not just one axis as the groove in the NAS piece. Outer
circles are machined in two directions (up- and down milling) as well. Edges of the
piece are machined with linear interpolation both in up and down milling directions.
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Figure 26. A test piece used in the study
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Table 3. Comparison between NAS 979 and own test piece

Feature element NAS 979 Own piece
Circular interpolation CCW with up milling

Circular interpolation CCW with down milling
Circular interpolation CW with up milling

Circular interpolation CW with down milling

Linear interpolation along 1% axis with up milling
Linear interpolation along 1* axis with down milling
Linear interpolation along 2" axis with up milling
Linear interpolation along 2" axis with down milling
Diagonal interpolation with up milling

Diagonal interpolation with down milling

O JNOX JNON NONONOX J
COC0O0000000

@ = The piece contains the feature.
® = The piece can contain the feature with minor modifications.
O = The piece does not contain the feature.

The pieces were machined of aluminium (ALSIIMGT®6), and a single end mill tool
was used to mill all the forms. In this case it is preferable to use just one tool, because
that way the tool related errors are being reduced. A coolant was used during
machining. A blank was fixed with two M8 screws to prevent major deformations in a
piece. The same holes were used in CMM measurements also to fix pieces on the
measurement table.

The size of a piece could naturally be scaled, but here all the pieces are of the same
size: 120mm x 120mm. The same size of pieces speeds up CMM measurements,
allowing the use of a single measuring program and fixtures.

4.3 Results

4.3.1 Simulations and primary practical tests

Simulation tests were run to validate that algorithms in the analysis software
correspond to a theoretical model. Only the deviation types introduced in chapter
3.5.1, were used in the simulation. Thus the results, achieved with the analysis, agree
comprehensively with initial values given to the simulation.

Primary tests, performed in the xy-table, were capable of showing results indicating
an acceptable level of behaviour for the system. The test machine had trapezoid lead
screws without automated lubrication and this, together with worn slides made the
behaviour of the machine change continuously. Thus the machine would give
significantly different values for backlash in the morning with both well lubricated
slides and lead screws, compared to the afternoon, when it was already running dry.

A short test was also performed with a highly accurate milling machine, using a cross-
grid encoder and two different measurement paths [Holsd 1997b p.522]. This test was
interpreted to give acceptable results considering the size of the test path [Table 4].
The first test path was a circular test with CW and CCW directions and the second
path was a triangle. Thus it was not even possible to get results for all deviation types,
but the results of backlash, scale error and squareness are comparable.
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Table 4. Primary test results [Holsda 1997b p.522]

Deviation Circles Triangle

type X-axis y-axis X-axis y-axis
Capability circularity: 21 pm straightness: 3 pm
Axis spike 5 um 9 um - -
Backlash I um I um I pm 0 um
Cyclic error 0 um 0 um - -
Lateral play 0 pm I pm - 0 pm
Scale error 33 um/m -8um/m 40 pm/m -16 um/m
Servo mismatch -0,7 pm -
Squareness -44 um/m -83 um/m
Straightness 0 pum 0 um 0pm 0 um

4.3.2 Repeatability

The statistics of repeatability tests are carried out in a way that individual results are
compared with the common average of each set in the comparison. Uncertainties are
shown with the coverage factor 2. Results of the first axis and the second axis as well
as all backlash values are combined together in order to make the reading of the
results easier.

4.3.2.1 Repeatability of cross grid encoder measurements

Cross grid encoder measurements were repeated with the same machine tool twice in
all three planes with two different feedrates. Time between measurements is
approximately two hours, but they are measured with newly setup measurement
installations. In each case the achieved analysis results are compared with each other.
The differences are collected together and the deviation values for each deviation type
are calculated. Calculations are presented in appendix 2. The following results were
achieved:

Table 5. Repeatability in cross grid encoder measurements

Deviation type Uncertainty (2s) Unit

Squareness 0,70 arcsec

Scale mismatch 1,5 pm/m

Scale error 3,0 pum/m

Backlash 0,39 pm

Straightness 1,6 pum/m

Servo mismatch 0,023 um/max(feed [mm/s])
Servo lag 0,069 pm/max(feed®/radius)
Cyclic error 0,23 pum

Axis spike 0,57 um

Lateral play 0,10 pm

Random error 0,11 um
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4.3.2.2 Repeatability of co-ordinate measuring machine measurements

A measurement of a single test piece was repeated seven times with the same co-
ordinate measuring machine. Four of those measurements were done just after each
other, i.e. with an interval of three hours. Three last ones were repeated similarly after
four days. Measurements were divided this way for practical reasons and to simulate a
typical arrangement in workshops. The measurements are completed during one
week, which can be regarded as a maximum time for a test piece to wait for a co-
ordinate measurement. In both measurement sets the piece has been placed and
oriented similarly. This machine, used in measurements, Sip CMMS5, represents a high
accuracy device of its own class. Calculations are presented in appendix 4.

Table 6. Short term repeatability in high grade CMM measurements

Deviation type Uncertainty (2s) Unit

Squareness 0,46 arcsec

Scale mismatch 9,3 um/m

Scale error 12 pm/m

Backlash 1,6 um

Straightness 2,6 pm/m

Servo mismatch 0,034 pm/max(feed [mm/s])
Servo lag 0,032 pm/max(feed’/radius)
Cyclic error 1,7 um

Axis spike 0,94 pm

Lateral play 0,090 pm

Random error 0,42 pm

Tool compensation 0,20 um

Using the exactly same CMM, measurements were repeated after five months. Three
different test pieces were measured and their results were compared to the earlier
analysis results. Calculations are presented in appendix 4.

Table 7. Long term repeatability in high grade CMM measurements

Deviation type Uncertainty (2s) Unit

Squareness 4,1 arcsec

Scale mismatch 36 pum/m

Scale error 29 pum/m

Backlash 1,7 um

Straightness 5,8 pm/m

Servo mismatch 0,12 pum/max(feed [mm/s])
Servo lag 1,1 pm/max(feed’/radius)
Cyclic error 0,53 um

Axis spike 1,4 pm

Lateral play 0,77 um

Random error 0,18 pm

Tool compensation 0,44 pm

Another co-ordinate measuring machine, Zeiss UMC850S, was used to measure one
of the test pieces to determine its repeatability compared to the high grade CMM.
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Zeiss UMCS850S represents standard level of a CMM, which is widely available in
industrial companies. Five measurements were completed using the same
measurement installation. These measurements were repeated consecutively and
should thus be compared to short term repeatability results of a high grade CMM
[Table 6]. Calculations are presented in appendix 4.

Table 8. Short term repeatability in standard grade CMM measurements

Deviation type Uncertainty (2s) Unit

Squareness 0,34 arcsec

Scale mismatch 14 pm/m

Scale error 16 pum/m

Backlash 1,7 um

Straightness 1,6 pm/m

Servo mismatch 0,054 pm/max(feed [mm/s])
Servo lag 0,046 pm/max(feed’/radius)
Cyclic error 0,49 um

Axis spike 1,4 pm

Lateral play 0,38 um

Random error 0,26 pm

Tool compensation 0,45 pum

4.3.2.3 Repeatability of test pieces

Multiple copies of similar kinds of test pieces were manufactured by two different
machine tools in order to compare results between the pieces. Conditions during the
machining were kept similar between the pieces in a way it is possible in ordinary
machine shops. Thus the following factors were kept the same in all pieces: tool,
fixture, material and NC-program. Machine tools did not have a temperature control,
but a warming cycle was used before the machining of the first piece and the
subsequent pieces were machined just after each other.

Table 9. Test piece repeatability in high grade CMM measurements

Deviation type Uncertainty (2s) Unit

Squareness 9,1 arcsec

Scale mismatch 69 pm/m

Scale error 59 pm/m

Backlash 4,0 pm

Straightness 13 pm/m

Servo mismatch 0,64 pum/max(feed [mm/s])
Servo lag 2,8 pm/max(feed’/radius)
Cyclic error 2,0 um

Axis spike 2,0 um

Lateral play 43 um

Random error 0,68 pm

Tool compensation 4,6 um




65

Two different feedrates were used in both machine tools, but comparisons were
completed between similar pieces using the same CMM. Calculations are presented in
appendix 3.

4.3.3 Thermal behaviour

The behaviour of a single machine tool is studied during its warm-up period. A double
ball bar is used in this case to measure the machine tool because of its short
measurement cycle. The achieved measurement results are analysed by the method
presented in this work

The temperature values of servomotors, scales, ballscrew nuts, machine body and
room temperature are recorded during measurements. Pt-100 thermal resistors and
HP-data logger is used to follow the state of those elements. The duration of the test is
four hours and totally 69 individual measurement runs are completed during that time.
Because the strongest increase in temperature is observed in the y-axis servomotor,
this temperature is used when studying temperature dependency of individual
deviation types.

The achieved results are presented in detail by graphs in appendix 5. Linear
dependency between the temperature and the amount of deviation is calculated for
each deviation type. There is a significant relation found in the scale mismatch and the
scale error when other deviation types do not indicate sensitivity to temperature
changes. The expansion rate on the x-axis is found to be in this case 1,4ppm and on
the y-axis 4,2ppm per degree centigrade.

Thermal sensitivity of the scale error plays a significant role also in latter studies
between different methods. This phenomenon is clearly identified to be the most
important single error cause of machine tools by many researchers [chapter 2.2] and
thus there seems to be no reason to despite it, when using this new method, either.

4.3.4 Comparison

The comparison between different methods is presented in terms of bias and
uncertainty. Bias shows average difference between methods and thus indicates
whether a systematic trend exists between methods. The uncertainty value is a range
where results should fall into a relation with the basic analysis method. This
uncertainty is given assuming normal distribution of difference and 95% certainty
level. Thus the significant value is the uncertainty, the bias value is just a tool for the
development of the method.

4.3.4.1 Difference to native DBB analysis method

Exactly the same data files were analysed by the method presented here and with the
analysis program supplied by Renishaw plc. The given results were subtracted from
each other and two characteristics were calculated for each deviation type.

Average difference reveals a bias between methods. Uncertainty value gives a range
where results of the new method would fall compared to the native DBB analysis in a
case where difference between methods would be normally distributed.
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Table 10. Difference between native and new analysis method in DBB measurements

Deviation type Bias Uncertainty Unit

Squareness -0,02 0,08 arcsec

Scale mismatch -2,3 5,1 pum/m

Scale error 0,77 3,3 pm/m

Backlash -0,05 1,8 um

Straightness -0,61 2,4 um/m

Servo mismatch -0,03 0,08 pm/max(feed [mm/s])
Servo lag - - um/max(feed*/radius)
Cyclic error -0,23 0,71 um

Axis spike 1,1 4,0 pm

Lateral play -0,06 0,28 um

Random error - - um

Tool compensation - - um

Thus the most significant differences can be found in a scale mismatch and in an axis
spike. The analysis results differ from each other, but on the given accuracy of the
measurement device and even in relation to the needed accuracy in a machine tool
inspection these differences alone would not be crucial.

All the measurement sets in this comparison are taken from a single machine tool
measurement session, which includes altogether six measurements having different
plane and feedrate combinations. A detailed summary of results is presented in
appendix 6.

4.3.4.2 Difference between cross grid encoder and DBB

Measurements were collected from six different machine tools [appendix 12] in order
to compare double ball bar and cross grid encoder measurements with each other. All
three planes were measured in every machine using two different feedrates. One
machine was measured twice and thus the total number of measurements were 42.

Table 11. Difference between DBB and cross grid encoder measurements

Deviation type Bias Uncertainty  Unit

Squareness -1,4 9,6 arcsec

Scale mismatch 3.8 130 pm/m

Scale error 79 200 pm/m

Backlash -1,1 6,2 um

Straightness -4,9 120 pm/m

Servo mismatch 0,02 0,58 pm/max(feed [mm/s])
Servo lag - - um/max(feed*/radius)
Cyclic error 0,06 2,5 um

Axis spike 4,1 11 pm

Lateral play 0,11 1,7 pm

Random error - - um

Tool compensation - - um

Some of the measurements include clear anomalies from the modelling principles
used in the analysis and thus differences between methods also reach rather high
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values. These cases are, however, included in the comparison, because this would also
be the case in every day inspections. One sample case is the measurement pair having
IDs 95 and 96, which have suffered from a loose spindle locking during the
measurement. Therefore, achieved values should reliably describe the difference
between DBB and cross grid encoder measurements when analysed by the proposed
method.

Here the most significant differences between the methods can be found in scale
mismatch, scale error, straightness, and axis spike. Also difference in squareness is
considerable, because this deviation was expected to be reliable in the analysis.
Altogether differences are larger than can be accepted. However, differences between
machine tools are big [see appendix 7 and 11] and this fact brings up some
observations.

The new analysis system behaves badly when repeatability of the machine tool is bad.
It cannot explain deviations correctly and repeats badly between measurements. This
is rather natural considering the limited collection of deviations it has to use.

One comparison case is shown in Table 12. Results of DBB and cross grid encoder
measurements in xy-plane with both 400 ™/, and 2000 ™"/, feedrates are
compared to each other. Generally results are consistent, but differences in scale
mismatch and scale error are large. Thus this individual case agrees well with the
general results shown in Table 11.

Table 12. Comparison case between DBB and cross grid encoder in xy-plane

Measurement: 2000 ™/ min ID: 86 400 ™/ min 1ID: 85

DBB  Grid opifference | DBB  Grid  Difference | Unit
Squareness -17,68  -16,8 09| -174 -17.8 -0,3 | arcsec
Scale mismatch 40,6 -16,3 -56,9 44,1 -1,5  -45,6 | um/m
Scale error x -11,8 51,5 63,3 9,7 47,1 37,4 | um/m
Scale error y -52.4 67,8 1202 -344 48,5 82,9 | um/m
Backlash x+ 1,6 3,8 2,2 1,9 34 1,5 | um
Backlash y+ 10,5 13,8 3,3 9,9 11,3 1,4 | pum
Backlash x- 2,8 4,3 1,5 2,5 3,8 1,3 | um
Backlash y- 13,1 13,1 -0,0 12,5 8,7 -3,8 | um
Straightness x 43 5,1 0,7 8,3 12,4 4,0 | um/m
Straightness y -2,7 1,3 4,0 -1,0 3,2 4,2 | pm/m
Servo mismatch 0,0 0,1 0,1 0,1 0,9 0,7 | wm/max(feed [mm/s])
Servo lag - 0,7 - - 6,2 - | nm/maxfeed’/radius)
Cyclic error x 1,0 0,8 -0,2 0,9 0,6 -0,3 | um
Cyclic error y 1,7 2,0 0,3 1,5 0,8 -0,7 | pm
Axis spike x 7,7 14,3 6,7 0,0 0,1 0,1 | um
Axis spike y 3,7 10,1 6,4 0,7 3,7 3,0 | um
Lateral play x -0,2 -0,2 -0,0 -0,1 -0,1 -0,1 | um
Lateral play y 6.8 5,9 -0,9 7,6 6,7 -0,9 | um
Random error - 0,2 - - 0,2 - | um
Tool compensation - - - - - - | um

Both cross grid encoder and DBB measurements are local and thus in machine tools
where deviation values change quickly in a space also the analysis results easily vary
considerably. All the measurements were not performed exactly in the same point of
machining space for practical reasons and the measurement diameter of cross grid
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encoder is just 140 millimetres when DBB can easily cover 300 millimetres, which
were generally used diameters in the tests.

4.3.4.3 Difference between the test piece and DBB

The test piece results, measured in a high-grade co-ordinate measuring machine, were
compared to equivalent double ball bar measurements. Because of the nature of the
tests these could not have been repeated just after each other and thus the thermal
status of the machines has differed between the tests. Likewise changes in the CMM
are present in these results.

The comparison was run on four different machine tools making altogether 16 test
pairs. One of the machine tools had only one piece in comparison as the rest of them
had three or more test pieces. The comparison was conducted in xy-plane only
because of the mechanical structure of machine tools in the scope.

More detailed values are presented in appendix 8. Because of the large variation of the
test pieces, a single test piece of each machine tool was selected to present the whole
set. The piece case was selected from the middle or end of the machining so that the
machine would have reached thermal equilibrium. On one of the machines there was
only one test piece machined, and thus that single piece had to be used in this
comparison.

Table 13. Difference between DBB and test piece measurements

Deviation type Bias Uncertainty Unit

Squareness 1,7 10 arcsec

Scale mismatch -2,4 72 pum/m

Scale error 76 170 pm/m

Backlash -1,9 8,5 um

Straightness -4,2 23 um/m

Servo mismatch -0,24 1,18 pm/max(feed [mm/s])
Servo lag - - um/max(feed*/radius)
Cyclic error 0,29 1,5 um

Axis spike 4,0 9,0 um

Lateral play -0,23 7,9 um

Random error - - um

Tool compensation - - um

Differences between these two measurement methods are generally rather large,
though differences in behaviour between the machine tools can be found. Especially
differences in scale errors are so large that they cannot be accepted. Otherwise results
show consistent trend even if the achieved uncertainty values are high. This becomes
evident when looking at the comparisons of individual machine tool results in
appendix 11. Some machine tools hold so large deviations that even though the results
are in the same range, difference between them raises the average value shown above.
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4.3.4.4 Difference between the test piece and the cross grid encoder

Individual cross grid encoder measurements were compared to the average of
corresponding test piece measurement results. Because the form of the test pieces and
the path of the cross grid encoder have similar elements, results are expected to
correspond to each other better than DBB and CMM measurement pairs.

Table 14. Difference between test piece and cross grid encoder measurements

Deviation type Bias Uncertainty Unit

Squareness 1,5 11 arcsec

Scale mismatch 42 110 pm/m

Scale error 0,58 96 um/m

Backlash -0,99 7,3 um

Straightness 0,04 19 pum/m

Servo mismatch -0,48 1,45 pm/max(feed [mm/s])
Servo lag 0,36 3,86 pm/max(feed’/radius)
Cyclic error 0,36 2,0 um

Axis spike 3,0 8,1 um

Lateral play -0,42 94 pum

Random error 3,1 6,4 um

Tool compensation - - um

The test pieces to be included in the comparison were selected similarly to the
comparison between DBB results. The grounds for the election are the same as well.
Contrary to expectation results are not better than compared to DBB. Achieved
differences are about at the same level. Squareness error has a significantly large
deviation even though similar kind of test paths should now give parallel results.
Detailed values are presented in appendix 9.

One comparison case between cross grid encoder measurement and test piece
measurement is shown in Table 15. The case here is measured in xy-plane and it has
been accomplished with the feedrate of 400™"/ . The results are not consistent for
scale mismatch, scale error and straightness, but the results for other deviation types
are closer to each other.
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Table 15. Comparison case between cross grid encoder and test piece in xy-plane

Measurement ID: 146 ID: 158

Grid CMM Difference Unit
Squareness -10,9 -11,7 -0,8 arcsec
Scale mismatch 10,0 54,5 44,5 pm/m
Scale error x 76,7 34,0 -42,7 um/m
Scale error y 66,6 -20,5 -87,1 um/m
Backlash x+ -7,0 -12,0 -5,0 um
Backlash y+ -1,4 -6,1 -4,7 pum
Backlash x- -8,5 -12,5 -4,0 um
Backlash y- 1,0 1,8 0,7 pm
Straightness x 4.3 -0,7 -5,0 um/m
Straightness y -3,8 -4,1 -0,3 pm/m
Servo mismatch -0,3 -0,9 -0,6 wm/max(feed [mmys])
Servo lag 2,3 -0,5 -2,8  nm/max(feed’/radius)
Cyclic error x 1,4 1,1 -0,3 um
Cyclic error y 0,3 1,0 0,7 pm
Axis spike x 3.4 5,5 2,1 um
Axis spike y 2,2 7,8 5,6 pm
Lateral play x -1,1 -0,8 0,3 um
Lateral play y 6,3 6,3 -0,0 pum
Random error 33 6,7 3,4 um
Tool compensation - 12,2 - um
Up milling deflection - -4,9 - um

4.3.5 Compensation

Compensation case [appendix 10] was completed on a simple two-axis table, which
was controlled by the Siemens 840D numerical controller. The new controller offered
all the possibilities to compensate the machine, but the old mechanical construction,
on the other hand, caused enough deviations to correct. At the start the table was
measured by a double ball bar and then analysed by the new method. Achieved results
were translated to compensation tables [chapter 2.4.2.1] and fed into the controller.
The second checking of the achieved results were measured by a cross grid encoder.
Because the results still showed some potential for further enhancement, new analysis
values were used to adjust compensation tables. Third measurement run revealed
circularity value of 19um, which is one seventh part of the original 137 pm.

Even if the machine concerned does not well represent the real state of machine tools
in every day use, it can still show the capability of a compensation scheme. It has the
axes involved and the basic phenomenon behind is rather simple. This test cannot,
however, show how a machine tool would act under a work load when heavily
compensated or its influence on the surface quality.
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S DISCUSSION

The key topics in the discussion part are the differences found between the different
measurement methods. The assumption has been that similar results can be achieved
with different measuring methods, but experiments have shown that generally this is
not true.

At first, the difference between the motion modes of machine tools is being discussed.
This is a rather important issue while it involves an assumption that the deviation
types used in this work are not universal, i.e. they would be variables of some third
motion variables like feed acceleration, cutting force etc. It is inevitable that machines
behave differently depending on the current motion style, but its significance to the
magnitude of the used deviation types is an interesting question.

Because the model seems to work better on some machines than in some others, the
reasons for this are also being searched. Six separate machining centres were
measured during the study and they disclose some regularity in the performance of the
analysis method.

5.1 Static and dynamic measurements

Traditionally machine tools are measured in a way that the movement is stopped at a
measuring point. But in double ball bar, cross grid encoder and test piece
measurements the machine is moving all the time. This seems to give some influence
in the measuring results as well.

Thus, the reason for different results is not in the measuring device, but in the
machine tool itself. It moves differently and the measuring device senses this motion.
The error is made in the interpretation, when these two different deviations are put
together. Indeed, the question is about two (or more) different parameters for a single
deviation type depending on the used feedrate.

Generally this is an accepted truth for backlash. The GE Fanuc 16 controller, for
example, has separate compensation values for cutting and rapid feedrates. The reason
for this is the individual behaviour depending on the feedrate. Because the
measurement of position accuracy according to ISO230-2 is performed by stopping
the motion to take the measurement point, the achieved results inevitably differ
compared to dynamic measurements. The same phenomenon is found in some earlier
studies, too [Spaan 1995][Oksanen 1996].

5.2 Motion friction and interpolation

A machine tool is assumed to move smoothly during the measuring. Thus it is
possible to determine which side loose motion deviations affect. However this
assumption depends now greatly on the dynamic behaviour of the machine tool and
also on the NC-program.

The motion mode setting has an influence on how the machine tool acts in corners. In
the continuous cutting mode (G64) it moves smoothly, but it does not reach the exact
corner point. Exact stop (G61) motion mode guarantees that the corner point is
reached, but now motion of axes is not as smooth anymore. Anyway the exact stop
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setting has been used to ensure good behaviour for the feature recognition. Round
corners would spoil the analysis data badly. Figure 27 shows graphically difference
between these two modes.

200um/div

49.20q0

-49.2000

Figure 27. Motion path in corner with G61 (black) and G64 (grey)

Machine tools behave individually in cornering. Deceleration of motion of two
different machine tools is shown in Figure 28. On the y-axis the x-position is
presented and on x-axis the corresponding time. Both machines are run with the
feedrate of 2000™"/min and exact stop mode active. Significant in the graph is
waviness of the motion of the second machine compared to the first one.
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Figure 28. Deceleration of motion in two different machine tools

Such a behaviour alone is not a difficulty for the analysis method. But if it causes
clearances to drift in an unknown position, it is impossible for the analysis method to
determine the magnitude of backlash and lateral play. Furthermore, this prevents the
other deviation values to get reliable estimates as well.

Even if similar NC-program was used to machine test pieces with those machine tools
spoken above, the behaviour in machining is evidently different. This concerns
approach directions. Thus the modelled path in the test piece evaluation for the second
machine had approach directions opposite to programmed directions in vector features
[see Figure 24]. Normally part description should reflect the actual machining path.
This revised approach gave clearly better results and also results which correspond to
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other methods. It seems, based on these experiments, that this machine tool pushes
clearances in a deceleration phase to the other end than originally expected. For all the
other machine tools expected behaviour gave better results and was used for
comparison etc.

It should be noted here that this exceptional machine tool was not old nor in bad
condition. Instead it was almost a brand new machining centre, which can be assumed
to be rather common in industrial companies nowadays.

5.3 Erroneous assumptions in the model

The current analysis model can have faults on four levels: errors in deviation
prototypes, missing of essential deviation types, wrong fitting procedure, and the
negligence of six degree deviations. Any of these alone can cause severe errors in
results.

The model operates solely in two dimensional space, leaving time dependent and the
effect of the other axes untouched. Severe angular errors are handled by a simple
deviation type of lateral play. This can interpret clearance in roll motion and in some
cases also in yaw. Pitch of an axis is left to be combined with backlash. This method
doesn’t offer a tool to separate the pitch of an axis from backlash of the same axis.
Likewise many other errors in six-dimensional space are left neglected. This should
not, however, be a crucial disregard, since only two of the machine tool axes are
moving during the test procedure. Thus it is justifiable to examine also only two axes
at a time in the analysis. The test is then repeated in three planes so that all the axes
can be covered.

Least squares fitting procedure was selected in chapter 3.3 to calculate deviation
values. Related to this is the superimposing principle, used in the modelling i.e.
deviation types are simply added to each other. Superimposing is, however, a widely
accepted method [Ferreira&Liu 1993] [Kakino et al 1993] [Mou et al 1995] and it has
also clear geometrical justification. Deviations at the end of the motion arms are so
small that they do not have any real significance for the place of motional elements so
that it would change the behaviour of some other deviation. Thus correlation between
deviation types can be neglected, which naturally simplifies the problem significantly.
Least-squares evaluation, on the other hand, is a robust method even if it cannot
generally give the best result. The Chebyshev norm [Tajbakhsh et al. 1997] inevitably
gives better results in theory and in ideal conditions. Based on the experiments,
carried out in this study, those ideal conditions would hardly ever come true in real
industrial measuring cases.

Missing some deviation type prototypes is rather probable. The question is: when are
those missing types significant and when can they be neglected. An example case is
shown below. A CMM measurement is analysed with and without estimation of up
milling deflection.
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Table 16. Influence of the estimation of up milling deflection (data set ID 126)

Device DBB CMM CMM Unit
with without

up milling  up milling
Squareness 1,34 5,08 5,00 arcsec
Scale mismatch -3,40 15,63 14,09 um/m
Scale error x 14,30 38,90 38,12 um/m
Scale error y 17,70 23,27 24,03 um/m
Backlash + x 3,90 -2,05 -2,27 um
Backlash +y 1,60 0,96 1,65 um
Backlash — x 2,00 -0,18 -0,87 um
Backlash —y 2,10 3,11 3,33 um
Straightness x 1,30 -10,7 -10,87 um/m
Straightness y 5,00 8,16 8,13 um/m
Servo mismatch 0,06 -0,73 -0,84 um/max(feed [mm/s])
Servo lag 0,79 0,79 um/max(feed*/radius)
Cyclic error x 0,80 1,10 1,15 um
Cyclic error y 1,10 0,77 0,74 um
Axis spike x 2,89 3,25 um
Axis spike y 7,89 7,83 um
Lateral play x -2,35 0,41 5,74 pm
Lateral play y 1,00 1,33 -3,99 um
Tool compensation 30,08 30,08 um
Random error 5,33 2,13 um
Up milling -6,14 pm

It is clear that missing estimation of up milling deflection causes lateral play to take
place to explain the deviation observed in the measurement data. When up milling is
included lateral play values come much closer to equivalent values, achieved in DBB
measurement. However, it has also some influence on other deviation types and this
influence is not only positive. This is a rather typical case. When a new deviation type
is included in the analysis, some particular deviation types behave better, but general
behaviour suffers. This is caused by the fact that the prototype matrix converge closer
to singularity and thus uncertainty values for each deviation type rise. The case in
question here is especially difficult, because lateral play and up milling deflection
resemble each other so much.

Deviation prototypes are really simple equations presented in chapter 3.5.1. It is still
possible to have errors in them, though it is highly unlikely. Still the behaviour like
explained earlier concerning clearances can be understood as an error of the
corresponding formula. This broadens the concern to all the other deviation types, too.
Because the equations are so simple they do not draw attention to many real world
physical relationships which do exist in machine tools. Changing of backlash
magnitude in proportion to feedrate could be explained by a stiffness of a ball-race
screw and lubrication. This just creates new parameters, which expands the size of
prototype matrix causing singularity problems. If we increase the number of
measurements (with individual test parameters), this problem can be overcome. This
is a very likely future target for development.
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5.4 Co-ordinate measuring

Co-ordinate measuring has shown to involve many uncertainty sources. This
experience is anticipated from the very beginning, because even the promised
accuracy of a CMM is generally rather close to those a good machine tool can
achieve. Besides now the analysis method is sensitive to just those errors which can
be expected to be found also in a CMM. The machining process itself also includes
many more uncertainties than a direct measurement.

An interesting result, however, is to notice that no significant difference can be found
between the two CMMs used in the study. The analysis method masks behind itself
the single point accuracy, which differs a lot in these two measuring machines. The
middle grade CMM can achieve a three-dimensional uncertainty of + (3,5 um + 5 -
10 L) when the high grade CMM boasts with a three dimensional uncertainty of =+
(0,8 um + 1,3 - 10® L). Because the more precise machine was also newer,
transferring of points from that one, was a lot easier than from the old CMM.

The stability of the results is not especially good. Even though both the co-ordinate
measuring machines are located in air-conditioned rooms, the analysis results differ
from time to time surprisingly much. This is not the fault of CMMs but merely of the
sensitivity of the analysis method. This sensitivity shows the worst behaviour in scale
errors, which on the other hand seems to be the weak point of the whole analysis
system.

5.5 Deviation types

Scale mismatch and scale error behave the worst of all the deviation types. This
phenomenon can mostly be explained by thermal behaviour. Scale error is most
sensitive to thermal changes and temperature was not controlled in most of the
measuring cases. Cross grid encoder tests had a diameter of 140 millimetres and the
width of the test pieces was 120 millimetres. This means that the sample for scale
error was taken from a local area of a machine tool and thus it is natural to be found
so sensitive.

Squareness error should be reliable to estimate and therefore achieved results were
somehow a disappointment. It seems that in some single cases not even the double
ball bar and cross grid encoder give congruent results. In such cases it is probable that
DBB gives erroneous results, because of some irregularities in circular interpolation.
The cross grid encoder measurement offers a possibility to run consecutively along a
single axis and thus the results should reveal the pure mechanical squareness.
Backlash values come off rather well in this group and the results can be considered
successful. Some problems still exist because of the problems described in previous
chapters, concerning lost motion. However, if a particular machine tool to be regularly
tested is firstly verified to be capable of giving good values with the current method,
the results can be expected to be reliable also in the future.

Servo related deviations, servo mismatch and servo lag, are difficult to compare to
any other method because those do not exist. Servo mismatch value can be compared
to DBB measurements and they seem to correspond to each other rather well. Results
are thus satisfactory.

Lateral play values behave well on some machine tools, but in some cases they seem
to wander too much. Up milling deflection is related to this error type in machining
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tests. The existence of estimation of up milling deflection enables congruent results to
DBB measurements but generally it slightly increases repeatability values.

Axis spike values are in this case more just for information, not to be used for
compensation even if it is feasible in some controllers. The results can be seen to be
satisfactory except in machined tests. The sampling rate (distance between measuring
points) is not high enough on the test pieces and thus the results achieved for them are
highly unreliable.

Random error (vibration) value reveals two things, namely goodness of fitting and
real vibrations of a machine tool. The achieved values, however, seem to repeat
themselves rather well and also to correspond to DBB results. This value is not,
however, especially useful for compensation, but it can be used to follow the general
condition of a machine tool.

Straightness values have a large repeatability and also they are not generally well
congruent to other measurement methods either. Because straightness error was
estimated by a second order curve, the expectations for this deviation type were not so
great either. The most important role for this deviation is just to detect if some
straightness related problems exist in a machine tool, not to reveal actual straightness
values. On the other hand, capturing of pure straightness data does not require any
special analysis and thus this data is easy (from analysis program point of view) to
retrieve if a measurement device just supports it. The analysis program itself includes
a portion to capture just simple straightness data of a linear measurement.
Measurement installation related errors: offsets, rotation, tool compensation and up
milling deflection give good repeatability. This is a good situation in order to get
reliable results of real deviation types. Up milling deflection has some problems
discussed earlier, but because of the achieved benefits, it should still be included in
the analysis set.

5.6 Further development

The system presented here has obviously some targets for development. They concern
the analysis system itself and the integration of it into a shop floor control. The
outlook is that this kind of an analysis system will be integrated into a shop floor
control providing both feedback to an operator and automatic tuning of machine tools.

5.6.1 Details in modelling

The collection of the deviation types included in the analysis now is far away from
complete. The question is: which new deviation types are significant. If many
insignificant and rarely occurring deviation types are included in the model, the
general behaviour of the system will deteriorate (i.e. condition of deviation matrix).
On the other hand if a crucial deviation type is missing from the used model, results of
the other deviation types can suffer as well [Table 16]. Collection of deviations is thus
a compromise between a general good behaviour and capability to explain reality in
detail.

Not all the data coming out of measurement devices is used in the analysis. The
current system utilises only position, but many of the devices provide also speed and
acceleration information. It is rather probable that this data could be useful in the
analysis of a servo system.
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Some deviation types do not even match to the current fitting procedure. Least-
squares fitting cannot model frequency variations. But if the trace of deviation is
regular in frequency, its phase can be found. This puts limits to a selection of
deviations to be included or then else the fitting method has to be changed. This leads
easily to searching algorithms and thus further to greater need of computational time.
The work in hunting more and more specific deviation types will never come to an
end. This is a part of technical evolution and it creates more exact models and more
exact machine tools. Machine tools obey cause and effect relationships that are within
our ability to understand and control and that there is nothing random or
probabilistic about their behaviour. [Bryan 1984]

5.6.2 Three plane model

Each plane in analysis is modelled and handled now individually. Quite a
straightforward process is to combine all three planes in one set and solve it together.
This just increases the size of matrix and thus extends computing time, but it should
not really be the problem. This solution is a kind of 2'2-dimensional model. The
benefit compared to real 3-dimensional model would be that it still would not require
any modelling of machine tool structure and that it would be computationally lighter.
Reliability of the 2)2D model could be slightly better than that of 2D model. This is
because 22D model can utilise measurement data from two planes in order to
calculate the estimate for one deviation type, that improves the condition value of
matrix A [chapter 3.5.2].

Five-axes machines could have some attention here too, but the model doesn’t suit
there so well. It is probably better to search for solutions equal to the research made in
Eindhoven University [Theuws 1991][Soons 1992][Spaan 1995].

5.6.3 Workpiece follow-up in industry

Despite reliability of the results achieved from test pieces were not all satisfactory,
very interesting approach is to use ordinary workpieces in a follow-up of machine
tools. This requires that a suitable CMM is available and that a part of the pieces
would anyhow go to inspection. Now just the measuring program is designed so that
captured data points can be utilised in the analysis. This way it is possible to collect
continuous condition data of machine tools without loosing machining time and at
relatively low cost.
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Figure 29. Workpiece in a condition monitoring of a machine tool

Practical tests can show how well the system can anticipate faults in machines and
does it tell the right magnitude of deviations, if they do exist. There are rather big
doubts on how this kind of a system would work, but it also offers such big benefits
that it is worth while trying. There are two crucial practical aspects, which have to be
solved before any other actions, namely the easy integration to CMM measurement
results and checking that features suitable for analysis exist on workpieces. It is
probable that the results do not at once correlate well to direct measurement, but some
kind of calibration or determination of reliability for each individual machine tool
have to be performed first.

The system works best if CMM is integrated in a production system, i.e. it is part of a
FMS (flexible manufacturing system). This way feedback is achieved fast and even
more important is that production related data stays attached to a measured piece.
Always, when a workpiece is taken out of a system there exists a certain risk of some
crucial information being lost or misinterpreted. Integrated CMM solves most of these
problems and makes the measuring process repeatable.

5.6.4 Automated data collection and analysis

In order to get out the full power of the analysis system, measurements should
definitely be automated. Automated measurements could be run at night or during
some other idle time. Measuring run should take no more than 15 minutes of machine
time. Short measuring cycle and no human set-up time would enable frequent
inspections. When this kind of device would be part of a FMS, it could economically
serve many machine tools and the whole measuring-analysis-monitoring-
compensation cycle could be automated [chapter 2.3.3].

A single measuring device placed in a storage pallet could serve all machining centres
attached to a system. A device would consist of two main parts. The actual measuring
instrument would be located on a pallet. This is the intelligent part of the system.
Every machine tool would then have just a simple attaching tool in their magazines.
The device itself could be implemented using either design principles of Uni-Test
[chapter 2.1.4] or laser ball bar [chapter 2.1.8]. These both have possibility to enisle
all the measuring components on the pallet side and they can perform free-form test
runs.
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Figure 30. Automatic measurement in FMS

A FMS controller has in its work queue orders for regular machine tool inspections
with a low priority. The measuring pallet and corresponding NC-program of a test run
are transferred to a machine tool in the same way as an ordinary workpiece. A touch
of a spindle would first wake up the measurement device. The spindle would then
attach to the actuator of the measuring device and perform the test run. During the run
a simple computer on a pallet would collect data and send it via a radio LAN (local
area network) to the analysis and follow-up station. Data is analysed there and if
necessary a new compensation table is composed. The new compensation table is
transferred to a numerical controller via FMS controller as it were an ordinary NC-
program [Pihlanen and Torvinen 1997]. After compensation is activated a second
measurement for verification can be accomplished.
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6 CONCLUSIONS

A universal method for evaluation of machine tool measurements is presented in this
work. The method can analyse a variety of measurements that include dynamically
captured data points but have them just in one plane. The great potential of the
analysis system lies in enabling an automated follow-up of parametric errors in
machine tools. The concrete objectives of the thesis work, which are set in chapter
1.5, are achieved as follows:

1. Create theory for analysis
The new theory is developed based on the work done earlier for circular tests. The
theory is expanded for test pieces and linear features.

2. Develop software based on the theory
The analysis program [appendix 15] is developed and tested during the work with
empirical cases.

3. Show that the analysis system gives consistent results for different direct
measurement methods
It is shown that different direct measurement methods with different test paths can
give consistent results.

4. Show that direct free form measurements can be used instead of test pieces
It is shown that direct free form measurements do not necessarily give consistent
results with test pieces.

It is shown that this way different measuring methods can be used side by side and
they can offer comparable results. However, some reservations about this statement
are found as well. Direct measurements and indirect measurement do not necessarily
give congruent results. The same can even occur between different direct
measurement methods. This leads to the conclusion that the current method should be
calibrated individually for each machine tool in which it would be used for automatic
monitoring. Calibration means here comparison between direct and indirect
measuring methods.

Inevitably static and dynamic measurements behave differently and they can reveal
different deviation types in a machine tool as well. Dynamic measurements have this
far faced the problem that no proper analysis system has been available to evaluate
them. This work offers now one method to evaluate them in order to reveal parametric
errors in a machine tool.

Cross grid encoder [chapter 2.1.2] has been shown to be a powerful tool to determine
error sources in machine tools. It is not only for inspection of geometry (indeed some
more suitable tools for this purpose do exist), but it enables machine tool builders to
see deep down the actual motion of their machines. Because of a high sampling rate
and good accuracy it fits very well for tuning servos.

Once again the great importance of thermal expansion is being shown. Without
control of thermal conditions all the other actions to improve accuracy are doomed to
fail. However, the philosophy of this work is to separate geometrical and servo errors
from thermally induced deviations [Figure 1]. Thermal control or compensation
should be completed as a task that is integrated to a machine tool itself. Inspection of
geometrical errors and servo tuning should instead be made with an external device.
Thermal compensation values can be updated every 10 minutes when geometrical
compensation tables hardly would be updated more often than once a month.
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Interesting work in the future is integration of the proposed analysis method in a
flexible manufacturing system. CMM or external automatic measuring pallet could
take care of the actual measuring process. An analysis station offers monitoring
information on the status of machine tools and creates compensation tables when
necessary. A FMS controller schedules inspections, offers test programs and activates
new compensations.
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Abbreviations, units and formulae used in appendices

Measurement ID-number look-up table

[ D | Name Machine Device Comment Date | Feed mm/min |
60 Makino A55/ TTEK Makino A55 Grid Encoder G64 13.10.1997 16:23:20 2000,00
61 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 18:25:44 2000,00
62 Makino A55/ TTEK Makino A55 Grid Encoder G64 13.10.1997 16:29:26 400,00
63 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 18:31:41 400,00
64 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 21:47:56 10000,00
65 Makino A55/ TTEK Makino A55 Grid Encoder Go64 13.10.1997 21:06:36 2000,00
66 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 21:41:43 2000,00
67 Makino A55/ TTEK Makino A55 Grid Encoder Go64 13.10.1997 21:12:06 400,00
68 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 21:26:41 400,00
69 Makino A55/ TTEK Makino A55 Grid Encoder G64 13.10.1997 20:13:27 2000,00
70 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 20:15:52 2000,00
71 Makino A55/ TTEK Makino A55 Grid Encoder G64 13.10.1997 20:39:40 400,00
72 Makino A55/ TTEK Makino A55 Grid Encoder G61 13.10.1997 20:21:51 400,00
85| Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G64 (default) 1.10.1997 17:30:21 400,00
86 Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G61 1.10.1997 17:15:44 2000.,00
87|/ Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G61 2.10.1997 10:54:10 400,00
88 Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G61 2.10.1997 10:48:34 2000.,00
89| Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G61 2.10.1997 9:48:58 400,00
90 Daewoo / Fastems Daewoo ACE-H50X Grid Encoder G61 2.10.1997 9:32:54 2000.,00
91 Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 9:40:11 400,00
92 Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 9:43:44 2000,00
93 Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 10:39:22 400,00
94| Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 10:34:05 2000,00
95 Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 11:56:32 400,00
96/ Makino A77 / Instrumentarium Makino A77 Grid Encoder 19.12.1997 11:58:47 2000,00
97 Daewoo / Fastems Daewoo ACE-H50X CMM Piece 1 - Daewoo 12.12.1997 8:42:38 400,00
98| Daewoo / Fastems Daewoo ACE-H50X CMM Stepwise change 12.12.1997 8:45:56 400,00
99 Daewoo / Fastems Daewoo ACE-H50X CMM Stepwise change 12.12.1997 8:48:34 400,00

100 Daewoo / Fastems Daewoo ACE-H50X CMM Piece 4 - Dacwoo 12.12.1997 8:50:56 400,00
101 Daewoo / Fastems Daewoo ACE-HS50X CMM Stepwise change 12.12.1997 8:54:06 800,00
102|Daewoo / Fastems Daewoo ACE-H50X CMM Stepwise change 12.12.1997 8:59:06 800,00
103 Daewoo / Fastems Daewoo ACE-H50X CMM Piece 7 - Dacwoo 12.12.1997 9:02:30 800,00
104 Daewoo / Fastems Daewoo ACE-HS50X CMM Stepwise change 12.12.1997 9:05:10 800,00
105 Daewoo / Fastems Daewoo ACE-H50X CMM Piece 9 - Daewoo 12.12.1997 9:07:44 800,00
106/ Makino A55 / TTEK Makino A55 CMM Piece 1 - Makino 12.11.1997 18:30:06 400,00
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107 Makino A55 / TTEK

109/ Makino A55 / TTEK

110/ Makino A55 / TTEK

111 Makino A55/ TTEK

112 Makino A55 / TTEK
113|Makino A55/ TTEK

114 Makino A55 / TTEK

115 Makino A55/ TTEK

116/ Mazak FH480X / TKK
117 Mazak FH480X / TKK
118/ Mazak FH480X / TKK
119/ Mazak FH480X / TKK
120 Mazak FH480X / TKK
121|Mazak FH480X / TKK
122 Mazak FH480X / TKK
123|Mazak FH480X / TKK
124 Mazak FH480X / TKK
125/ Makino A55 / TTEK

126/ Makino A77 / Instrumentarium
127 Makino ASS / repeats

128/ Makino AS5 / repeats
129 Daewoo / renewal

130/ Daewoo / renewal
131|Daewoo / renewal
132|Daewoo / renewal
133|Daewoo / renewal

134 Makino ASS / 2nd repeats
135|Makino AS5 / 2nd repeats
136 Makino ASS / 2nd repeats
137|Makino AS5 / 2nd repeats
138 Makino ASS / 2nd repeats
139|Makino AS5 / 2nd repeats
140 Makino ASS / 2nd repeats
141/ Makino AS5 / Zeiss

142 Makino AS55 / Zeiss

143 |Makino AS5 / Zeiss

144 Makino AS55 / Zeiss

145/ Makino AS5 / Zeiss

146 Mitsui Seiki / OY 28-08-1998
147 |Mitsui Seiki / OY 28-08-1998
148 Mitsui Seiki / OY 28-08-1998

Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55

Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Mazak FH480X
Makino A55
Makino A77
Makino A55
Makino A55
Daewoo ACE-HS50X
Daewoo ACE-HS50X
Daewoo ACE-H50X
Daewoo ACE-H50X
Daewoo ACE-H50X
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55

Mitsui Seiki

Mitsui Seiki

Mitsui Seiki

CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
CMM
Grid Encoder
Grid Encoder
Grid Encoder

Piece 2 - Makino
Piece 3 - Makino
Piece 4 - Makino
Piece 5 - Makino
Piece 6 - Makino
Piece 7 - Makino
Piece 8 - Makino
Piece 9 - Makino

G61.1 path correction
G61.1 path correction

Piece 2 - Makino

Piece 1 - Makino A77

Piece 4 - Makino
Piece 9 - Makino
Piece 6 - Daewoo
Piece 3 - Daewoo
Piece 2 - Dacwoo
Piece 8 - Daewoo
Piece 5 - Dacwoo
Piece 2 - Makino
Piece 2 - Makino
Piece 2 - Makino
Piece 2 - Makino

Piece 2 - Makino - CMM Batch
Piece 2 - Makino - CMM Batch
Piece 2 - Makino - CMM Batch
Piece 2 - Makino - Zeiss
Piece 2 - Makino - Zeiss
Piece 2 - Makino - Zeiss
Piece 2 - Makino - Zeiss
Piece 2 - Makino - Zeiss

12.11.1997 19:23:24
12.11.1997 19:29:04
12.11.1997 19:41:34
12.11.1997 19:45:28
12.11.1997 19:50:00
12.11.1997 19:54.06
12.11.1997 20:00:26
12.11.1997 20:04:50
9.1.1998 11:32:42
9.1.1998 11:38:09
9.1.1998 11:41:46
9.1.1998 12:59:37
9.1.1998 12:53:30
9.1.1998 12:52:37
9.1.1998 12:12:59
9.1.1998 12:04:47
9.1.1998 12:06:06
8.4.1998 16:13:46
8.4.1998 16:03:40
13.5.1998 8:52:14
13.5.1998 8:38:56
13.5.1998 8:49:40
13.5.1998 8:47:04
13.5.1998 8:42:46
13.5.1998 8:36:10
13.5.1998 8:31:56
24.7.1998 11:25:56
24.7.1998 11:30:00
24.7.1998 11:33:58
24.7.1998 11:37:52
28.7.1998 10:01:24
28.7.1998 9:48:50
28.7.1998 10:09:50
3.8.1998 8:44:30
3.8.1998 9:21:02
3.8.1998 9:21:10
3.8.1998 9:21:18
3.8.1998 9:21:28
28.8.1998 18:27:32
28.8.1998 18:22:15
28.8.1998 16:18:45

2000,00
400,00
2000,00
2000,00
400,00
4000,00
400,00
400,00
400,00
2000,00
10000,00
400,00
10000,00
2000,00
400,00
2000,00
10000,00
2000,00
400,00
2000,00
400,00
800,00
400,00
400,00
800,00
800,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
2000,00
400,00
2000,00
400,00
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149 Mitsui Seiki / OY 28-08-1998
150 Mitsui Seiki / OY 28-08-1998
151 Mitsui Seiki / OY 28-08-1998
152|Mitsui Seiki / OY test piece
153 Mitsui Seiki / OY test piece
154|Mitsui Seiki / OY test piece
155 Mitsui Seiki / OY test piece
156/ Mitsui Seiki / OY test piece
157 Mitsui Seiki / OY test piece
158 Mitsui Seiki / OY test piece
159 Mitsui Seiki / OY 28-08-1998
160 Mitsui Seiki / OY 28-08-1998
161 Mitsui Seiki / OY 28-08-1998
162 Mitsui Seiki / OY 28-08-1998
163 Mitsui Seiki / OY 28-08-1998
164 Mitsui Seiki / OY 28-08-1998
165 Mitsui Seiki / OY 28-08-1998
174 OKK / TAKK

175/OKK / TAKK

176 OKK / TAKK

177/ OKK / TAKK

178 OKK / TAKK

179 OKK / TAKK

180/ Makino AS5/ TTEK

181 Makino AS5 / TTEK
182|Makino A55/ TTEK

183 Makino AS5/ TTEK

184/ Makino A55/ TTEK

Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
Mitsui Seiki
OKK MCH-450
OKK MCH-450
OKK MCH-450
OKK MCH-450
OKK MCH-450
OKK MCH-450
Makino A55
Makino A55
Makino A55
Makino A55
Makino A55

Grid Encoder
Grid Encoder
Grid Encoder
CMM

CMM

CMM

CMM

CMM

CMM

CMM

Double Ball Bar
Double Ball Bar
Double Ball Bar
Double Ball Bar
Double Ball Bar
Double Ball Bar
Double Ball Bar
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder
Grid Encoder

Very first piece
Cold machine
Warm machine - 1.
Warm machine - 2.
Warm machine - 3.
Warm machine - 4.
Warm machine - 5.
1. measurement

2. measurement

G64
G61
G64
G61
G61

measurement
measurement
measurement
measurement
measurement

28.8.1998 16:06:46
28.8.1998 17:11:54
28.8.1998 17:06:45
7.9.1998 17:00:47
7.9.1998 17:02:00
7.9.1998 17:02:38
7.9.1998 17:03:06
7.9.1998 17:03:40
7.9.1998 17:04:18
7.9.1998 17:06:40
10.9.1998 13:39:07
10.9.1998 13:53:58
10.9.1998 13:54:59
10.9.1998 13:56:33
10.9.1998 13:57:31
10.9.1998 13:58:55
10.9.1998 13:59:54
5.11.1997 15:14:09
5.11.1997 15:15:51
5.11.1997 13:52:25
5.11.1997 13:54:41
5.11.1997 14:37:45
5.11.1997 14:41:28
13.10.1997 21:12:06
13.10.1997 21:26:41
13.10.1997 21:06:36
13.10.1997 21:41:43
13.10.1997 21:47:56

2000,00
400,00
2000,00
400,00
400,00
400,00
400,00
400,00
400,00
400,00
400,00
400,00
2000,00
400,00
2000,00
400,00
2000,00
400,00
2000,00
400,00
2000,00
400,00
2000,00
400,00
400,00
2000,00
2000,00
10000,00
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Conversion of DBB results

DBB measurements are analysed by Renishaw Ballbar Data Analysis 4.21. The following scaling has been used to make results comparable.

Cyclic magnitude:
Lateral play:
Reversal spike:
Scale mismatch:
Servo mismatch:
Squareness:
Straightness:

uniform cyclic = (cyclic in minus end + cyclic in positive end) / 2

uniform play = (play in minus end + play in plus end) / 2

uniform spike = (spike in minus end + spike in plus end) / 2

relative scale mismatch = (relative scale error in I* axis) — (relative scale error in 2" qxis)
relative servo mismatch [um/(mm/s)] = - delay between axes [ms]

squareness [arcsec] = 0,648 / &= * squareness [um/m]

relative straightness [um/m] = straightness in test [um] / test diameter [m]

Formulae in statistics

Calculation of difference:

d =x,—-X

Calculation of standard deviation:

_ iy
s = n;d,

Calculation of uncertainty:

U=2s
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Legend

Caption Unit Description

Squareness arcsec squareness error between two axes

Scale pm/m scale mismatch between two axes

Scale H pm/m scaling error of the first axis

Scale V pm/m scaling error of the second axis

Back PH um backlash at positive end of the first axis

Back PV um backlash at positive end of the second axis

Back MH pum/m backlash at negative end of the first axis

Back MV pum/m backlash at negative end of the second axes

Straight H um/m straightness error of the first axis estimated by a parabola
Straight V um/m straightness error of the second axis estimated by a parabola
Servo Mismatch um/(maximum feedrate[mm/s]) | servo amplification mismatch between two axes

Servo Lag um/(max { feedrate’/radius}) error in arcs due inadequate servo amplification

Cyclic H pum magnitude of observed cyclical error in the first axis
Cyclic V pum magnitude of observed cyclical error in the second axis
Pitch H mm pitch of observed cyclical error in the first axis

Pitch V mm pitch of observed cyclical error in the second axis
Phase H ° degrees phase of observed cyclical error in the first axis

Phase V ° degrees phase of observed cyclical error in the second axis
Spike H pum axis reversal spike in the first axis

Spike V pum axis reversal spike in the second axis

Play H pum play of the first axis

Play V um play of the second axis

Random um magnitude of vibration

Compensation pum tool radius compensation error

Upmilling pum deflection of up milling compared to down milling
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Repeatability of cross grid encoder measurements

Grid encoder Makino xy 400 mm/min

Z - vl = 72 = g o
£ 72 72 72 = = = = =3 S| Fw S o o »n »n = - £ = S
- ® & & el = -~ = = = = <] < < o S S = = =] = =
= == = = = = = =% < 5 E = == < I = <= =z =
=B | TF| TF| Fg| 8| Tz| <z TE| TE| £3 S| TE CF| TE| OF| TE| = S| 2 3
2 = | = aa e g El
@ =
62 -1,94) -1,70 14,69 1640 0,26 1,99 0,86 2,07 -458 -2,63 0,14 1,67 029 0,92 0,64 1,19, -0,100 0,28 022 0,00 Go4
63| -242 235 1822 20,57 0,09 2,07 0,77 2,19  -4,76 -2,20 0,13 1,76 0,32 0,82 0,82 1,02) -0,08 0,29 0,21 0,00 Go1
Average -2,18 -2,03 16,46 18,49 0,18 2,03 0,82 2,13 4,67 -2,42 0,14 1,72 0,31 0,87 0,73 1,11 -0,09 0,29 0,21 0,00
Difference, 0,24 0,33 1,77, 2,09 0,09 0,04 005 006 009 022 0,01 0,05 0,02 005 009 009 0,01 0,01 0,01 0,00
Grid encoder Makino xy 2000 mm/min
7] o}
) w wn| =2 i = 2 @]
= w w w = @ @ @ = S| EY E o o ] ] - ~ 9 = g
= ® & & & ) =~ = < = = <) < < < = = e = = =2 =)
= = < ® = 2 2 == B <5 2 = = < = = <= = <
Sl 2| B| TF| TF| Fg| <g| Tz| %2| T&| T&| 23| | Tg| Tz “F| "5 “=| "= g g| £
@ =
60/ -1,89 1,78 11,33 9,55 0,13 1,61 0,87 1,67 -3,48 -1,06 0,02 0,35 0,07 0,77 1,43 331 -0,02 0,23 0,32 0,00 G64
61 248 -0,51 15,64 16,14 0,09 1,87 091 2,09 3,11 -0,82 0,02 036 002 0,76 1,36 3,54 -0,12| 024 0,28 0,00 Gé61
Average -2,19| 0,64 1349 1285 0,11 1,74 0,89 1,8 -330 -094 0,02 036 005 0,77 1,40 343 -0,07 024 030 0,00
Difference 0,30 1,15 2,16 3,30 0,02 0,13 0,02 0,21 0,19 0,12 0,00 0,01 0,03 0,01 0,04 0,12 0,05 0,01 0,02 0,00
Grid encoder Makino xz 400 mm/min
7] o
2 1723 w| =2 L = g o
£ 7] 7] 7] = = = = = g F@ 1 0 ! @» @» - = & = =
= & & & & = ~ = =z = = e < < b =, =, = = = B g
S| 2| B| FR| CB| =2| “:| =32 23| Tg| “&| £2| | Tg| “g| TF| “F| "&| "% 3| | @
g = = & % = 5 =
@ =
67/ -3,66 -17,77 15,79 33,56 -0,21 -0,38 0,71 0,35 -5,02 -0,79 0,16 1,93 0,33 0,74 0,62 0,85 -0,06/ -0,17 0,41 0,00 G64
68 -3,55| -15,64 1593 31,57 -0,33 0,09 0,58 024 -501 -094 0,12 1,82 0,64 L12. 0,59 0,74 0,01, -0,17 0,52 0,00 G61
Average -3,61 -16,71 1586 32,57 -0,27 -0,15 0,65 030 -5,02 -0.87 0,4 1,88 049 093 0,61 0,80 -0,03 -0,17) 047 0,00
Difference 0,06 1,07 0,07 1,00 0,06 0,24 0,07 0,06 0,01 0,08 0,02 0,06 0,16 0,19 0,02 0,06 0,04 0,00 0,06 0,00
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Grid encoder Makino xz 2000 mm/min

£ o wl| = 7 o g A
£ 72 72 72 = = = = =3 g Fw S o o »n »n = - £ = S
—_ ® & & & - =~ = =z = = <] < o~ o = = = = = = =l
= == = = = = = =% < 5 E = == < I = <= =z =
Sl gl B| TR| CF| FR| T®| =R <% TE| €| 23| B TF "F TF| & "=| 2| | &| 2
2 = | = aa e g El
@ =
65 -3,55 -16,63| 17,71 3434 021 -032 1,04/ 0,08 -575 -1.21 0,04 039 042 060 1.91 2,54, 0,02 -027 0,64 0,00 G64
66 -3,01 -17.14 16,90 34,05 0,32 -0,39 0,80 0,09 -596 -1,26 0,05 0,39 0,42 0,64 2,77 3,34 0,00/ -0,22 0,45 0,00 G61
Average| -3,58 -16,89 17,31 34,20 0,27 -0,36 0,92 0,09 -586 -1,24 0,05 0,39 0,42 0,62 2,34 2,94 0,01 -0,25 0,55 0,00
Difference, 0,03 0,26 041 0,15, 0,06 0,09 0,412 0,01 0,11 0,03 0,01 0,00 000 002 043 040 0,01 0,03 0,10 0,00
Grid encoder Makino yz 400 mm/min
7] o}
) w wn| =2 i = 2 @]
= w w w = @ @ @ = S| EY E o o ] ] - ~ 9 = g
= 5 ] ] gl == T 22| =22 S s 28 b = = =. =. = = = 2 E
Sl 2| B| T&| “=| 2E| fg| TB| 2&| T&| “&| 22| &| Tg| “g| TF| “F| “&| “&| 5| | ¢
@ =
71 0,96 1,05 33,18 32,13 2,52 0,18 2,89 0,34 -6,23 6,36 0,08 2,56 0,93 0,49 241 0,61 -0,17 -0,53 0,60 0,00 G64
72, 0,83 -020 32,52 32,72 252 022 275 038 -650 69 007 262 08 048 239 061 -0,13 -0,54 0,53 0,00 G61
Average 090 043 32,85 3243 252 020 282 036 -637 6,66 008 259 09 049 240 061 -0,15 -054 057 0,00
Difference 0,07 0,63 0,33 0,30 0,00 0,02 0,07 0,02 0,14 0,30 0,01 0,03 0,04 0,01 0,01 0,00 0,02 0,01 0,04 0,00
Grid encoder Makino yz 2000 mm/min
7] o
2 1723 w| =2 L = g o
g 72 72 72 w = = = =1 g| Fe g o o % 7 = - £ E e
= & & & & = ~ = =z = = e < < b =, =, = = = B g
S| 2| B| FR| CB| =2| “z| =2 23| Tg| “&| £2| | Tg| “g| TF| “F| "&| "% 3| | ¢
2 - = & 7 = g =4
@ =
69 2,24 4,56, 36,53 3197 3,38 1,41 1,80 -0,31 -10,32| 13,10 0,00 0,41 1,23 0,82 5,72 439 -0,10/ -0,98 0,62 0,00 G64
70, 0,73 347 3790 3442 233 0,78 232 0,75 -7,01 870 0,01 0,43 093 028 519 295 -025 -0,71 0,73 0,00 G61
Average 1,49 4,02 37,22) 3320 2,86 1,10, 2,06 022 -8,67 10,90 0,01 0,42 1,08 055 546 3,67 -0,18 -0,8 0,68 0,00
Difference 0,76 0,55 0,69 1,23 0,53 0,32 0,26 0,53 1,66 2,20 0,01 0,01 0,15 0,27 0,27 0,72 0,08 0,14 0,06 0,00
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Statistical analysis of cross

erid encoder repeatability

Z » ol 2 ® - g

£ 72 72 72 = = = = = g Fw S o o »n »n = - g g

= = < < gl mF| | 2L =23 = = = = ‘3 s = = s = = =

S| 2| E| TE| “E| =8| 8| =&| Z&| T&| “&| 23| &| Fg| “g| TF| “F| 7E| “&| %| ¢

@ =

Xy 400 0,24 0,33 1,77 2,09 0,09 0,04 0,05 0,06 0,09 0,22 0,01 0,05 0,02 0,05 0,09 0,09 0,01 0,01 0,01 0,00
Xy 2000 0,30 1,15 2,16 3,30 0,02 0,13 0,02 0,21 0,19 0,12 0,00 0,01 0,03 0,01 0,04 0,12 0,05 0,01 0,02 0,00
Xz 400 0,06 1,07 0,07 1,00 0,06 0,24 0,07 0,06 0,01 0,08 0,02 0,06 0,16 0,19 0,02 0,06 0,04 0,00 0,06 0,00

Xz 2000 0,03 0,26 0,41 0,15 0,06 0,09 0,12 0,01 0,11 0,03 0,01 0,00 0,00 0,02 0,43 0,40 0,01 0,03 0,10 0,00
Yz 400 0,07 0,63 0,33 0,30 0,00 0,02 0,07 0,02 0,14 0,30 0,01 0,03 0,04 0,01 0,01 0,00 0,02 0,01 0,04 0,00

Yz 2000 0,76 0,55 0,69 1,23 0,53 0,32 0,26 0,53 1,66 2,20 0,01 0,01 0,15 0,27 0,27 0,72 0,08 0,14 0,06 0,00
Maximum 0,76 1,15 2,16 3,30 0,53 0,32 0,26 0,53 1,66 2,20 0,02 0,06 0,16 0,27 0,43 0,72 0,08 0,14 0,10 0,00
Deviation 0,35 0,75 1,19 1,73 0,22 0,18 0,13 0,24 0,69 0,91 0,01 0,03 0,09 0,14 0,21 0,34 0,04 0,06 0,06 0,00
Uncertainty. 0,70 1,50 238 346 044 036 026 048 138 182 003 007 018 028 042 068 008 012 011 000
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Repeatability of test piece measurements

Makino test piece

400 mm/min

0,4 mm finishing

L w wn| = @ = g =

= 172 2] 2] = = = = = = ) = ] ] »n wn - - 19 = =

2 & S| & 3 = g =

-

106 -329 6,56 4580 3924 -0,81 -0,06 -021 0,69 -6,100 -0,80 0,50 241 1,40 0,72 285 334 4,12 0,72 3,120 12,65 -10,30

109 -2,67 18,01 60,01 42,00 -0,74 0,73 0,34 1,41 -7,36 -0,54 0,48 4,12 1,48 0,17 3,43 246, -5,18 1,85 3,13 14,33] -11,55

112 8,15 -34,18 2590 60,09 -5,04 1,04 -0,21 3,79 1,12 2,54, -025 -0,55 1,94 1,98 2,77 4,17, -1,59 1,06 6,10 13,40/ -10,05

114 6226 -46,81 1332 60,120 -597 256 -1,02| 586 -496 1,71, -0,53  -0,33 1,96 0,80 1,43 494 249 241 592 13,83 -522

Average, 2,11 -14,11 36,26/ 50,36 -3,14 1,07 -0.28 294 -432 073 0,05 1,41 L69 092 262 3,73 -2,10 031 4,57 13,55 9,28

Deviation 514 27,07 17,95 9,79 2,39 0,95 0,49 2,04 3,26 1,43 0,45 1,95 0,26 0,66 0,73 0,92 2,95 1,62 1,44 0,62 2,41

Uncertainty 10,28 54,14) 35,90 19,58 4,78 1,90 097 4,08 6,51 2,8 09 390 0,51 1,32 1,47 1,85 591 325 2,89 1,24 4,82

Makino test piece

2000 mm/min
0,4 mm finishing

£ 72 w| = 2 = e =

= 7 » » = = = = =3 g Fa g o o 72 7 - - g E =

2 = | = i 8 g 5

-

107 4,55 -46,14 29,51 75,65/ -2,37 0,28 -1,73 4,71 -21,33 6,24 -0,08 0,19 1,06 0,79 0,00 6,56 1,68 2,70 492 18,73 9,34

1100 7,81 -93,16 13,94 107,10/ -6,15 -0,17 -1,55 8,65 0,23 1,62 -0,18 0,15 231 0,81 2,28 798 -040 6,73 7,190 19,09/ -13,00

125 443 11,77 57,20 4543 -5,18 0,73 -347 6,88 -17,63 1,66 -0,17 0,19 1,30 0,37 0,20 7,09 0,64 2,38 5,74 18,60 -9,93

127 1,060 -91,04 45,79 136,83 -3,64 0,30/ -1,43 6,07 -1,120 11,88 -0,100 0,31 1,55 0,65 1,41 7,79  -1,35 5,85 4,95 19,82 -12,37

Average, 446 -54,65 36,61 91,25 -433 028 -2,05 658 -996 535 -0,13 0,21 1,56 066 097 736 014 442 570 19,06 -11,16

Deviation 2,39 42,69 16,38 34,17 1,45 0,32 0,83 1,43 9,62 4,21 0,05 0,06 0,47 0,17 0,93 0,56 1,13 1,90 0,92 0,47 1,56

Uncertainty 4,77 8539 32,75 6835 289 0,63 1,66 285 1924 842 0,09 0,12 094 035 1,85 1,13) 227 3,80 1,84 095 3,11
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Daewoo test piece — Part design 11
400 mm/min

L w wn| = » = g =

5 172 2] 2] = | = = = = z L = o ] »n wn - - & = =

2 & S| & 3 = g =

-

186 -20,57 111,97 80,62 -3135 1,520 15,62 -436| 13,64 11,63 2829 -0,79 5,07, 3,01 2,02 728 494 928 -7,90 747 -37,68 9,59

187 -22,98 161,06 12521 -3585 -6,47 15,52/ -593 15,85 18,35 43,18 -1,78 8,09 2,21 339 13,54 1,71 14,54 -13,42 9,76 -45,63| 15,16

188 -26,89 126,19 102,05 -24,14 -324 16,71 -2,12| 15,98 7,95 36,80 -0,86 7,46) 2,66 1,90 8,08 440 575 281 7,46, -37,60 5,26

189 -23,77 10643 95,71 -10,72. -2,77 15,46/ -0,68 1528 1523 22,75 -0,51 6,88 0,31 3,00 6,57 5,30 6,54  -4,66 7,76 -43,98 8,82

Average -23,55 126,41 10090 -25,51 -2,74 15,83 -3,27 15,19 13,29 32,76 -098 687 2,05 258 887 409 9,03 -720 811 -41,22) 9,71

Deviation 2,26 21,26 16,05 9,51 2,84 0,51 2,02 0,93 3,89 7,83 0,48 1,13 1,04 0,63 2,75 1,41 3,44 4,03 0,96 3,63 3,55

Uncertainty 4,52 42,53 32,11 19,02 5,68 1,03 4,04 1,87 7,78 15,65 095 2225 2,08 1,27 550/ 2,82 688 8,05 1,91 725 7,09

Daewoo test piece — Part design 11

800 mm/min

£ 72 w| = 2 = e =

— £ » »n »n = w| =% =% S S| T2 S o o »n »n = = £ E =

S| &| =| =£| <=| 2| 23| 22| 33| =&| “&| £3| | =& <%l =% “%| ==| <&| §| j| &

2 & S| & 3 = g =

-

190 -33,05 94,02 3862 -5540 -498 17,000 -2,71 17,61 592 33,61 -0,46 1,95 0,68 1,85 10,93 335 -6,76) 484 9,00 -4748 -238

191 -32,11 138,82/ 79,13 -59,68 -2,51 14,05/ -4,58 13,78 5,75 33,93 -0,64 1,71 2,99 1,61/ 10,04 2,03 -1,03 0,09 8,02 -48,96 1,99

192 2096 7541 36,86 -3856 -225 16,29 -0,80 14,67 3,84 24,72 -0,39 1,27 0,77 244 931 3,03 -2,01 1,18 6,49 -4427 -0,97

193 -2328 138,16 148,72 10,56 -4,73 1444 -1,73| 15,66 4,79 26,34 -0,70 2,82 1,87 3,80/ 10,21 5,87 15,08 -16,42 8,59 -46,02 11,72

194 -22,17 112,72 2447 -8825 -1,23 16,84 -4,66/ 16,66 8,81 20,95 -0,46 0,21 3,06 2,69 9,15 596  -8,36 6,24 10,22 -46,39 -10,99

Average -26,32 111,82) 65,56 -46,27 -3,14 15,72/ -2,89 15,67 582 2791 -0,53 1,59 1,87 2,48 9,93 4,05 -0,62 -0,81 8,46 -46,62 -0,13

Deviation 5,18 24,76, 45,47 32,60 1,47 1,24 1,53 1,36 1,67 5,10 0,12 0,86 1,03 0,77 0,64 1,59 8,32 8,12 1,22 1,56 7,33

Uncertainty 10,35 49,52) 90,94 65,20 2,93 2,47 3,07 2,73 3,34 10,19 0,24 1,71 2,06 1,54 1,29 3,17 16,64 16,25 2,45 3,12/ 14,66
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Statistics of test piece repeatability

a

%J 72 w = w £ »l = 4 z g S
w z S

s| & sl =g 3| SE| 2E| =E| <E| & z 2| B =S
= 1) o =~ =~ =~ = = =S o =) 4 =
2 - = & = = = =

: :
Deviation 5,14 27,07 1795 0,95 0,49 2,04 3,26 1,43 1,44 0,62 241
Deviation 239 42,69 16,38 0,32 0,83 1,43 9,62 421 0,92 0,47 1,56
Deviation 226 2126/ 16,05 0,51 2,02 0,93 3,89 7,83 0,96 3,63 3,55
Deviation 5,18 2476 45,47 1.24 1,53 1,36 1,67 5,10 1,22 1,56 7.33
Square sum 4,00 30,08 27,00 0,84 1,36 1,49 5,50 5,17 1,15 2,01 4,32
Uncertainty 8,00 60,17 54,00 1,67 2,71 299 11,000 10,35 2,31 4,03 8,64
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Repeatability of CMM measurements

Long time repeatability in Sip CMMS5:
Piece 2: 2000 mm/min

72} @)
) w wn| =2 i = ) =
S 7 7 7 & w w E) g Y g o) % % ~ = S 2 g
= ® & & & ) =~ < <) < < =, k=% e = = E
S 5 % m% <% EE <§ <§ I;:é (% gg ) m% I(T <§ IQ" <§ & % =
93 - =3 (@ 2 g =8 =
4 = L C] <) (]
=
107 455 29,51 75,65 -237 0,28 471 1,06 0,00 6,56 1,68 2,70 4,92
125 4,43 57,200 4543 5,18 0,73 6,88 1,30 0,20 7,09 0,64 2,38 5,74
Average 4,49 4336 60,54 -3,78 0,51 5,80 1,18 0,10 6,83 1,16 2,54 5,33
Difterence 0,06 13,85] 15,11 1.41 0,23 1,09 0,12 0,10 0,27 0,52 0,16 0,41
Long time repeatability in Sip CMMS5:
Piece 4: 2000 mm/min
72} @)
) w wn| =2 i = ) =
S 7 7 7 & w w E) g Y g o) % % ~ = S 2 g
= ® & & & ) =~ < <) < B3 =, k=% e = = E
S| 2| &| TE| “&| RE| <2 23| TE| “E| 22| 2| "t “F| “F| T=2| “&| 3| | &
93 - =3 (@ 2 g =8 =
4 = L C] <) (]
=
110 7,81 13,94 107,10 -6,15 -0,17 8,65 2,31 2,28 798 -0,40 6,73 7,19
127 1,06 45,79 136,83 -3,64 0,30 6,07 1,55 1,41 7,79  -1,35 5,85 4,95
Average 4,43 29,87 12197 -4,89 0,07 7.36 1,93 1.84 7.89  -0,87 6,29 6,07
Difference 3,38 1593 14,87 1,26 0,24 1,29 0,38 0,44 0,09 0,47 0,44 1,12
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Long time repeatability in Sip CMMS5:
Piece 9: 400 mm/min

0

= Y N - 2l 7| 2, ¢ > =l g

= g & & &l = =% 2% 2z°% = | & & 2 = = = = =

S| g| E| FE| “E| =z| 28| =z| 2| TE| “§| 22| & =F TZ| <% i E
=
115 2,06/ 1892 56,64 37,73 -227 239 -0,20 3,45 -4,58 0,31 3,70 7,33 -4,04  -1,17 14,02
128 0,04 -6,100 67,68 73,77 -3,57 2,54 2,04 3,32 -1,83 0,10 5,64 4,53 -1,92) -3,14 14,21
Average, -1,01 6,41 62,16 5575 292 247 -1,12 3,39 -3,20 0,21 4,67 5,93 -2,98 -2,16 14,12
Ditference 1,05/ 12,51 5,520 18,02 0,65 0,07 0,92 0,07 1,38 0,11 0,97 1,40 1,06 0,98 0,09

Statistics of differences of long time repeatability in Sip CMMS5:

0

- Y N Y B 2l 2| 2, ¥ w TS

= g g g g =%| =% z¥| =8 £ £l 88 2 = = = % E,

S| g| E| F&| <&| =z| 28| =Tz| 23| TE| “g| 24| & TF TE| <3 A

2 & = B i £ i
@ =
Difference 2 0,06/ 2896 13,85 15,11 1,41 0,23 0,87 1,09 2,29 0,05 0,00 0,10 0,52 0,16 0,06
Difference 4 3,38 1,06/ 1593 14,87 1,26 0,24 0,06 1,29 5,13 0,04 0,08 0,44 0,47 0,44 0,37
Difference 9 1,05/ 12,51 5,52 18,02 0,65 0,07 0,92 0,07 1,38 0,11 0,97 1,40 1,06 0,98 0,09
Maximum 3,38 28,96 1593 18,02 1,41 0,24 0,92 1,29 5,13 0,11 0,97 1,40 1,06 098 0,37
Deviation 2,04 1822 12,60 16,06 1,15 0,20 0,73 0,98 3,34 0,07 0,56 0,85 0,73 0,63 0,22
Uncertainty 4,09 36,45 25,19 32,13 2,31 0,39 1,46 1,95 6,68 0,15 1,12 1,70 147 1,25 0,45
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Short time repeatability in Zeiss UMCS850S:

Piece 2: 2000 mm/min

72 o —

s = » »n »n = = = = z z § 73 % o o »n »n - - & H =

— 5] & & & & = S = Z3 Z3 = = & < o o =, =, = = = o =l

=) é. é % I::? <::aT zz| <2| BEg 2% mog: <0§:. gg E' I;? <;? mg <§ mg <% §. % E

4 = L E] =3 (5]

=

141 CMM 1,720 6196 -425 57,71 -2,05 -1,52| -142 489 -16,82 1324 -0,05 0,18 0,56 1,79 025 5,71 1,06 3,50 487 20,72 -9.82

142|CMM 1,97 -64,14 -12,68 51,46/ -1,58 -0,22 -1,32 4,59 -16,68 1229 -0,05 0,17 0,70 1,22 0,47 4,75 0,41 3,49 4,57 20,38 -10,20

143 CMM 1,79 -6124 -11,02 50,22| -1,60 034 -1,02 446 -16,78 1247 -0,06/ 0,16 0,78 086 053 4,65 1,57 2,14, 469 20,23 -89

144|CMM 2,200 -61,73 -12,02. 49,70/ -0,78 0,02 -0,62 434 -1536 1231 -0,04 0,16 1,09 1,08 0,43 4,19 1,71 2,09 4,71 20,120 -8,51

145|CMM 2,06/ -78,56 -34,05 44,51| -2,60 021 -435 430 -1840 13,620 -0,11 0,12 0,62 1,31 2,25 3,52 0,03 3,56 448 20,12 -10,58

Average 1,95 -65,53 -14,80 50,72 -1,72 -0,23 -1,75 4,51 -1681 12,78 -0,06 0,16 0,75 1,25 0,79 4,56 0,95 2,96 4,66 20,31 -9,54

Deviation 0,17 659 10,08 422 060 067 133 021 096 055 003 002 019 031 074 0,72 065 069 013 022 084

Uncertainty 0,35 13,19 20,17 8,45 1,20 1,34 2,67 0,42 1,93 1,09 0,05 0,04 0,37 0,62 1,47 1,44 1,30 1,38 0,27 0,45 1,68
Short time repeatability in Sip CMMS5:

Piece 2: 2000 mm/min

72 o —

s = » »n »n = = = = z z § 73 % o o »n »n - - & H =

— 5] & & & & = S = Z3 Z3 = = & < o o =, =, = = = o =l

=] é. é £ I::? <:% Te| €2| Bg 2% mog: <0§:- gg E' I;? <;? mg <§ mg <% §. % E

4 = e <3 re

=

134 CMM 1,75 -18,35 5627 74,62 -255 0,53 -1,60 483 -14,56/ 801 -0,08 027 1,02 125 086 641 0,87 243 474 19,02 -936

135|CMM 2,35 -28,07 66,62 94,69 -2,53 0,96 -1,46 8,97 -10,93 8,65 -0,13 0,32 0,90 443 0,84 7,59 1,88 1,40 5,38 19,120 -8,01

136 CMM 2,13 -1445 6529 79,74 -249 0,56 -127 508 -1523 908 -0,08 029 1,03 1,15 071 6,07 1,72 1,68 4,75 19,01 -829

137 CMM 240 -1441 6129 7569 -2,80 037 -1,020 495 -15,01 852 -0,07 029 0,75/ 129 040 6,13 2,05 1,59 4,78 1885 -8,06

138 CMM 2,07 -21,16 56,98 78,14/ -3,07 0,38 -2,11 526 -14,58 10,31 -0,10 0,28 0,66 1,48 0,99 6,48 1,62 1,94 4,67 1895 -8,58

139 CMM 1,96 -18,66/ 5585 74,51 -320 0,66 -2,03 509 -13,73| 944 -0,100 027 0,67 123 072 583 1,58 1,85 472 18,82 -854

140|CMM 2,29 -18,79 5947 7826/ -3,36 0,50 -225 5,120 -16,19 8,90 -0,10 0,29 0,64 1,43 0,92 5,71 2,16 1,51 4,66/ 1893 -8,00

Average 2,14 -19,13 60,25 79,38 -2,86 0,57 -1,68 5,61 -14,32 8,99 -0,09 0,29 0,81 1,75 0,78 6,32 1,70 1,77 4,82 1896 -841

Deviation 021 430 403 652 033 o019 043 137 155 068 002 001 016 1,00 0,18 058 039 032 024 0,10 045

Uncertainty 0,43 8,59 8,05 13,03 0,66 0,37 0,86 2,75 3,10 1,36 0,04 0,03 0,31 2,20 0,36 1,16 0,79 0,64 0,47 0,20 0,90
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Thermal behaviour 102 Appendix 5

Thermal behaviour of Makino ASS milling centre

The following graphs are drawn using the temperature measured in y-axis servomotor.
Temperature value is an average over 5 minutes in each measurement. Altogether 69
measurements were done and all of them are shown in graphs. The measurement itself
has been a double ball bar test with Renishaw QC10, 150 millimetres radius and
2000mm/min feedrate. Equation of fitted line is evaluated using least squares fit.

Makino A55 temperatures

28,00

Y-axis servo
motor

27,00
/ Y-axis scale
26,00

25,00 Y-axis ballscrew
/ et
24,00 )
s X-axis servo
/ motor

Room
temperature

Temperature °C
NN
N B
o B
8 8

X-axis ballscrew
nut

21,00 -

20,00 — — Machine body

19,00

X-axis scale

18,00

PRSP O R DD DD O DD DD DD D RSP DD D DD PSP
AR S ORI AR AR R G R S AR A AR G SR A LS S SN

Time

Figure 31. Temperature rise during measurements in Makino A55
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Figure 32. Circularity as a function of temperature

Fitted line: y = 0,3253 * x + 3,3303 [um]
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Figure 33. Scale error of x-axis as a function of temperature

Fitted line: y = 1,4217 * x — 48,8529 [um/m)]

15 T T T T T T T

Scale error in y-axis pm/m
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20 21 22 23 24 25 26 27 28
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Figure 34. Scale error of y-axis as a function of temperature

Fitted line: y =4,2231 * x — 104,8390 [um/m]



Thermal behaviour 104 Appendix 5

15 T T T T T T T

Scale mismatch pm/m

_25 1 1 1
20 21 22 23 24 25 26 27 28

Temperature °C

Figure 35. Scale mismatch between x- and y-axis as a function of temperature

Fitted line: y =-2,8014 * x + 55,9861 [um/m]

Backlash in x-axis um

_4 1 1 1 1
20 21 22 23 24 25 26 27 28

Temperature °C

Figure 36. Backlash in x-axis as a function of temperature

Fitted line: y =-0,0509 * x + 1,6073 [um]
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Figure 37. Backlash in y-axis as a function of temperature

Fitted line: y =0,1893 * x - 1,9759 [um]
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Figure 38. Squareness as a function of temperature

Fitted line: y =-0,1392 * x + 2,5969 [um/m]
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Lateral play in x-axis um
o

PO~

_4 1 1 1 1 1 1 1
20 21 22 23 24 25 26 27 28
Temperature °C

Figure 39. Lateral play in x-axis as a function of temperature

Fitted line: y = 0,0424 * x — 1,7216 [um]

Lateral play in y-axis um
o

_4 1 1 1 1 1 1 1
20 21 22 23 24 25 26 27 28
Temperature °C

Figure 40. Lateral play in y-axis as a function of temperature

Fitted line: y =-0,0141 * x + 1,5836 [um]
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Vibration um
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Figure 41. Vibration as a function of temperature

Fitted line: y = 0,0027 * x + 0,6080 [pum]
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Figure 42. Servo mismatch effect as a function of temperature

Fitted line: y = 0,0606 * x — 1,7363 [um]
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Figure 43. Cyclic error in x-axis as a function of temperature

Fitted line: y = 0,0089 * x + 0,1969 [pum]
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Figure 44. Cyclic error in y-axis as a function of temperature

Fitted line: y =-0,0129 * x + 0,9776 [um]



Comparison between double ball bar analysis methods

Mitsui Seiki xy 400mm/min

7] o
= 7 w| = = g
& £ 72 »n »n = = = = =3 g| F=» 7 o o v w £ E
- 3 = & & Al = - =z =z 3 3 e e e e S S = = = ®
S| E| g| | FR| TB| 22| 2| B3| 23| TE| “g| 22| #2| Tg| “g| TE| “F| 7% ") g ¢
[+ - - o = =
& = 5
DBB -9.,65 35,7 55 302 -3,2 0,2 2,0 1,5 14,00 -11,67 0,21 0,85 2,5 0,85 0,75 -3,75 7,75
160 DBB -9,75| 35,36 5,43/ -29,93 -3.83 0,28 2,22 1,45 12,40 -12,56 0,16 0,00 0,51 2,10 1,06 0,53  -3,96 7,62 1.25 0,00
Difference -0,100  -0,34  -0,07 0,27 -0,63 0,08 022 -0,05 -1,60 -0,89 -0,05 0,00 -0,34 -0,40 021 -022 -021 -0,13 1,25 0,00
Mitsui Seiki xy 2000mm/min
7] o
= 7 w| = = g
& £ 72 »n »n = = = = =3 g| F=» 7 o o v w £ E
- 3 = & & Al = - =z =z 3 3 e e e e S S = = = ®
Sl E| g| | FR| B| 22| F| B3| 23| TE| “g| 22| #2| Tg| “g| TE| “F| 7% ") g ¢
] = - <l = =
& = 5
DBB -10,29 38,10 41,00 -79,1 -13)7 -3.3 -7.9 2,00 16,67/ -16,33  -0,36 1.0 2.3 1,1 0,9 -1,95 3,25
161 DBB -10.31 35,64 -4240 -78,04 -13,41 -3,13| -8,56 -2,19 1531 -16,32 -0,37 0,00 0,93 2,02 2,99 3,94  -2,14 2,99 1.81 0,00
Difference -0,02 246 -1,40 1,06 0,29 0,17, -0,66. -0,19 -1,36 0,01 -0,01 0,00 -0,07| -0,28 1,89 3,04/ -0,19 -0,26 1,81 0,00
Mitsui Seiki xz 400mm/min
7] @]
= w wn| = ©n = =
< £ » »n »n = = = = = = Fo g o o »n »n g =
= < 2 & & & - ~ < z = = & P D D = = =~ =~ =1 =
=. = 9 ==l <8 2 2 = 2 = = < B s = S = <& = = < = = < e
Sl Z| E| ®| TE| Tz =z| “g| Bz| %&| "g| “g| 22| E| T " TF| “F| TE| "% & Z
% - - = (1) g.
DBB -3,36) 135,00 12,69 -1224 -1,5 -3,1 0,0 0,2 15,00 -18,67 0,86 1,55 6.45 1,2 1,5 -1,55 1,35
162 DBB -3,37 131,50 11,76 -119,75] -1,97 -2,03 0,39 -0,84 16,67 -19,62 0,79 0,00 1,22 6,22 0,66 0,82 -1,60 1,31 3,62 0,00
Difference -0,01) -3,50 -0,93 2,65 -047 1,07 0,39 -1,04 1,67 -0,95 -0,07 0,00 -0,33 -0,23| -0,54 -0,68 -0,05 -0,04 3,62 0,00
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Mitsui Seiki xz 2000mm/min

spoylow gg(J ueamiaq uostreduwo))

0r1

o L 7] w| =2 @ = g
= 172} 2] 2] = = = = =3 =3 = D = ] ] 7 7 — — 9
= 5] & & & & = o] K = = = o < o o =k ] = = = =
S| #| 2| F| TE| “B| 2| “x| Ex| 23| Tg| “g| 22| 2| Tz| “g| "z “F| ¥E| "% §| @
2 = = & 2 = =
“ = 1] g
DBB -3,220 1432 -394 -1826 -143 -9.4 -9.5 -1,5 17,0 -27,67 0,33 1,95 6,0 0,55 0,95 -0,3 -0,1
163/ DBB -3,220 139,95 -40,20 -180,16| -14,31 -8,65 -9,77/ -825 1843 -2842 0,32 0,00 1,33 5,36 5,42 296 -0,36 -0,23 3,59
Difference 0,00 -325 -0,80 244 -0,01 0,75 -0,27  -0,75 143 -0,75 -0,01 0,00 -0,62 -0,64 487 201 -0,06 -0,13 3,59
Mitsui Seiki yz 400mm/min
7
S 72 w| =2 @ =
& £ 72 B B = = = = =3 g| F@ 3 o o 72 72 £
= < = & 3 g = -~ =2 =z g g & 2 o o ] ) = = =
S g = < £ £ £ £l mE| «£| 23 = < =E| <2| = “
°| 3 g | TR TF| Tr| 7| Fr| x| Tg| "g| 23 = TE F| TE| OCE| T2 = g
“ = 1]
DBB 1,25 74,1 9,5 -83,6 2,6 -0,5 39 -3,4  -8,67 3,33 0,65 24 6,45 0,25 2,55 0,05 0,4
164 DBB 1,25/ 71,30 9,35 -80,64 1,88/ -2,71 4,720 -120 -9,86 2,16 0,62 0,00 2,65 6,13 0,75 1,24 0,13 0,52 2,47
Difference 0,00 -2,80 0,15 296 -0,72 -221 082 220 -1,19 -1,17 -0,03 0,000 025 -032 0,50/ -1,31 0,08 0,12 247
Mitsui Seiki yz 2000mm/min
72
= w wn| = ©n =
=] = w w w = = = = = = 3] S (@] (@] |72] |72] £
- & = 4 Z Zl = ~ =z 2 3 3 & 2 by by = = = = =
2. = = < = = = 2 3 === <E g = == < = <= = <
Sl Z| E| ®| TE| Tz =z| “g| Bz| %&| "g| “g| 22| E| | " TF| “F| TE| "% &
DBB 1,51 77,3 -86,2) -163,5 -1,8 -9.,3 -1,3] -10,00 -11,3 8,67 0,74 22 6,05 1,15 0,35 -1,0 1,55
165 DBB 1,51 75,69 -8557-161,26 -2,19 -10,62| -1,23 -8,62 -1230 7,18 0,73 0,000 242 6,07 2,65 1,98 -0,87 1,63 2,81
Difference 0,00 -1,61 0,63 224 039 -1,32 0,07 1,38 -1,000 -1,49 -0,01 0,00 0,22 0,02 1,50 1,63 0,13 0,08 2,81
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Statistical analysis between DBB analysis methods

=~ %J 4 4 § w g o ) 2] 2] ? g

s 2 = g =8| <Z| zE| =E E? E? mE| «£| 23 2| zZ| <Z| z2| «2| =E gl %

2 g = = B = = = = “% “% 23 I = = -3 = < 3 £

% = 7 g
160 -0,10/  -0,34 -0,07 0,27 -0,63 0,08 022 -0,05 -1,60, -0,89 -0,05 -0,34|  -0,40 021 -0,22 -0,21
161 -0,020 246 -140 1,06 0,29 0,17, -0,66 -0,19 -136 0,01 -0,01 -0,07  -0,28 1,89 3,04  -0,19
162 -0,01)  -3,50 -0,93 2,65 -047 1,07 0,39 -1,04 1,67 -0,95 -0,07 -0,33] -0,23 -0,54 -0,68 -0,05
163 0,000 -325 -0,80 244 -0,01 0,75, -0,27  -0,75 143  -0,75 -0,01 -0,62  -0,64 4,87 2,01 -0,06
164 0,00 -2,80 0,15 296 -0,72| -2.21 0,82 220 -1,19) -1,17  -0,03 0,25 -0,32 0,50, -1,31 0,08
165 0,00 -1.61 0,63 224 -0,39 -132 0,07 1,38 -1,00 -1,49 -0,01 0,22 0,02 1,50 1,63 0,13
Average -0,020 2,33 -040 1,94 -032 -0,24 0,09 0,26 -034 -0.87 -0,03 -0,15  -0,31 1,41 0,74, -0,05
Squared sum 0,04 2,56 0,81 2,16 0,48 1,18 0,48 1,19 1,39 0,99 0,04 0,35 0,36 2,24 1,74 0,14
Uncertainty 0,08 5,12 1,62 4,32 0,96 2,36 0,96 2,37 2,79 1,97 0,08 0,69 0,73 4,49 348 0,27

spoylow gg(J ueamiaq uostredwo))
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Comparison between cross grid encoder and double ball bar measurements

£ w vl B 2 = g o

- = 7 7 7 = = = = = S| z» = 0 (@} @»n @»n 9 g =

% Al Rl B &% = 5| 2
60 1,54 3,020 68,030 71,05 0,07 -029 097 -1,63] -648 -473 0,06 088 047 143 251
61 2,13 531 7234 7764 0,11 -0,03 1,01 -1.21 -6,11 -449 006 093 046 136 274
62 1,59 27,100 61,59 68,70 -024| -031 0,86 -133 -725 -7,63 023 0,56 027 064 119
63 2,07 2175 6512 7287 041 -023 077 -121 743 720 022 0,53 017 082 102
65 -143] -26,13) 4041 66,54 079 -1,62) 0,64 -122] 342 454 0,05 0,88 0,0 136 1,69
66 1,49 26,64 39,60 6625 0,68 -1.69 040 -1.21 3,63 -459 006 0,88 0,14 222 249
67 191 26,17 29,59 5576/ 071 -1.68 021 -1,05 335 -446 017 0,82 019 062 085
68 -1,80 -24.04 2973 53,77 -0.83 -121 0,08 -L16 334 -461 013 0,51 057 059 074
69 047 176/ 60,73 5897 328 061 -160 -141 -1032 2540 0,00 078 0,07 412 349
70 -1,04 067 62,10 6142 223 -0,02 -1,08 -035 -7,01 21,00 0,01 048 047 359 2,05
71 -1,93] 045 48,08 4763 L72] -0,52] -041 -136 223 2536 024 0,17 004 241 061
72 2,06 -080 4742 4822 1,72| -048 -0,55 -132] 2,50 2596 023 024 003 239 061
85 0,33 45,555 37,37 8291 145 138 130 -3.76 4,03 421 072 029 0,71 0,10 3,00
86 0,88 -56,87 6333 12020 2,15 329 149 -0,02] 074 4,00 008 020 028 6,66 637
87 4,69 -1539 22,07 3746 0,05 -0,76 -238 078 390 996 -0,12 0,14 147 178 435
88 4,55 1547 47,57 6823 -121] -0,02 0,08 325 7,09 10,00 -0,05 048 097 1101 1530
89 2,83 1582 5841 4259 2,32 033 -338 -097 -034 1539 -030 0,86 095 492 470
90 2,92 23,97 107,89 8393 -1,63 198 -166 108 3,14 7,04 -0,08 0,13 0,68 705 1520
91 441 247 31,60 34,06 -246 -125 -024 -1,04 L1l -824 0,0l 029 037 127 115
92 3,720 2175 33,88 41,63 -246) -112 006 -0,02 -498 278 0,0l 038 024 252 147
93 4,60 -2691 -545 2146 0,63 -149 -3,08 -1.89 -14,51 -091 0,19 0,67 0,73 254/ 098
94 9,88 -23,51 -3,19 2031 -3.68 -148 -341 118 1033 341 003 0,06 -1,08 471 088
95 -16,17| 13521 163,38 28,17 -2.86 211 14,57 244 -1,08/ 4039 -0,25 2,12 027 1408 1,02
96 991 164,70/ 2177 53,00 -343 631 562 -442 275 2495 027 072 088 1022 516
116 563 32,00 1261 446 -1720 089 -0,18 008 -4,11 -515 -0,17 0,11 031 156 -049
117 687 -19,73| 3513 5486 2,00 -0,33 -1.52| 169 -11,15 -491 -0,05 030 0,02 828 346
119 1,01 -32,77 33,13 659 -1,53] 191 -0,60 -0,27 0,51 -049 -0,06 029 -031 093 086
121 -1,28 -23,23 38,19 6142 -1,68 -1,52] -2,00 0,03 -1,00 3,07 -0,02 0,13 -022 830 598
122 2,07 2627 5452 2825 -144 -034 -130 087 217 182 -022 033 -020 1,19 030
123 237 24,65 6448 3983 -097 -015 -L11 0,71 037 3,58 -0,02 0.4 024 248 797
146 1,29 2565 71,15 96,80 -3.81 -1,56 -10,52] -047 9,67 7.88 -049 053 223 255 146
147 1,71 -39,54) 119,29 158,84 0,69 0,54 -6,95 -1,61 -426 -6,72| -0,04 0,08 -1,39 1219 592
148 6,47 40,11 59,32 99,53 -3,64 -394 -2,92 -1064 -13,12| 9,57 -0,10 038 222 159 12,18

711 99d 2 puS-sso1o usamjaoq uosuedwo))
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149

150

151

174

175

176

177

178

179
Average
Squared sum
Uncertainty

-4.47
429
1,95
3,62
2.82
3,49
2.96

-6,40

9,86

1,39
4,80
9,59

42,39
15,69
21,91
43,1
59,6
11,15
25.35
297,04
92,0
3,76
63,57
127,14

127,26

73,95
155.42
112,48
209,12
128,88
144,36
383,68
307,59

84,04
114,41
228,83

169,65
58,26
133,5

155,54
-35.8

117,72

169,71
86,64

215,59
73,90
87,76

175,53

1.53
2,84
2,06
2,04
-0.86
337
0,13
3,61

446
0,91

2,15

429

-1.54
725
2,40
5,67
4,24
5,42

0.37
3,70
-3.16
0,97

2,53

5,06

-2.47
-0,81
-0,76
-1,76
2.0
-1,32
-2,04
-3,70
-6,87
-0,82
3,64
7,27

-7,28
-7,35
-4,74
-3,07
-6,5
-7,81
-12,17
-1,01
1,48
-1,88
3,75
7,50

-1,05
10,82
928
4,18
-3.30
13,45
6,05
11,51
25,69
0,75
8,82
17,64

0,9
-545
-6,05
-6,7
-5,76
-12,83
-1,82
-42,80
-1,09
-10,57
85,21
170,41

0,05
0,27
0,01
0,30
0,19
0,77
0,08
-1,09
-0,36
0,02
0,29
0,58

-1,05
0,84
1,22
0,35
0,78
0,40

-0,24
0,80
4,68
0,16
0,98
1,95

-1,10
-4,38
-4,27
0,07
2,60
1,94
-0,22
3,12
2,71
-0,04
1,44
2,89

11,30
1,61
12,30
4,55
10,58
231
4,75
4,06
5.92
4,40
5,85
11,69

2,29
1,45
3,00
5,20
5,30
7,02
2,96
8,30
4,07
3,73
5,22
10,44

2,66
-2,74
-1,31
-0,05
-0,89
-2,84
-3,51

3,39

5,44

0,60

1,85

3,69

1,84
-1,01
-2,27

0,35
-0,65
-1,99
-1,23

1,51

3,04
-0,38

1,63

3,25
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Comparison between test piece and double ball bar measurements

Z w w|l = e - = = g .E
- = 2] 2] 2] = = = = =3 =3 & N 5] p] 172} 172} - - 9

S 3| E£| =E| «<g| BE| 3£| 2£| 2% =§| <g| £3| &| =%| <g| =%| <3| =£| <£| ¢ é 2

2 = 2l & = 8 5 &
106 Diff. -2.94 1,16 92,70 91,54 -1,31 -236 -021 271 -8,77 -580 0,59 0,55 0,07 2,85 334 342 -043
107 Diff. 490 -50,94 86,21 137,15 -2,57 -1,62| -1,63 141 -24733 2,57 -0,04 0,11 0,49 0,00 5,76 1,88 1,75
109 Diff. =232 12,61 106,91 9430 -124) -1,57 0,34 -199 -10,03| -5,54 0,57 0,63 -0,48 3,43 246 -448 0,70
110 Diff. 4,78 6,97 113,90 106,93 -538 -1,17 -3.37 3,58 -20,63 -2,01| -0,13 0,35 0,07 0,20 6,29 0,84 1,43
112 Diff. 8,50/ -39,58 7280 112,39 -554 -1226 -021 0,39 -1,55 246/ -0,16 1,09 1,33 2,77 4,17 -0,89 -0,09
114 Diff. 6,61 -5221 60,22| 11242 -6,.47 0,26 -1,02 246 -7,63] -329 -0.44 1,11 0,15 1.43 4,94 3,19 -3,56
126 Diff. 3,74 19,03 24.6 5,57 -595 0,64 -2,18 1,01 -12 3,16 -0,79 03 -033 2,89 7,89 2,76 0,33
158 Diff. -2,07 18,80/ 28,50 9,700 -8,77 -6,26 -1448 0,26 -14,70 7,57 -1,09 0,26 -1,52 4,64 7,06 2,96  -1,50
189 Diff. -6,34  62,33] 86,01 23,68 -4,67 5,56 -3,18 2,78 6,90 23,775 -0,65 -0,54 1,50 6,57 4,65 6,59 -12.26
Average 1,65 -2,43] 74,65 77,08 -4,66 -1,01 -2,88 0,80 -10,30 1,99 -0,24 0,43 0,14 2,75 5,17 1,05 -1,51
Squared sum 511 36,05 8039 90,35 5,22 3,06 5,16 2,14 13,59 8,96 0,59 0,64 0,88 3,38 5,43 3,44 4,36
Uncertainty 10,23 72,10 160,79 180,70 10,45 6,12 10,32 4,28 27,19 17,93 1,18 1,28 1,76 6,76 10,86 6,89 8,72
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Comparison between test piece and cross grid encoder measurements

Daewoo xy 400 mm/min

7 @)
= » w| =2 4 ) =
S £ 72! 72! 72! = = = = =3 g F» 5 »n »n - = iE
= < ® e e o -~ =z = s = <] < =3 =3 = = = B
S| Z| 3| E&| ==| <£| 2g| 23| 23| 22| “&| “&| 83| & 7| CE| TE| 72 AN
(53 = - (< & = =
2 = (= g ™
=
85 Grid -1821  -7.47 38,86 2,74 14,45 0,69 4,77 0,01 7,39
189 CMM | -23,77 106,43 -10,72 -0,68 15,23 -0,51 6,88 6,54/  -4.66 -43,98
Difference - 5,56 113,90 | 64,32 - 49,58 - 4,22 - 342 0,78 1,20 2,11 6,53 |- 12,05

Daewoo xy 800 mm/min (Test piece 800mm/min and cross grid 400mm/min)

7] o}
) w wn| =2 i ) =
g g 2 ® P & @ = o g| Fe g @ » g 5
—_ 5] = & & & = = = = e = =3 =3 = = 2 g
5| | 3| | =z| <£| 2E| =f| 2 *g| | 23| & Bl TE| TE| CE A
[y = = ] &= = =
4 = [ E] g [ E]
85 Grid -1821  -7.47 38,86 2,74 14,45 0,69 4,77 0,01 7,39
190 CMM | -33,05 94,02 -55,40 -2,71 5,92 -0,46 1,95 -6,76, 4,84
Difference - 14,84 101,49 - 94,26 - 5,45 8,53 1,15 - 2,82 6,77 - 2,55
Makino ASS xy 400 mm/min
7] o
< 1723 w| = e = S =
S £ 72! 72! 72! = = = = =3 g F» 5 »n »n - & = iE
— 5] ® ] ) ) =z = = = ] < =3 =3 = ) = = E
S| &| 2| B TE| “&| 23| &| Ez| 22| Tg| “&| 24| E F| “F| T&| 2| &| Z| &
& - - < 3 =l 2 =
2 = L C] g [ E]
62 Grid -1,98  -2,66 15,96 0,69 -4,39 0,10 1,57 -0,08 0,34
109 CMM -2,67 18,01 42,00 0,34 -7,36 048 4,12 -5,18 1,85 14,33 -11,55
Difference - 0,69 | 20,67 26,04 |- 0,35 - 0,67 - 2,97 038 2,55 510 | 1,51
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Makino ASS xy 2000 mm/min

7] o
= 1723 w| =2 4 ) =
1 £ v w 8 & & @ w g g F2 g 0 o » » E =
S| 2 E 8| mg| «g| BE| zE| Z£| Z£| =Z| <E| £5 | =3| <3| =2| <2| z2| <2 Z £
8 s & & & = = = = i, €l B3 n = = -3 F3 < < z =
[s3 = - (< ol = =
2 = L C] g [ E]
60 Grid -1,89 1,76, 10,45 8,69 033 1,50 0,89 1,62/ -345 -082 0,02 035 0,08 0,77 1,32 3,34 0,03 0,34
110 CMM 443 11,77 5720 4543 5,18 0,73 -3.47 6,88 -17.63 1,66, -0,17 0,19 1,30 0,37 0,20 7,09 0,64 2,38 -9,93
Difference 6,32 | 10,01 46,75 | 36,74 - 551 - 0,77 - 436 526 - 14,18 248 0,19 - 0,16 1,22 - 040 - 1,12 3,75 0,61 2,04
Makino A77 xy 400 mm/min
7] o}
) w wn| =2 i ) =
s g 4 4 @ w w = = S S| z@ g o) o) @ » - g )
- 5] = & & sl = = = = = = <] < o 3 =, =% = = = E
S| #| 2| E| TB| 8| 3| “z| 23| =g| T&| “g| 22| 2| Tg| “g| T3 "7 =& "2 AN
@ 5 = | e H = =
91 Grid -3,07. -5,89 4585 51,75 1,44 0,33 1,75 1,05 242 -325 0,07 0,72 1,09 0,72 1,27 1,15 -0.45 0,18
126 CMM 5,08 15,63 3890 2327 -2,05 096 -0,18 3,11 -10,70 816 -0,73 0,79 1,100 0,77 2389 7.89 0,41 1,33 30,08
Difference 8,15 | 21,52 - 6,95 - 2848 - 3,49 0,63 - 1,93 2,06 - 13,12 1141 0,80 | 0,07 0,01 0,05 1,62 6,74 | 0,86 1,15
Mitsui Seiki xy 400mm/min
7] o
= w 2 s g =
S £ 72! 72! 72! = = = = =3 7z 5 9! 9] »n »n - = iE
= & & & & & = ~ = =z e < < b =, =, = = = =l
S| E| c| | =E| <&| 23| 2F| 22| 2F| T&| <&| £3| | TE| <g| =F| <%| =£| <2 A
& = e & 2 =
2 = L C] g [ E]
146 Grid -10.94  10,04| 76,66 66,62 -7.01 -1,35 -8,52 1,03 432 -3,779 -0,28 2,25 1,38 0,27 3,40 221 -1,09 6,27
158 CMM | -11,72 54,50 34,00 -20,50 -11,97 -6,06 -1248 1,76, -0,70 -4,10/ -0,88 -0,51 1,11 0,98 5,49 7,81 -0,79 6,25 12,22
Difference - 0,78 44,46 - 42,66 - 87,12 - 496 - 4,71 - 39 0,73 - 5,02 - 031 - 0,60 - 2,76 - 0,27 0,71 2,09 560 030 - 0,02

911

6 xipuaddy



Statistics of comparison between test piece and cross grid encoder measurements

= éﬂ 4 2| =2 £ ) g <

s| % §| E| =E| <E| 2E| 3E| 28| 2E| =2| 2| £%| | =%| -%| =%| | =3| -5 HEE

=2 s ) ) ) = = = = = = =3 g' = = & & < - E. E

% = a3 g [ E]
Daewoo 400 - 5,56/ 11390 6432 - 49,58 - 422 486 - 3,42 7,03 0,78 19,34 - 1,20 2,11 - 0,39 2,30 524 1,74 6,53 - 12,05
AS5 400 - 0,69 20,67 46,720 26,04 - 0,77 - 124 - 0,35 - 0,67 - 2,97 2,00 0,38 2,55 1,18 - 0,80 2,67 1.27 - 5,10 1,51
A55 2000 6,32 10,01 46,75 36,74 - 551 - 0,777 - 4,36 526 - 14,18 248 - 0,19 - 0,16 1,22 - 0,40 - 1,12 3,75 0,61 2,04
A77 400 8,15/ 21,52 - 6)95/- 28,48 - 3.49 0,63 - 1,93 2,06 - 13,12| 1141 - 0,80 0,07 0,01 0,05 1,62 6,74 0,86 1,15
Mitsui 400 - 0,78 4446 - 42,66 - 87,12 - 496 - 471 - 396 0,73/ - 5,02 - 031 - 0,60 - 2,76 - 027 0,71 2,09 5,60 0,30 - 0,02
Average 1,49 42,11 21,64 -2048 -3,79 -0,25 -2,80 2,88 -6,90 6,98 -0.48 0,36 0,35 0,37 2,10 3,82 0,64 -1.47
Squared sum 526 56,46 45,55 50,77 4,14 3,11 3,17 4,06 9,03 10,14 0,72 1,93 0,79 1,15 2,93 4,37 3,74 5.53
Uncertainty 10,52 112,93 91,10 101,54 8,27 6,22 6,34 8,11 18,06 20,29 1,45 3,86 1,58 2,30 5,85 8,74 7,48 11,06
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Compensation case 118 Appendix 10

Compensation case of a xy-table

A xy-table was used as a compensation case for the feature based machine tool
analysis. This machine has only two axis x and y, which are driven by trapeze screws.
The encoders are mounted at the end of digital servo motors. A Siemens 840D PC-
based numerical controller is used to control this quite an old machine. The table has
considerable geometrical deviations, but the repeatability, at least for circles, is
sufficient. The new controller on the other hand offers a wide variety of compensation
possibilities.

Before compensations

When all compensations were set to zero the circularity value for the xy-table proved
to be around 140um. The first measurement was done by DBB and analysed by the
FeatureCheck software. The major source of deviations was backlash on both axes.

< ow

- COw

Deviation type X-axis | Y-axis
Circularity 137 um

Axis spike 0 pm 0 pm
Backlash 99 um 81 um
Cyclic error 12 um 11 um
Lateral play -3 pm -4 pm
Scale error 805 um 711 pm
Servo mismatch 12,5 um
Squareness 218 ¥y
Straightness 12 " 00mm | -15" 5 00mm

Figure 45.  Xy-table before compensations (50um/div)

After compensations

The deviation values obtained from the first measurement were used to compensate
the machine tool. After the first compensation a second test was needed to adjust the
compensation values. The last measurement was accomplished using the cross grid

encoder and the achieved circularity was 19um.

<o

< Cow

Figure 46.

Deviation type X-axis Y-axis
Circularity 19 um

Axis spike 5 um 4 um
Backlash -2 pm -2 pm
Cyclic error 0 um 4 um
Lateral play 1 um 2 um
Scale error 49 ¥/ 20 %,
Servo mismatch -1,0 um
Squareness 1 ¥%0
Straightness 6 """/ 140mm | -3 somm

Xy-table after compensations (50um/div)




Measurements of Daewoo ACE-H50X

Daewoo xy 400 mm/min

= éﬂ 7] w| 2 s = A = g o
- & = z z 2 =¥ =F| 27| =7 ) Il g% 2 o o3 % % = = g = =
=) é. § = m§ <§ Sl <z| Eg| <2 qu <q§ gg % E% <% =§ <§ I(:; <{2 g g E
& = aQ g =3
DBB| -17.43 44,1 9,7 -344 1.9 9.9 2.5 12,5 8,33 -1,0 0,14 0,85 1.5 0,0 0,65 -0,05 7.6
85  Grid -17,76| -1,45 47,07 4851 335 11,28 3,80 8,74 1236/ 321 086 6,18 056 0,79 0,10 3,65 -0,13 6,69 023
Difference,  -0,33 -45,55 37,37 8291 1,45 1,38 1,30 3,76/ 4,03 4,21 0,72 -0,29  -0,71 0,10 3,00 -0,08 -091
Daewoo xy 400 mm/min — Part design I — No upmilling
w 0
S = 72 72 72 = = = = % % § 72 % 0 ) ) ) = - z E g
= 5 &
=
DBB| -17.43 44,1 9,7 -344 1.9 9.9 2.5 12,5 8,33 -1,0 0,14 0,85 1.5 0,0 0,65 -0,05 7.6
97 CMM| -20,37 21,11 118,03 96,91 6,68 0,17 226/ 086 11,87 32,58 1,76, 10,64 647 232 10,10 8,20 0,51 -0,08 1,221 -36,94
100/ CMM -22.85 5746 143,67 86,21 11,81 -5,05 6,42 -2,00 1895 4730 2,620 12,82 5,26 3,94 8,04 6,07 227  -1,58 1,90 -45,01
130 CMM| -23,60 14,79 147,88 133,09 11,37 1,40 324 293 10,99 25,63 231 1322 2,63 1,58 7,06 7,72 -1,96 2,07 1,70, -43,30
131] CMM -26,77 2489 141,77 116,89 10,28 1,30 5,04 0,91 5,44 39,80 2,39 13,35 5,22 1,17 8,26 8,26 0,33 0,12 1,60 -37,00
CMM average -23,40 29,56 137,84 10828 10,03 -0,55 424/ 0,68 11,81 36,33 227 1251 4,89 225 8,37 7,56 0,29 0,13 1,61 -40,56
97 Dift. -2,94| 22,99 108,33 131,31 4,78 9,73 -0,24 -11,64 3,54 33,58 1,62 5,62 0,82 10,10 7,55 0,56/ -7,68
1000  Diff.| -542 13,36 133,97 120,61 991 -14,95 392 -14,50 10,62| 48,30 2,48 4,41 2,44 8,04 5,42 232 9,18
130,  Diff.| -6,17 -29,31 138,18 167,49 947 -8.,50 0,74 -9,57 2,66 26,63 2,17 1,78 0,08 7,06 7,07 -191 -5,53
131 Diff.| -934 -19,21 132,07 151,29 838 -8,60 2,54 -11,59| -2,89 40,80 225 437 -033 8,26 7,61 0,38 -7,48
Difference| -5,97 -14,54 128,14 142,68 8,13 -10,45 1,74 -11,82 348 37,33 2,13 4,04 0,75 8,37 6,91 0,34 -7.47

sosed SuLInseaw [BNPIAIPU]
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Daewoo xy 400 mm/min — Part design |

@ 0
s| 2 2l 2| 2 £ al ol @ gl E| £
s| 2| 3 8| mE| <E| 28| 3% SZ| z2| «Z| £ S <3| =E| <% = Bl &
=] H e © © =~ =~ =~ = = = g =3 3 & % E. =
% = aa g [ E]
DBB 44,1 9,7 -344 1,9 8,33 -1,0 1,5 0,0 0,65
97| CMM 18,79/ 117,01 98,23 6,35 11,63| 32,53 10,65 2,25 10,19 8,20 9,50 -36,94
1000 CMM 56,11 143,06 86,96 11,61 18,69 47,23 12,83 391 8,65 6,13 11,100 -45,01
130, CMM 12,59| 146,91 134,32 11,06 10,73| 25,59 13,23 1,56 7,23 7,73 8,47 -43.29
131 CMM 24,40 141,55 117,15 10,21 5,36/ 39,80 13,35 1,17 8,30 8,26 8,75 -37,00
CMM average 27,97 137,13 109,16 9,81 11,60/ 36,29 12,52 2,22 8,59 7,58 9,45 -40,56
97  Ditft. -25,31 107,31 132,63 4.45 3,300 33,53 0,75 10,19 7,55
100, Diff. 12,01 133,36 121,36/ 9,71 10,36, 48,23 2,41 8,65 5,48
130/ Ditt. -31,51 137,21 168,72 9,16 2,40 26,59 0,06 7,23 7,08
131 Diff. -19,70 131,85 151,55 831 -2,97 40,80 -0,33 8,30 7,61
Difference -16,13 127,43 143,56 791 327 37,29 0,72 8,59 6,93
Daewoo xy 400 mm/min — Part design 11
» o -
S = 7] 7] 7] = = = % % § 7] % O » » g .5 =
— 5 & (o]
z o I < b 5 A
=
DBB 44,1 9,7 -344 1,9 8,33 -1,0 1,5 0,0 0,65
186 CMM 111,97 80,62 -31,35 1,52 11,63| 28,29 5,07 2,02 7,28 4,94 7,47 -37,68
187 CMM 161,06 12521 -35,85 -6,47 18,35 43,18 8,09 339 13,54 1,71 9,76 -45,63
188 CMM 126,19 102,05 -24,14| -3,24 7,95 36,80 7,46 1,90 8,08 4.40 7,46 -37,60
189 CMM 106,43 95,71 -10,72| -2,77 15,23| 22,75 6,88 3,00 6,57 5,30 7,76 -43,98
CMM average 126,41 100,90 -25,51 -2,74 13,29, 32,76 6,87 2,58 887 4,09 811 -41,22
186/ Ditf. 67,87 70,92 3,05/ -0,38 3,300 29,29 0,52 7,28 4,29
187  Diff. 116,96 115,51 -1,45 -8,37 10,02 44,18 1,80 13,54 1,06
188 Ditf. 82,09 92,35/ 10,26 -5,14 -0,38| 37,80 0,40 8,08 3,75
189  Diff. 62,33 86,01 2368 -4,67 6,90 23,75 1,50 6,57 4,65
Difference 82,31 91,20 889 -4,64 4,96 33,76 1,08 887 3,44

sosed SuLInseaw [BNPIAIPU]
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Daewoo xy 800 mm/min (Test piece 800mm/min and DBB 400mm/min) — Part design 1 - No upmilling

» o A
S = 7] 7] 7] = = = = Z % § 7] % O O » » - - g s ]
= 2 5 ] ] gl = T 22| =22 s 8 <] b = = =. =. = = = 2 E
4 = L g =
=
DBB| -17,43 44,1 9,7 -344 1,9 9.9 2,5 12,5 8,33 -1,00 0,14 0,85 1,5 0,0 065 -005 7,6
103 CMM -3287 -13,32 7397 87,29 10,29 1,71 1,42 -1,00 7,33 3643 1,23 3,46 1,93 2,03 11,15 824 -5,20 2,10 2,18 -46,66
105, CMM| -32,08 51,55 96,03 4448 7,03 -0,11 0,89 -2,64 7,40, 37,17 0,81 2,74 5,52 235 11,14 7,14, 271 1,61 3,15 -4847
129 CMM -20,89| -12,20 87,18 99,38/ 11,02 0,90 3,07 1,48 0,56 27,60 1,06 2,78 2,78 1,59 9,40 6,67 -1,62 -0,80 2,14 -43,67
132 CMM -22,08 -13.46 4525 58,71 6,39 3,85 -3,32 2,66 4,65 24,39 0,69 1,56 5,83 1,93 12,26 8,82 0,57 2,72 1,66 -45,94
133, CMM| -23,18 34,52/ 176,97 142,45 9,12 -1,77 4,77 1,59 -0,70, 28,54/ 091 4,09 335 2,00 12,38 8,13 494  -735 1,86 -4551
CMM average| -26,22 942 9588 86,46 8,77 0,91 1,37 0,42 3,85 30,83 0,94 2,93 3,88 1,98 11,27 7,80 -0,80| -1,43 2,20/ -46,05
103 Diff.| -1544 -5742 64,27 121,69 839 -§,19 -1,08 -13,50/ -1,00 3743 1,09 1,08 0,53 11,15 7,59 -5,15| -5,50
105/ Diff. -14,65 745 86,33 7888 5,13 -10,01 -1,61 -15,14 -0,93 38,17 0,67 4,67 0,85 11,14 6,49 -2,66/ -599
129 Diff.| -3,46 -56,30 77,48 133,78 9,12 -9,00 0,57 -11,02/ -7,77 28,60 0,92 1,93 0,09 940 6,02/ -1,57 -840
132| Diff. -4,65 -57,56/ 35,55 93,11 449 -6,05 -582 -9.84 -3,68 2539 0,55 4,98 043 1226 8,17 0,62 -10,32
133 Diff.| -5,75 -9,58 16727 176,85 722 -11,67 227 -1091] -9,03 2954 0,77 2,50 0,50 1238 7,48 499 -1495
Difference, -8,79 -34,68 86,18 12086 6,87 -8,99 -1,13 -12,08 -448 31,83 080 3,03 048 11,27 7,15 -0,75 -9,03
Daewoo xy 800 mm/min (Test piece 800mm/min and DBB 400mm/min) — Part design |
» o -
S = 7] 7] 7] = = = = % % § 7] % O O » » - i g .5 =
— 5 & (o]
S} ;sg E % m% <% EE EE EE EE :% <q§ EE § m‘§ <‘§ :% <'§- =F| <& E_ % ;
z ol I < b 5 A
=
DBB| -1743 44,1 9,7 -344 1,9 9.9 2.5 12,5 8,33 -1,0 0,14 0,85 1,5 0,0 0,65 -0,05 7,6
103 CMM| -3293 -12,59 7433 86,92 10,39 1,39 1,820 -1,11 731 36,43 1,25 3,46 1,96 2,05 11,14 820/ -7,67 4,57 11,01 -46,66 -285
105 CMM -32,13) 51,28 9591 44,63 6,99 0,01 0,82 -2,60 732 37,17 0,80 2,74 5,51 2,35 11,15 7,14 -1,77 0,67 9,56 -48.47 1,08
129 CMM| -2090 -1121 87,61 9882 11,17 043 3,57 1,34 0,61 27,62 1,100 2,78 282 1,60 938 6,62 -503 2,63 7,16 -43,68 -3,95
132 CMM | -22,11 -11,99 4592 5791 6,60 3,16 -2,59 2,44 4,68 2441 0,74 1,56 5,88 1,91 1225 894 455 242 11,33 -4595 -591
133, CMM| -23,18 32,80 176,19 143,39 888 -097 4,04 1,84 -0,81 2849 084 4,09 331 1,95 12,38 8,15/ 10,89 -1332) 943 -45;51 6,87
CMM average| -26,25 9,66 9599 86,33 8,81 0,81 1,53 0,38 3,82 30,83 0,95 2,93 3,90 1,97 11,26 7,81  -1,63] -0,61 9,70/ -46,05 0,95
103 Diff.| -15,50 -56,69 64,63 121,32 849 -851 -0,68 -13,61| -1,02/ 3743 1,11 1,11 0,55 11,14 7,55 -7,62. -3,03
105/ Ditf. -14,70 7,18 86,21 79,03 509 -9.89 -1,68 -15,10 -1,01 38,17 0,66 4,66 0,85 11,15 6,49 -1,72| -6,93
129 Diff.| -3,47 -5531 7791 13322 927 947 1,07 -11,16. -7,72| 28,62 0,96 1,97 0,100 9,38 597  -498 -497
132 Diff.| -4,68 -56,09 3622 9231 4,70 -6,74 -5,09 -10,06 -3,65 2541 0,60 5,03 041 12,25 829/ -450 -5,18
133| Diff. -5,75 -11,30 166,49 177,79 6,98 -10,87 1,54/ -10,66 9,14 29,49 0,70 2,46 045 12,38 7,50 10,94 -20,92
Difference,  -8,82 -34,44 86,29 120,73 6,91 -909 -097 -12,12 -4,51 31,83 0,81 3,05 0,47 11,26 7,16 -1,58 -8,21

sosed SuLInseaw [BNPIAIPU]
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Daewoo xy 800 mm/min (Test piece 800mm/min and DBB 400mm/min) — Part design 11

=] g Z 2| =2 3 Z g <
= =3 & = D)
=2 s © © © =~ =~ =~ =~ = = =3 g' = = & & ~ ~ % E. E
% = as g (i ]
DBB| -1743 441 9,7 -344 1,9 9.9 2.5 12,5 8,33 -1,0 0,14 0,85 1,5 0,0 0,65 -0,05 7,6
190 CMM -33,05 94,02 38,62 -5540 -498 17,00 -271 17,61 5,92 3361 -046 1,95 0,68 1,85 10,93 3,35/ -6,76 4,84 9,00 -4748 -2.38
191 CMM -32,11| 138,82 79,13 -59,68 -2,51 14,05 -4,58/ 13,78 5,75 33,93 -0,64 1,71 2,99 1,61 10,04 2,03  -1,03 0,09 8,02 -48,96 1,99
192 CMM -2096 7541 3686 -3856 -225 1629 -0.80 14,67 3,84 24,72 -0,39 1,27 0,77 2.44 9,31 3,03 -2,01 1,18 6,49 -4427 -0,97
193 CMM -2328 138,16 148,72/ 10,56 -4,73 1444 -1,73| 15,66 479 2634 -0,70 2,82 1,87 3,80 10,21 5,87 15,08 -1642 8,59 -46,02 11,72
194 CMM -22.17 112,72 2447 -8825 -1,23 16,84 -4.66 16,66 8,81 2095 -0.46 0,21 3,06 2,69 9.15 596  -8.36 6,24 1022 -46,39 -1099
CMM average -26,32 111,82 65,56 -46,27 -3,14 15,72 -2,89 15,67 5,82 2791 -0,53 1,59 1,87 248 9,93 4,05 -0,62 -0.81 8,46 -46,62 -0,13
190 Diff. -15,62| 49,92 2892 -21,000 -6,88 7,100 =521 511 241 3461 -0,60 -0,17 0,35 10,93 2,70 -6,71| 2,76
191 Diff. -14,68 94,72/ 69,43 -2528 -441 4,15 -7,08 1,28 2,58 3493 -0,78 2,14 0,11 10,04 1,38 -098 -7,51
192 Diff.  -3,53| 31,31 27,16 -4,16 -4,15 6,39 -3,30 2,17 449 2572 -0,33 -0,08 0,94 9,31 238 -1,96] -6,42
193 Diff.  -5,85 94,06 139,02 4496 -6,63 4,54  -4,23 3,16/ -3.54 2734 -0.84 1,02 2,30 10,21 522 15,13 -24,02
194 Diff. -4,74| 68,62 14,77 -53.85 -3,13 6,94 -7,16 4,16 0,48 2195 -0,60 2,21 1,19 9,15 531 -831 -136
Difference| -8,89 67,72 5586 -11,87 -5,04 582 -5,39 3,17  -2,51 2891 -0,67 1,02 0,98 9,93 340 -0,57| -8.41
Daewoo xy 2000 mm/min
17 o A
S = 7] 7] 7] = = = = % % §UJ % O O » » - i g .5 ]
— o = [«
e = =l 2 ® B = 2
=
DBB' -17,68 40,6 -11,8 -524 1,6 10,5 2.8 13,1 433 267 0,00 0,95 1,7 7,65 3,7 -0,2 6,75
86 Grid| -16,80 -16227 51,53| 67,80 3,75 13,79 429 13,08 5,07 1,33 0,08 0,74 0,75 1,98 14,31 10,07 -023 5,87 0,20
Difference 088 -56,87 63,33 120,20 2,15 3,29 1,49  -0,02 0,74 4,00 0,08 -0,20 0,28 6,66 6,37 -0,03 -0,88

sosed SuLInseaw [BNPIAIPU]
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Daewoo xz 400 mm/min

Z w w|l 2 s ] g @
S £ 72 72 72 ™ = = = = g Fw 5 o) o » » - £ g 2
—_ 5] ® & & & - =~ = =z = = <] < o~ o = = = = = = =l
2 P = < 2 & 3 gl =2 <) B3 = < = <= = <
Sl F| g F| TH| TF| FR| <% Tz <%| TE| €| 23| &| TF "E| T&F| & "< "= g| &| &
2 - = = oa =l § =1
DBB 14,75 2.4 19,7 17,3 -0,8 7.1 32 6,5 2,03 -3,67 0,14 0,65 0,55 0,3 0,15 0,9 0,6

IS
)
*
(98]
wn
wn
=)
wh
=
~
=)
)

87/ Grid 10,06 -1299 41,77 54,76 -0.85 6,34 082 728 1,87 6,29 2,08 5,50 -0,61 -251 0,41

sosed SuLInseaw [BNPIAIPU]

Difference  -4,69 -1539 22,07 3746 -0,05 -0,76 -2,38 0,78 3,90 9,96 -0,12 -0,14 1,47 1,78 435 -1,51 -3,11
Daewoo xz 2000 mm/min
72} @)
2 » w| =2 Z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! 9] »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
z = 19 ==Y < = = = = = == E = S ==l <35 == < = x| <
SlOF| g| F| TR| R| ER| SR ER| <R TE| E| 83| B TEl CE TFl CF T 2| g E| 2
2 = i g =
=i
DBB| 13,92 2,6 0,2 2.4 2.3 7.1 2.1 6.1 -2,0 1,33 -0,02 1.1 0.8 6,75 10,85 0,2 -0,05
88 Grid 9,37 18,07 47,76 65,83 1,09 7,08 2,18 9,35 5,09 11,33 -0,07 0,63 1,58 1,77 17,76 26,15/ -0,06 -1,50 0,41
Difference  -4,55 1547 47,57 68,23 -1,21 -0,02 0,08 3,25 7,09 10,00 -0,05 0,48 0,97 11,00 1530 -0,26 -1,45 5
(8]
Daewoo yz 400 mm/min
w @)
) w wn| =2 i = 2 @]
s g z » ® @ = = = g = Fe g o o) » » - z E S
= ] = 8 8 g| = =L =2EL| =23 2 | 88 s ‘3 P =} =2 = = = g E
S| &| g B| FR| TE| =R| <R| 22| 23| Tg| “E| 22| | Tg| “g| TF| “&| T " §| i| 2
@ =
DBB 532 -32,8 -33.8 -1,0 11,3 6.6 14,4 5.7 2,00 -1,33  -0,19 1.45 0.4 0,55 0.4 -0,3  -0,65
89  Grid 2,49 -1698 2461 41,59 8,98 6,93 11,02 4,73 234 14,06 -0,49 6,02 0,59 1,35 547 5,10 0,54 -1,74 0,49
Difference. -2,83| 15,82 5841 42,59 -2,32 033 -338 -097 -0,34 1539 -0.30 -0,86 0,95 4,92 4,70 0,84 -1,09
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Daewoo yz 2000 mm/min

Z o wl| = W o e a
S £ 72 72 72 = = = = =3 g Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = 8 ==l <5 = = = ® el = <8 B = S ==l < s = <= = =
S 2 g = & 5| Fg| 2| Tg| <2 g | 53 £ = = 5 z Z & g g E
2 = i g =4
DBB| 526 -343 -427 -84 11,8 6,6 156 7,2 -3,00 433 -0,02 1,6, 0,75/ 355 11,4 -02 -035
90 Grid 2,34/ -10,33 65,19 75,53] 10,17 8,58 13,94 828 -6,14 2,71 -0,10 0,82 1,47 1,43 10,60/ 26,60 033 -1,74 0,53
Difference  -2,92 23,97 107,89 83,93 -1,63 1,98 -1,66 1,08 -3,14 7,04 -0,08 0,13 0,68 7,05 15,20 0,53 -1,39
Laser-interferometer and electronic level measurements
| I x | y z |
Mean reversal positioning error 0,81 um 0,59 um -2,0 um
Scale error (least squares slope) -29,9 um/m -19,5 um/m -19,2 um/m
Mean reversal roll error -1,28 pm/m 1,50 pm/m
Mean reversal yaw error 3,44 um/m -9,62 pm/m -0,84 pm/m
Mean reversal pitch error 2,82 pm/m 2,62 pm/m -1,16 pm/m

sosed SuLInseaw [BNPIAIPU]
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Measurements of Makino A55

Makino ASS xy 400 mm/min

= éﬂ 7] w| 2 s = A = g o
- & = z z 2 =¥ =F| 27| =7 ) Il g% 2 o o3 % % = = g = =
=) é. § = m§ <§ Sl <z| Eg| <2 qu <q§ gg % E% <% =§ <§ I(:; <{2 g g. E
% = o g =
DBB  -0.35 54 -469 523 0,5 23 0,0 3.4 2,67 5,0 0,09 0,85 0,65 0,0 0,0 -0,7 1,15
62 Grid| -1,94  -1,70 14,69 16,40 0,26 1,99 0,86 2,07 458 -2,63 0,14 1,67 0,29 0,92 0,64 1,19  -0,10 0,28 0,22 G64
63 Grid| -2,42  -235 1822 20,57 0,09 2,07 0,77 2,19 476 -220 0,13 1,76 0,32 0,82 0,82 1,02/ -0,08 0,29 0,21 G61
Grid average 2,18 -2,03] 16,46 18,49 0,18 2,03 0,82 2,13 4,67 242 0,14 1,72 0,31 0,87 0,73 1,11 -0,09 0,29 0,21
62 Diff.  -1,59| -7,100 61,59 68,70 -0,24 -0,31 0,86 -133 -725/ -7,63 0,23 -0,56 0,27 0,64 1,19 0,60, -0,87
63 Diff. -2,07 -7,75| 65,12 7287 -041 -0,23 0,77, -121 -743 -7.20 0,22 -0,53 0,17 0,82 1,02 0,62 -0.86
Difference, -1,83 -7.43 63,36 70,79 -0,32 -0,27 082 -1,27 -7,34 -742 0,23 -0,54 0,22 0,73 1,11 0,61 -0,86
Makino A55 xy 400 mm/min
o o
S = 72 72 72 = = = = % % § 72 % 0 ) ) ) = - z E g
— 53 =
S ;sg E % m% <% EE EE EE EE :% <q§ gg § m‘§ <‘§ :% <'§- =g <& E_ % ;
z o I < b 5 A
=
DBB -0,35 54 -469 523 0,5 23 0,0 3.4 2,67 5,00 -0,09 0,85 0,65 0,0 0,0 -0,7 1,15
106 CMM -3,29 6,56/ 4580 3924 -0.81 -0,06 -021 0,69 -6,100 -0,80 0,50 2,41 1,40 0,72 2,85 3,34 412 0,72 3,120 12,65/ -10,30
109 CMM -2,67 18,01 60,01 42,00 -0.74 0,73 0,34 141 -7.36  -0,54 0,48 4,12 1,48 0,17 3.43 246 5,18 1,85 3,13 14,33 -11,55
112 CMM 8,15 -3418 2590 60,09 -504 1,04 -0,21 3,79 1,12 2,54 -025 -0,55 1,94 1,98 2,77 417  -1,59 1,06 6,10 13,40 -10,05
114 CMM 6,26 -46.81 13,32 60,12 -597 2,56 -1,02 5,86 -496 1,71, -0,53 -0,33 1,96 0,80 1.43 4,94 249 241 5,92 13,83 522
CMM average 2,11 -1411 3626 50,36 -3,14 1,07 -0,28 294 432 0,73 0,05 1,41 1,69 0,92 2,62 3,73 2,10 0,31 457 13,55 -9,28
106 Diff. -2.94 1,16 92,70 91,54 -1,31 -236 -021 271 -877 -580 0,59 0,55 0,07 2,85 3,34 342 -043
109 Diff. -2,320 12,61 10691 9430 -124 -1,57 0,34 -199 -10,03 -554 0,57 0,63 -048 3.43 246 448 0,70
112 Diff. 8,50/ -39,58 7280 112,39 -554 -1226 -021 0,39 -1,55 246/ -0,16 1,09 1,33 2,77 417 -0,89) -0,09
114 Diff. 6,61 -5221 6022 11242 -647 0,26 -1,02 246 -7,63 -329 -044 1,11 0,15 1.43 4,94 3,19, -3.,56
Difference 246 -19,51 83,16 102,66 -3,64 -1,23 -0,28 -0.46 -6,99 -4,27 0,14 0,84 0,27 2,62 3,73 -140 -0,84

sosed SuLInseaw [BNPIAIPU]
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Makino ASS xy 2000 mm/min

= éﬂ w w| 2 s = A = g o
- & = z 3 2l =¥ =F| 27| =7 ) Il g% 2 o o3 % % = = g = =
=} é § % :% <% m; <; zZ3 =5 :q:%. <c§ gg % :% <% :5 <§ :{:; <{2 g g E
Z = (= g =
DBB  -035 48 -56,7 -615 0,2 1.9 -0,1 33 3,00 3,67 -0,04 0,95 0,3 0,0 0,8 -0,2 095
60 Grid  -1,89 1,78 11,33 9,55 0,13 1,61 0,87 1,67 -3.48 -1,06 0,02 0,35 0,07 0,77 1,43 331 -0,02 0,23 0,32 0,00 G64
61 Grid 248 -0,51 15,64 16,14 0,09 1,87, 091 2,09 -3,11 -0,82) 0,02 036 0,02 0,76 1,36/ 3,54 -0,12 024 028 0,00 G61
Grid average -2,19 0,64 1349 1285 0,11 1,74 0,89 1,88 -3,300 -0,94 0,02 0,36 0,05 0,77 1,40 343 -0,07 0,24 0,30 0,00
60  Dift. -1,54] -3,02 68,03 71,05 -0,07 -029 097 -1,63 -648 -473 0,06 -0,88 047 1,43 2,51 0,18 -0,72
61 Dift., -2,13 -531 7234 77,64 -0,11| -0,03 1,01 -121  -6,11| -4.49 0,06 -0,93 0,46 1,36, 2,74 0,08 -0,71
Difference, -1,84 -4,16/ 70,19 7435 -0,09 -0,16 099 -142 -630 -4,61 0,06 -0,90 047 1,40 2,63 0,13 -0,71
Makino ASS xy 2000 mm/min
7] ]
£ 2| z| 2 & 2l | T
=2 s © © © =~ =~ =~ =~ = = =3 g' = = & & ~ ~ % E. E
4 = a3 g LT
DBB  -035 48 -56,7 -615 0,2 1.9 -0,1 33 3,00 3,67 -0,04 0,95 0,3 0,0 0,8 -0,2 095
107 CMM 455 -46,14| 29,51 75,65 -237 028 -1,73 4,71 -21.33 6,24| -0,08 0,19 1,06 0,79 0,00 6,56 1,68 2,700 4920 18,73 -9.34
125 CMM 7,81 -93,16/ 13,94 107,10 -6,15 -0,17 -1,55 8,65 0,23 1,62 -0,18 0,15 231 0,81 228 798 -040 6,73 7,19 19,09/ -13,00
110 CMM 443 11,77 5720 4543 -518 0,73 -3.47 6,88 -17,63 1,66, -0,17 0,19 1,30 0,37 0,20 7,09 0,64 2738 5,74 18,60 9,93
127 CMM 1,060 -91,04| 45,79 136,83 -3,64 030 -143 6,07 -1,12/ 11,88 -0,10 0,31 1,55 0,65 1,41 7,79 -1,35 585 495 19,82 -1237
CMM average 4,46 -54,65 36,61 9125 -433 0,28 -2,05 6,58 -9.96 5,35 -0,13 0,21 1,56 0,66 0,97 7,36 0,14 442 5,700 19,06 -11.,16
107 Diff.| 490 -50,94 86,21 137,15 -2,57 -1,62 -1,63 1,41 2433 257 -0,04 0,11 049 0,00 576 1,88 1,75
125 Dift. 8,16/ -97.96 70,64 168,60 -6,35 2,07 -145 5,35 2,77 2,05 -0,14 1,36 0,51 2,28 7,18 -0,20 5,78
110 Dift. 4,78 6,97 113,90 106,93 -538 -1,17 -3,37 3,58 -20,63 -2,01 -0,13 0,35 0,07 0,20 6,29 0,84 1,43
127 Ditf. 1,41 -9584 102,49 19833 -3,84 -1,60 -1,33 277 -412 821 -0,06 0,60 035 1,41 699 -1,15 490
Difference, 4,81 -59.45 9331 152,75| 453 -1,62 -195 328 -1296 1,68 -0,09 0,61 036 097 656 034 347

sosed SuLInseaw [BNPIAIPU]
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Makino A55 xz 400 mm/min

Z o wl| = W o e a
S £ 72 72 72 = = = = =3 g Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = 8 ==l <5 = = ® ® TE| <E| B 5 S ==l < s = <= = =
< 3 g & > 5| Fe| “®| T <2 T El ES = = B 5 5| % & g z g
Z = 7 g =t
DBB  -1,75 84 -138 222 0,5 1,3 0,5 1,4 1,67 3,67 0,01 1,15 0,55 0,0 0,0 -0,3 0,65
67 Grid -3,66 -17,77| 15,79 33,56 -0.21 -0,38 0,71 0,35 5,02 -0,79 0,16 1,93 0,33 0,74 0,62 0,85 0,06 0,17 0,41 0,00 Go4
68 Grid  -3,55 -15,64/ 1593 31,57 -0,33 0,09 0,58 0,24 5,01 -0,94 0,12 1,82 0,64 1,12 0,59 0,74/ -0,01 0,17 0,52 0,00 G61
Grid average -3,61 -16,71| 15,86 32,57 -0,27/ -0,15 0,65 0,30 5,02/ -0,87 0,14 1,88 0,49 0,93 0,61 0,80 0,03 0,17 0,47 0,00
67 Diff., -191 -26,17 29,59 5576 -0,71 -1,68 021 -1,05 3,35 -4,46 0,17 -0,82 0,19 0,62 0,85 0,36 -0,48
68 Dift.  -1,80| -24,04 29,73 53,77/ -0.83 -1.,21 0,08 -1,16 3,34 -4,61 0,13 -0,51 0,57 0,59 0,74 0,29, -0,48
Difference -1,86 -2511 29,66 54,77 0,77 -145 015 -1,10 335 -454 0,5 2066 038 061 080 033 -048
Makino A55 xz 2000 mm/min
w O
=2 7 w| = =z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! o) »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
2. = 19 == < = =2 = = =5 =B EE S ==l < Z=| <=| = <
S - : B, B, El mg| <z2| Eg| <2 5 £l &3 3 = = E z & & g g E
Z = 7 g =t
DBB  -2,12 9,5 227 -322 1,0 1,3 0,4 1,3 2,33 3,33 -0,01 1,3 0,5 0,55 0,85 0,05 0,05
65 Grid  -3,55 -16,63] 17,71 34,34 021 -0,32 1,04 0,08 5,75 -1,21 0,04 0,39 0,42 0,60 1.91 2,54 -0,02 0,27 0,64 0,00 Go4
66 Grid  -3,61 -17,14| 1690 34,05 0,32 -0,39 0,80 0,09 596  -1,26 0,05 0,39 0,42 0,64 2,77 3,34 -0,00 0,22 0,45 0,00 G61
Grid average -3,58 -16,89) 17,31 34,20 0,27 -0,36 0,92 0,09 5,86 -1,24 0,05 0,39 0,42 0,62 2,34 294  -0,01 0,25 0,55 0,00
65 Diff.| -1,43 -26,13 4041 66,54 -0,79 -1,62 0,64 -1,22 342 454 0,05 -0,88 0,10 1,36 1,69, -0,07 0,22
66 Dift.  -1,49| -26,64 39,60 66,25 -0,68 -1,69 040 -1,21 3,63 -4,59 0,06 -0,88 0,14 2,22 249  -0,05 0,17
Difference -1,46/ -2639 40,01 66,40 -0,73 -1,66 0,52 -1,21 353 -4,57 0,06 -0,88 0,12 1,79 2,09 -0,06 0,20

sosed SuLInseaw [BNPIAIPU]
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Makino ASS yz 400 mm/min

@ o wl| = w o S a
S £ 72 72 72 = = = = =3 g Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl mE8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
=) 2 g = = 5l Fga| <2 T2 <2 g g 23 £ = = z z £ & g g E
& = L C] g =3
DBB| 2,89 06 -149 -155 0,8 0,7 33 1,7 -4,00 -19,0 -0,16 1,1 0,45 0,0 0,0 -2 0,85
71 Grid 0,96 1,05 33,18 32,13 2,52 0,18 2,89 0,34 -6,23 6,36 0,08 2,56 0,93 0,49 241 0,61 -0,17| -0,53 0,60 0,00 G64
72 Grid| 0,83 -0,200 32,52) 32,72 2,52 022 275 038 -6,50 696 007 262 08 048 239 061 -0,13 -0,54 053 0,00 G61
Grid average 0,90 0,43 32,85 3243 2,52 0,20 2,82 0,36 -6,37 6,66 0,08 2,59 0,90 0,49 2,40 0,61 -0,15| -0,54 0,57 0,00
71 Diff. -1,93 0,45/ 48,08 47,63 1,72, -0,52 -0,41| -1,36 -223 2536/ 0,24 -0,17. 0,04 241 0,61 1,03 -1,38
72 Diff.. -2,06 -0,80 4742 4822 1,72, -048 -0,55 -1,32 -2,50| 2596 0,23 -0,24 0,03 2,39 0,61 1,07 -1,39
Difference, -1,99 -0,17| 47,75 47,93 1,72 -0,50, -0,48 -1,34 -2,37| 25,66 0,24 0,20 0,04 240 0,61 1,05 -1,39
Makino ASS yz 2000 mm/min
7] o
2 » w| =2 Z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! o) »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl m8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
=) H g = = 5l Fga| <2 T2 <2 g g 23 £ = = z z £ & g g E
& = L C] g -
DBB 1,77 2,8/ 242 270 0,1 0,8 3.4 1,1 -0,00 -123  -0,00 0,45 0,75 1,6 0.9 -0,2 0,1
69 Grid 2,24 4,56 36,53 31,97 3,38 1,41 1,80, -0,31 -10,32 13,10 0,00 0,41 1,23 0,82 5,72 439 -0,100 -0,98 0,62 0,00 G64
70 Grid 0,73 347 3790 3442 233 0,78 232 0,75 -7,01 870 0,01 0,43 0,93 0,28 519 295 -0,25 -0,71 0,73 0,00 G61
Grid average 1,49 4,02 3722 3320 2,86 1,10 2,06 0,22 -8,67 10,90 0,01 0,42 1,08 0,55 5,46 3,67 -0,18 -0,85 0,68 0,00
69 Diff. 0,47 1,76/ 60,73 5897 328 0,61 -1,60 -1,41 -10,32) 2540 0,00 0,78 0,07 4,12 349 0,10/ -1,08
70 Diff.| -1,04 0,67 62,10 61,42 223 -0,02 -1,08 -0,35 -7,01 21,00 0,01 048 -0,47 3,59 2,05 -0,05 -0,81
Difference  -0,28 1,22 61,42 60,20 2,76 0,30 -1,34 -0,88 -8,67 23,2 0,01 0,63 -0,20 3,86 2,77 0,02 -0,95
Laser-interferometer and electronic level measurements
| x | | z |
Mean reversal positioning error 0,56 pym -0,60 um -0,01 um
Scale error (least squares slope) 2,7 um/m -2,6 um/m -8,5 um/m
Mean reversal roll error 5,67 um/m
Mean reversal yaw error -0,15 um/m -0,51 pm/m
Mean reversal pitch error -1,31 um/m 0,53 pm/m

sosed SuLInseaw [BNPIAIPU]
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Measurements of Makino A77

Makino A77 xy 400 mm/min
» o)
2 » w| =2 Z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! o) »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl m8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
=) 2 g = = 5l Fa| <2 T2 <2 g g 23 £ = = z z £ & g g E
& = L C] g =3
DBB 1,34 -3.4 14,3 17,7 3.9 1,6 2,0 2,1 1,3 5,0 0,06 0,8 1,1 0,0 0,0 -2,35 1,0
91 Grid| -3,07  -5,87 4590 51,76 1,44 0,35 1,76 1,06 241 -324/ 0,07 0,72 1,09 0,73 1,27 1,15 -0,44 0,18 0,42
Difference, -4,41 -2,47| 31,60 34,060 -2,46 -1,25 -0,24| -1,04 1,11 -8,24 0,01 0,29 -0,37 1,27 1,15 1,91 -0.82
Makino A77 xy 400 mm/min — Part design I — No upmilling
7] o}
) w wn| =2 i = 2 @]
3 g 2 g ® @ = = = g g| Fo g o > » » - z E S
= e ® & & & ) =~ = < = = <) 4 B3 < < =, = = = =2 =)
S : 3 = HE| <E| 22| <8| Z2| 22 E% <c§_‘ g 2 = m% “g| TF| T T “E 3 Z g
3 - =3 (@ 2 g =0 =
4 = [ E] g -
DBB 1,34 -3.4 14,3 17,7 3.9 1,6 2,0 2,1 1,3 5,0 0,06 0,8 1,1 0,0 0,0 -2,35 1,0
126 CMM 5,000 14,09 38,12 24,03 -2,27 1,65 -0,87  3,33| -10,87 8,13 -0,84 0,79 1,15 0,74 3,25 7,83 5,74, -3,99 2,13 30,08
Difference. 3,66 17,49 23,82 6,33 -6,17 0,05 -2,87 1,23 -12,17, 3,13 -0,90 035 -0,36 3,25 7,83 8,09 499
Makino A77 xy 400 mm/min — Part design I
7] o}
) w wn| =2 e = = =
3 g 2 g ® @ = = = g g| Fo g o > » » - z E 5
—_ 5] & & & & o = = =2 = = <] < B o =, =% = = = = E
S : 3 = HE| <E| 22| <8| Z2| 22 E% <c§_‘ g 2 = m% “g| TF| T T “E 3 Z =
o = - ] 2 g =3 =
4 = [ E] g [ E]
DBB 1,34 -3,4 14,3 17,7 39 1,6 2,0 2,1 1,3 50 0,06 0,8 1,1 0,0 0,0/ -235 1,0
126, CMM 5,08 15,63 3890 2327 -2,05 0,96 -0,18 3,11 -10,70 8,16 -0,73 0,79 1,10 0,77 2,89 7,89 0,41 1,33 533 30,08 -6,14
Difference| 3,74 19,03 24,60 5,557 -595 -0,64 -2,18 1,01 -12,000 3,16/ -0,79 030 -0,33 2389 7,89 2,76 0,33

sosed SuLInseaw [BNPIAIPU]
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Makino A77 xy 400 mm/min — Part design 11

£ o vl =z 7 - g ~

= H 4 w 74 = = = = = S| Fo g a o » » Z E S

s| 2| 5| 2| =mg| «g| =8| 3E| 2E| 2E| =2| <2| 3| &| mi| <Z| =%| <2| =F| <F| &| E| &

=] = & & & = = = = T, || RS N = = z z = = S z =

2 - - [ 2 g =3 =

2 = L C] g [ E]
DBB 1,34 -3,4 14,3 17,7 39 1,6 2,0 2,1 1,3 50 0,06 0,8 1,1 0,0 0,0/ -235 1,0

195 CMM 5,08 -29,08 0,47 29,55 523 2,19 6,43 -423 -10,39 9,42 0,82 -0,26 0,23 0,49 0,96 7,79 -0,18 2,31 4,65/ 2991 -7,18
Difference| 3,74 -25,68 -13,83 11,85 1,33 -3,79 443] -6,33 -11,69 442 0,76 -0,57 0,61 0,96 7,79 2,17 1,31

Makino A77 xy 2000 mm/min

sosed SuLInseaw [BNPIAIPU]

0¢l

@ o wl = w o S a
S £ 72 72 72 = = = = =3 S| Fw S o o »n »n - £ = S
- 5] S & & & ) -~ = =z = e 4 B o = = = = = = =]
z = 19 ==Y < = = = = = == E = S ==l <35 == <=| = <
=) 2 g = = 5l Fga| <2 T2 <2 g g 23 £ = = z z £ & g g E
Z = ¥ g =t
DBB 1,53 -5.8 15,4 21,2 3.7 1.3 1.5 1.6 2,0 -4,0 0,00 0,95 1,05 0,5 0.9 2.2 1,25
92 Grid| -2,19 -13,55 4928 62,83 1.24 0,18 1,56 1,58 -298 -1,22 0,01 0,04 1,33 0,81 3,02 2,37 -0,18 0,09 0,82
Difference, -3,72° -7,75 33,88 41,63 -246 -1,12 0,06 -0,02 -498 2,78 0,01 038 -0,24 2,52 1,47 2,020 -1,16
Makino A77 xz 400 mm/min
72} @)
) w wn| =2 i = 2 @]
= £ ® 7 @ ® = = = = S| Fo = o o » » - & = s
= e ® & & & ) =~ = < = = <) 4 < < ) =, = jnt = =2 =)
S : 3 = HE| <E| 22| <8| Z2| 22 E;‘é <c§_ g 2 = m% “g| TF| T T “E 3 Z g
(53 = = o o E = =
4 = oQ =] =3
=
DBB  -132 20,4 39,1 18,7 0.9 2.7 3.0 2.5 1.3 23 -0,07 2,6 1,05 245 0,0 -1,25 2.7
93 Grid| -5,92  -6,51 33,65 40,16 0,27 1,21 -0,08 0,61 -1321 1,39 0,12 0,21 3,27 0,32 4,99 0,98 0,34 1,26 0,47
Difference| -4,60 -2691 -545 2146 -0,63 -149 -3,08 -1,89 -14,51 -091 0,19 0,67 -0,73 2,54 0,98 1,59 3,96
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Makino A77 xz 2000 mm/min

72} @)
) w wn| =2 i A = 2 @]
= £ 4 4 w = = = = g S| z% 5 o 9 74 @» - £ s S
- 5 = & & & = = = = = = <] < a < = = = = = = g
= = = o s <8 = 2 2 2 == & <= 2 = s £ <& = <= == <
Sl F| 2| F| TR| TR| ER| CR| =R| <R TE| E| 23| Bl E| E| TE| F "= "% g A
g = (i ] =3 -
=
DBB 1,82 30,1 482 18,1 29 23 2.4 1.4 -7.3 -1,00  -0,05 1,6 1,45 1,45 2.7 0,15 -1,55
94 Grid| -8,06 6,59 4501 3841 -0,78 0,82 -1,01 2,58 3,03 241 -0,02  -0,05 1,54 0,37 6.16 3,58 -1,03  -0,54
Difference, -9,88 -23,51 -3,19 20,31 -3,68 -148 -3.41 1,18 10,33 341 0,03 -0,06 -1,08 4,71 0,88 -1,18 1,01
Makino A77 yz 400 mm/min
72} @)
) w wn| =2 i = 2 @]
= £ ® 7 @ w = = = = S| Fo = o o » @ - & = s
= e ® & & & ) =~ = < = = <) 4 < < ) = = = = =2 =)
S z 3 g m2| <B| =g| <g| 8| =8| T&| <&| E3 = m% “g| TF| T T “E 3 Z 5
8 H = = = = = = =
2 - =3 = e = =
=
DBB 0,78 25,2 34,4 92 1.3 0,5 0,1 2.7 33 -11,0 -0,14 2.5 1,35 0,0 0,0 -0,85 -0,7
95 Grid| -15,39 16041 197,78 37,37 -1,56 2,61 14,67 5,14 222 2939 -0,39 0,39 4,62 1,62 14,08 1,02 2,17 -1,57
Difference| -16,17 135,21 163,38 28,17 -2,86 2,11 14,57 2,44 -1,08 40,39 -0,25 2,12 0,27 14,08 1,02 3,02 -0.87

Makino A77 yz 2000 mm/min

sosed SuLInseaw [BNPIAIPU]
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@ o wl = w o S a
S £ 72 72 72 = = = = =3 S| Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
z = 19 ==Y < = = = = = == E = S ==l <35 == < = x| <
=) H g = = 5l Fa| <2 T2 <2 g g 23 £ = = z z £ & g g E
2 = i g =
DBB| 4,13 132 282 150 22 2,0 1,1 3,5 47 247 -033 2,5/ 0,85 1,05 2,0 -0,9 -1,7
96 Grid 14,04 17790 24590 68,00 -1,23/ 831 6,72, -0,92 3220 025 -0,06 021 322 1,73 11,27 7,16/ 0,61 334
Difference, 9,91 164,70 217,7 53,00 -3,43 6,31 562 -4,42 275 2495 027 0,72 0,88 1022 516 1,51 5,04
Laser-interferometer and electronic level measurements
| | x | y | z |
Mean reversal positioning error 1,36 pm 0,36 um -0,41 pm
Scale error (least squares slope) 1,7 um/m 11,7 um/m -5,3 um/m
Mean reversal roll error -0,80 pm/m -0,10 pm/m
Mean reversal yaw error -0,46 um/m 0,07 pm/m -0,22 pm/m
Mean reversal pitch error 0,86 pm/m -0,95 pm/m -0,52 pm/m
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Measurements of Mazak FH-480X

Mazak FH-480X xy 400 mm/min

@ o wl = w o S a
S £ 72 72 72 = = = = =3 S| Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl m8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
S - : B, B, El mg| <z2| Eg| <2 5 £l &3 3 = = E z & & g g E
DBB -6,85 -592 -53)7 5.5 -1,6 -1,7 -1,7 -0,9 0,67 2,33 0,20 0,65 0.4 0.3 0,5 -1,1 1.9
116 Grid| -1,22/ -9120 -41,09 50,10 -3,32 -0.81 -1,88 -0,82 -344 -282 -0,37 2,16 0,76 0,71 1,86 0,01 0,01 0,92 0,21
Difference 5,63 -32,00 12,61 44,6 -1,72 0,89 -0,18 0,08 -411 -515 -0,17 0,11 0,31 1,56 -0,49 1,11 -0,98
Mazak FH-480X xy 2000 mm/min
o o
) w wn| =2 i = 2 @]
= E w @ 7] w = @ @ = g Fuw e o o » @ - z g s
= 2 5 ] ] gl = T 22| =22 s s <] b = = =. =. = = = 2 E
S| &| &| &| FE| “E| mE| <z| T3| 25| T&| “E| 22| &| Fg| “g| TF| “F| %&| “&| & i| @
(53 =3 =3 ] t E =g =
4 = oQ =] =3
=
DBB -7,05/ -633 -613 2,0 -1,0 -0,8 22,1 -2,0 6,33 6,67 -0,03 0,55 0,5 1,25 0.45 -0,6 1,65
117 Grid| -0,18 -83,03 -26,17 56,86 -3,00 -1,13 -3.62 -0,31 -482 1,76 -0,08 0,12 0,85 0,52 9,53 391 -0,39 0,70 0,67
Difference 687 -19,73 35,13 5486 -2,00 -0,33 -1,52 1,69 -11,15 -491 -0,05 0,30 0,02 8,28 3,46 0,21 -0,95
Mazak FH-480X xz 400 mm/min
o o
) w wn| =2 i = 2 @]
s £ 4 14 174 = =] w = =3 S| =@ 3 9] o) 1723 17 = = =)
—_ 5] = & & & -] = < = = = e = ] ] = = = = = 2 g
=. = s Hg| <8 2 = 2l =2 ZE| <B| B = S| me| < == <= = = e
°| 3 E | TE| TE| Tg| 2| Tzl Tz TE| TE| £2 =S| TE| OF| TE| OE| TE| & S| E| B
2 =3 =3 = i) = =
=
DBB 439 93 -61,3 -520 -2.0 1.8 -1,5 0,5/ -3,33 3,67 -0,11 0,65 0,65 0.4 0,0 -3.4 1,6
119 Grid 338 -42,07 -28,17 1390 -3,53 -0,11 -2.10 0,23 -2.82 3,18 -0,17 1,60 0,36 0,34 1,33 0,86 0,13 0,02 0,24
Difference, -1,01 -32,77 33,13 659 -153 -191 -0,60 -0,27 0,51 -0,49 -0,06 -0,29 -0,31 0,93 0,86 3,53 -1,58

sosed SuLInseaw [BNPIAIPU]
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Mazak FH-480X xz 2000 mm/min

Z - vl = 72 = g o
S £ 72 72 72 = = = = =3 g Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = 8 ==l <5 = = = ® el = <8 B = S ==l < s = <= = =
S - : B, B, El Rz <z2| Eg| <2 5 £l &3 3 = = E z & & g g E
2 = i g =
DBB| 501 -122/ -593 -47]1 -1,6 2,0 -1,7 0,6 2,67 533 -0,04 0,75 0,6 1.9 42 -0,3 0,7
121 Grid 3,73) -3543 -21,11 14,32) -3,28 0,48 -3,70 0,63 -3,67 8,40  -0,06 0,11 0,62 0,38 10,20 10,18 -0,18 -0,08 0,70
Difference  -1,28 -23,23 38,19 61,42 -1,68 -1,52/ -2,00 0,03 -1,00 3,07 -0,02 -0,13  -0,22 8,30 5,98 0,12 -0,78
Mazak FH-480X yz 400 mm/min
174 ]
=2 7 w| = =z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! 9] »n »n - & = 2
- 5] ® & & & ] =~ = = = <] < o~ o S S = = =] = =
= = 8 ==Y <5 = = = ® R <8 B = S ==l < s = <= = =
=) 2 g = = 5l Fga| <2 T2 <2 g g 23 £ = = z z £ & g g E
2 = i g =
=i
DBB 3,20 39,9 12,4 -275 -1,7 0,3 -1,2 1,6 1,67 -3,0 0,02 0,6 0,35 0,4 0,0 -0,6 0,85
122 Grid 527 66,17 66,92 0,75 -3,14, -0,04 -2,50 0,73 3,84  -1,18 -0,20 1,68 0,27 0,15 1,59 0,30 -0,05| -0,28 0,34
Difference 2,07 26,27 54,520 28,25 -144 034 -1,30 -0,87 2,17 1,82 -0,22 0,33  -0,20 1,19 0,30 0,55 -1,13
Mazak FH-480X yz 2000 mm/min
w ]
) w wn| =2 i = 2 @]
s g 2 g ® @ = = = g g| Fo g o > » » - z E S
= e ® & & & ) = K = = = <) < < < < =, = = = = =
S| E| | E| FE| <&| 3| 2F| 2| =&| TE| “g| 23| 2| Tg| "% TF| “F| "=| “E| §| f| =
8 H = = = = = =t =
2 =3 =3 = i) = =
=
DBB 3,26 42,9 52 -37.7 -2,1 0,0 -0,9 1,7 3,67 -4,33 0,00 0,45 0,55 0,0 3,1 0,2 0,1
123 Grid 5,63 67,55 69,68 2,13 -3,07 -0,15 -2,01 099 404 -0,75/ -002 0,12 059 031 248 11,07 021 -022 0,80
Difference, 2,37 24,65 64,48 3983 -0,97 -0,15 -1,11| -0,71 037 3,58 -0,02 0,14 -024 248 797 0,01 -0,32
Laser-interferometer and electronic level measurements
| x | y z |
Mean reversal positioning error 1,15 um 1,32 ym 1,47 ym
Scale error (least squares slope) -24.2 pm/m 21,1 pm/m -17,15 pm/m
Mean reversal roll error 1,40 pm/m -0,46 pm/m
Mean reversal yaw error 1,65 pm/m 1,70 um/m 1,06 um/m
Mean reversal pitch error -1,76 pm/m 0,73 pm/m 0,31 pm/m

sosed SuLInseaw [BNPIAIPU]
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Measurements of Mitsui Seiki HR5

Mitsui Seiki xy 400mm/min

sosed SuLInseaw [BNPIAIPU]

vel

7g ]
2 7 wn| = = g
S = w » » = = = = =3 sl Z@ 7] 9] 9] » » & g
= < 2 & & & - ~ < Zz = = & =& D D = = =~ =~ =1 =
=. = s = s <8 2 2 =2 2 == <2 Sl S = == <& o= <= = < <]
S| B| &| B| TE| TF| =&| “R| BR| 28| Tg| T“g| 22| ®2| T§| "F TEF| “F| TE| °%| §| i
& = g
DBB -9,65 35,7 55 302 -3,2 02 2,0 1,5 14,0 -11,67 0,21 0,85 2,5 0,85 0,75 -3,75 7,75
146 Grid -10,94 10,05, 76,65 66,60 -7,01 -136/ -8,52 1,03 433 -3,79 -0,28 2,24 1,38 0,27 3,40 221 -1,09 6,27 0,67
Difference -1,29 -25,65 71,15 96,80 -3,81 -1,56 -10,52 -0,47 -9,67 7,88 -0,49 0,53 -2,23 2,55 1,46 2,66/ -1,48
Mitsui Seiki xy 400mm/min — Part design [ — No upmilling
78 @]
= w w| = = g
& £ 72 »n »n = = = = =3 g| F=» 7 o o v w £ E
— < = & & = - = = g 3 &l oe < < S ) = = = =
Sl #| g| B| TE| <E| =%| 2z| BEz| 25| FE| “&| 22| ®2| Tg| “g| FF| “F| TE| “5| &| %
2 = = & = =
a = 5
DBB -9,65 35,7 55 302 -3,2 0.2 2,0 1,5 14,0 -11,67 0,21 0,85 2,5 0,85 0,75 -3,75 7,75

153 CMM -7,801 105,31 114,69 9,37 -11.47 -2,21 -1335 -0,20 -1,67 -1,26. -1,07/ 3,64 0,84 1,87 5,81 590 2,020 0,69 3,07 1393
158 CMM | -11,720 53,23 33,40 -19,83 -12,14 -550 -13,04 1,94 -0,79 412 -098 -0,50 1,05 1,01 549 7300 349 1,96 3,32 1223
CMM average -9,76. 79,27 74,05 -523 -11,81 -3,86 -1320 0,87 -1,23 -2,69 -1,03 1,57 0,95 1,44 5,65 6,60 2,76 1,33 320 13,08

153 Diff. 1,85 69,61 109,19 39,57 -827 -241 -1535 -1,70| -15,67 1041 -1,28 -0,01 -0,63 496 5,15 5,77 -1,06
158 Ditf. -2,07. 17,53) 2790 1037 -894 -570 -15,04 044 -14,79 7,55 -1,19 0200 -1.49 464 655 724 579
Difference -0,11) 43,57 68,55 2497 -8,61 -4,06 -1520 -0,63 -1523 898 -1,24 0,00 -1,06 480 585 651 -6,43

11 xipuaddy



Mitsui Seiki xy 400mm/min — Part design [

£ 72 w| = = S =
= = w w w = = =] =] = = 7 wn (@} (@] [72] [72] o Ef =
- < = & & & = -~ =z =z 3 3 s oe s l< = = = = = = g
2 = = < 3 3 3 3 TE| <aBl 23| =3 = < mE <= = < =
°| 3 g | TF| TF| Tr| 2| Bx| <% T€| "&| 23| =3 | TE| TE| F| T2 = | &| £
9 = g' [ E]
DBB -9.,65 357 55 =302 -3,2 0,2 2,0 1,5 140 -11,67 0,21 0,85 2,5 0,85 0,75 -3,75 7,75
153 CMM -7,79 106,43| 115,20 877 -1131 -273 -12,83| -0,37 -1,58 -1.24 -0,99 3,63 0,87 1,84 5,77 6,15 -1,91 4,62 6,68 13,93 4,53
158 CMM | -11,72 54,50 34,00/ -20,50 -11,97 -6,06 -1248 1,76, -0,70 -4,100 -0,88 -0,51 1,11 098 549 781 -0,79 625 6,67 1222 -494
CMM average -9,76. 8046, 74,60 -5.87 -11,64| -4,39 -12,65 0,69 -1,14 -2,67 -0,94 1,56 0,99 1,41 5,63 698 -1,35 5,43 6,607 13,08 -4,73
153 Diff. 1,86 70,73 109,70 3897 -811 -293 -1483 -1,87 -15,58 1043 -1,20 0,02 -0,66 492 540 1,84 -3,13
158 Ditf. -2,07. 18,80, 28,50 9,70 -8,77 -6,26| -14.48 0,26 -14,70 7,57  -1,09 0,26, -1,52 4,64 7,06 2,9 -1,50
Difference -0,11) 44,76 69,10 24,33 -844 -4,59 -14,65 -0.81 -15,14 9,00 -1,15 0,14  -1,09 4,78 6,23 2,40 -2,32
Mitsui Seiki xy 400mm/min — Part design Il
1% o}
S 72 w| = = = =
= = w w w = = =] =] = = 7 wn (@} (@] [72] [72] o Ef =
— < = & & = - = =z = = &l oe& o < S S = = S = g
S| E| g | FE| “B| 22| 2| B3| 23| TE| "g| 22| R2| Tg| “g| TF| “F| FF| "% g §| &
% = = & = = =
9 = g [ E]
DBB -9.,65 357 55 =302 -3,2 0,2 2,0 1,5 140 -11,67 0,21 0,85 2,5 0,85 0,75 -3,75 7,75
197 CMM -7,820 115,06] 154,91 39,84 3,64 -6,00 -0,78 0,36 0,76 0,28 0,89 5,97 2,70 0,58 4,10 6,05 -1221 8,37 9,78 14,24 -13,87
203 CMM | 11,76 61,02/ 76,93 1591 322 -7,77 -025  -1,16 2,68 -2,10 1,15 2,13 337 1,51 3,93 697 9,16, 6,83 1021 12,58 -10,89
CMM average -9,79 88,04| 11592 27.88 343 -6,88 -0,52| -0,40 1,720 -0,91 1,02 4,05 3,03 1,04 4,02 6,51 -10,68 7,60 10,00 13,41 -12,38
197 Ditf. 1,83 79,36 14941 70,04 6,84 -620/ -2,78 -1,14| -1324 11,95 0,68 1,85 -1,920 325 530 -846 0,62
203 Diff. -2,110 25320 71,43 46,11 6,42 797 -225 -2,66 -1132 9,57 0,94 2,52 0,99 3,08 6,22  -541 -0,92
Difference -0,14) 52,34 11042 58,08 6,63 -7,08 -2,52/ -1,90 -12,28 10,76 0,81 2,18 -1,46 3,17 576 -6,93 -0,15
Mitsui Seiki xy 2000mm/min
1% o}
S 72 w| = = =
& £ 72 »n »n = = = = =3 g| F=» 7 o o v w £ E
= & 2 & & gl = ~ = =z s s &l ce < < S S = = ] =
Sl E| g| | FR| B| 22| F| B3| 23| TE| “g| 22| R2| Tg| “g| TE| “F| 7% " g ¢
] = 2| & = =
& = 5
DBB -10,29 38,10 -41,00 -79,1 -13,7 -3.3 -7,9 -2,00 16,67 -16,33) -0,36 1,0 2,3 1,1 09 -1,95] 325
147 Grid -12,000 -1,44 7829 79,74 -1439 -3.84 -1485 -3,61 1241 -23,05/ -0,40 1,36 1,08 091 13,29 6,82 -1.44 2,78 1,12
Difference -1,71 -39,54 119,29 15884 -0,69 -0,54 -695 -1,61 -426 -6,72) -0,04 0,08 -1,39 12,19 5,92 0,51 -047

sosed SuLInseaw [BNPIAIPU]

Gel
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Mitsui Seiki xz 400mm/min

[l
=
& = 72 B B = = 2 gl 2 7 ¢ o o v v Z £ S.
— ] = I & & ~ ;? ~ ;? 25 25 = = 5 @ 2 S S =3 =3 = = = = o
S\ & 2| &| TE| <E| =%| <z| B3| 23| E| €| £2| E| Tg| “g| FF| “F| "&| “&| &| & £
5] = - 1<) & = = —_
] = <l = ¥ g B
o
DBB -3,36) 135,00 12,69 -1224 -1,5 -3.1 0,0 0,2 15,00 -18,67 0,86 1,55 6,45 1,2 1,5/ -1,55 1,35 %
148 Grid 9,83 9489 72,01 -2287 5,14 -7.04 292 -1044 1,88 -9,10 0,76 426 1,93 423 2,79 3,68 2,16 0,94 0,55 E
Difference -6,47 -40,11 5932 9953 -3,64 -394 -2,92 -10,64 -13,12 9,57 -0,10 038 -2,22 1,59 12,18 3,71 2,29 E .
o
e o1 . Q
Mitsui Seiki xz 2000mm/min 2
e
72 A 7
= 7] w| =2 @ = S
ey g 72 o o = ® = = =) S| z@ g o) a w »w & E
— < = & & = - = = 3 3 & 2 < < 3 L = = S =
3 = = < 2 = = = mE| <E =3 = < = <= = <
SlOE| | R TE| TR Er| | BR| <= Tg| TE| 23| 2| T & T&| TF| "= T2 E| &
% = [1)-] g
DBB -3.220 1432 -394 -1826 -143 9.4 9.5 -7.5 17,0 -27.67 0,33 1,95 6.0 0,55 0,95 -0,3 -0,1
149 Grid -7,69 100,81 87,86 -12,95 -12.77 -1094 -1197 -14,78 1595 -26,77 0,38 1.48 0,90 490 11,85 3,24 2,36 1,74 1.45
Difference -4,47 -42,39 127,26 169,65 1,53 -1,54 -2,47 -7,28 -1,05 0,9 0,05 -1,05  -1,100 11,30 2,29 2,66 1,84 ;
(@)
Mitsui Seiki yz 400mm/min
72} (@]
= w wn| = ©n = =
= = w w w |~} = = = = = > N 2 (@] (@] 0 0 & =
— 3 = Z & & = = =z =z = = & 2 B B = = = = = 2
= = 8 Tzl <8 Te 2 B8 2 mE|l <B| B3 S| Te| < H=| <= = < =]
I | E| =| TF| T®| T&| “2| Ea| 2F&| Fg| “g| 22| 2| TE| " TF| "7 T "F 5| g
-
DBB 1,25 74,1 9,5 -83.6 2.6 -0,5 39 -3.4 -8,67 3,33 0,65 2.4 6.45 0,25 2,55 0,05 0.4
150 Grid 5,54 89,79 6445 -2534 -024 -7,75 3,09 -10,75 2,15 212 0,92 3,28 3,24 2,07 1,86 400 -269 -0,61 0,72
Difference 429 15,69 73,95 58,26 -2,84 -7,25 -0.81 -7.35 10,82 -545 0,27 0,84 -4,38 1,61 145 -2,74 -1,01
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Mitsui Seiki yz 2000mm/min

L 7] w| =2 @ = e
ey g 72 72 o = = = = =) S| Fa g o) a w »w & E
— < = & & = - = = 3 3 & 2 < < 3 L = = S =
g & = < g g £ £ me| «2| £3 = < =% <2| = -
SlOE| | R TR TF| Er| | BR| <= Tg| TE| 23| 2| T & T&| °F| "= T2 E| &
% = 7 g
DBB 1,51 77,3 -86,2 -163.5 -1,8 93 -1,3 -10,0 -113 8,67 0,74 22 6,05 1,15 0,35 -1,0 1,55
151 Grid 346 9921 6922 -30,00 -3,86 -11,70 -2,06 -14,74 -2,02 2,62 0,75 1,37 3.42 1,78 1345 335 -2,31 -0,72 0,97
Difference 1,95 2191 15542 1335 -2,06 -240 -0,76 -4,74 9,28 -6,05 0,01 1,22 -427 12,30 3,00 -1,31 -2,27

Laser-interferometer and electronic level measurements

| x | y | z |
Mean reversal positioning error 20,02 pm 10,10 pm 9,07 um
Scale error (least squares slope) 15,5 pm/m 28.8 pm/m -25.9 pm/m
Mean reversal roll error -0,51 um/m 0,19 pm/m
Mean reversal yaw error 0,33 pm/m 4,23 pm/m -1,62 pm/m
Mean reversal pitch error 0,87 pm/m 2,85 um/m 0,14 pm/m

sosed SuLInseaw [BNPIAIPU]

LEl
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Measurements of OKK MCH-450

OKK xy 400 mm/min
w 0
2 » w| =2 Z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! o) »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl m8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
SlOF| g| F| TR| R| ER| SR ER| <R TE| E| 83| B TEl CE TEl CF T 2| g E| 2
% - =3 = ¥q 1<) (=3
5
DBB| -6,11 -69,6 -125,3] -55,7 2.9 7.4 3.1 9.2 9.3 10,0 1,13 0.8 1,55 0,35 2,55 0,7 1,6
174 Grid| -2,49 -112,7 -12.82) 99,84 0,86 1,73 1,34 6,13 13,48 3,30 1,43 2,21 1,15 1,62 4,90 7,75 0,65 1,95 3,37
Difference 3,62 -43,1 11248 15554 -2,04 -5,67 -1,76 -3,07 4,18 -6,7 0,30 0,35 0,07 4,55 520 -0,05 0,35
OKK xy 2000 mm/min
72} @)
) w wn| =2 i = 2 @]
5 £ ® 7 ® ® = = = S S| Fo = o o » » - & = S
= e ® & & & ) =~ = < = = <) 4 B3 < < =, = = = =2 =)
S : 3 = HE| <E| 22| <8| Z2| 22 E% <c§_‘ g 2 = m% “g| TF| T T “E 3 Z g
(91 =3 =3 ] t = =g =
4 = oQ =] =3
=
DBB| -6,41 -62,0 -178,8 -116.8 -1,0 -3,7 -2,1 4,7 253 11,7 1,50 0.9 0.9 0.8 2,25 -0,2 1,15
175 Grid  -3,59 -121,6/ 30,32 -151,9 -186 -794 -0,10 -1,80| 22,00 5,94 1,69 1,12 1,68 3,50 11,38 7,55  -1,09 0,50 5,39
Difference 2,82 -59,6 209,12 -358 -0,86 -4,24 2,0 -6,5 -3,30 -5,76 0,19 0,78 2,60 10,58 530 -0.89 -0,65
OKK xz 400 mm/min
72} @)
) w wn| =2 i = 2 @]
5 £ ® 7 ® ® = = = S S| Fo = o o » » - & = S
= e ® & & & ) =~ = < = = <) 4 B3 < < =, = = = =2 =)
S : 3 = HE| <E| 22| <8| Z2| 22 E% <c§_‘ g 2 = m% “g| TF| T T “E 3 Z g
(91 =3 =3 ] t = =g =
4 = oQ <] =3
=
DBB -3,67 -28,7 -121,8 -93.1 52 15,2 4,0 17,9 -8,3 11,0 1,60 1,1 2,75 0,0 0,0 2.4 1,5
176 Grid -0,18 -17.55 7,08 24,62 1.83 9,78 2,68 10,09 5,15 -1,83 2,37 2,33 1,50 4,69 2,31 7,02 -0,44 -0,49 5,87
Difference 349 11,15 128,88 117,72 -3,37 -542 -132 -7,81 13,45 -12,83 0,77 0,40 1,94 2,31 7,02 -2,84 -1,99

sosed SuLInseaw [BNPIAIPU]
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OKK xz 2000 mm/min

@ o wl| = w o S a
S £ 72 72 72 = = = = =3 g Fw S o o »n »n - £ = S
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl mE8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
< 3 g & > 5| Fe| “®| T <2 T El ES = = B 5 5| % & g z g
Z = (i g =t
DBB  -2,43 -3,2| -156,9 -153,7 -1,7 54 -0,5 12,7/ -153 8,0 1,55 0,85 2.4 0,3 0,0 1,95 1,0
177 Grid 0,53/ -28,55 -12,54| 16,01 -1.83 5,77 -2,54 0,53 -9,25 6,18 1,63 0,90 0,61 2,18 5,05 296 -1,56/ -0,23 5,86
Difference 2,96 -25,35 144,36 169,71 -0,13 0,37 -2,04 -12,17 6,05 -1,82 0,08 -0,24)  -0,22 4,75 296 -3,51 -1,23
OKK yz 400 mm/min
174 ]
2 » w| =2 Z = g o
S £ 72! 72! 72! = = = = =3 g F» 5 9! 9] »n »n - & = 2
—_ 5] ® & & & - =~ = =z = <] < o~ o = = = = = = =l
= = Sl m8| <8 = 2 = 2| me| <& B = S| ma| <5 TS| <=| = <
S - : B, B, El mg| <z2| Eg| <2 5 £l &3 3 = = E z & & g g E
Z = (i = =t
5
DBB| -11,37 57,1 -36,2 -933 5,0 16,5 9.2 11,4 14,3 86.3 0,92 2,65 2.5 2.5 0,0 1,05 0,15
178 Grid -17,77 354,14 34748 -6,66 1,39 12,80 5,50 10,39 25,81 43,50, -0,17 1,61 345 5,62 6,56 8,30 4,44 1,66 10,36
Difference  -6,40 297,04 383,68 86,64 -3,61 -3,70 -3,70/ -1,01 11,51 -42,80 -1,09 0,80 3,12 4,06 8,30 3,39 1,51
OKK yz 2000 mm/min
w @)
) w wn| =2 i = 2 @]
s g z » ® @ = = = S = Fe g o o) w » - z E S
= e ® & & & ) =~ = < = = <) 4 < < < =, = jnt = =2 =)
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8 H = = = = = =t =
2 =3 =3 = i) = =
=
DBB| -13.63 55,31 -95,1 -1504 -1,8 10,3 4.0 5,5 5,7 -0,7 0,14 2,6 2,65 3,95 0,00 -425 -6,55
179 Grid -23,49 147,30 212,49 65,19 2,66 7,14 287 6,98 31,39 -1,79 -0,22 1,26 728 5,36 9,87 4,07 1,19 -3,51 16,17
Difference,  -9,86 92,00 307,59 215,59 446 -3,16 -6,87 148 25,69 -1,09 -0.36 4,68 2,71 5,92 4,07 5,44 3,04

sosed SuLInseaw [BNPIAIPU]
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Description of inspected machine tools

Daewoo ACE-H50X

Three axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

Makino A55

800 x 650 x 650mm
18kW

24m/min
6000r/min

Fanuc 16M

Three axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

Makino A77

560 x 560 x 560mm
22kW

24m/min
12000r/min

Fanuc 16M

Three axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

Mazak FH-480X

800 x 750 x 770mm
30kW

30m/min
10000r/min

Fanuc 16M

Three axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

OKK MCH-450

560 x 560 x 510mm
22kW

32m/min
12000r/min
Mazatrol M Plus

Four axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

Mitsui Seiki HR5

600 x 450 x 500mm
- kW

- m/min

- 1/min

Fanuc 11M

Three axis horizontal machining centre

Working envelope:
Spindle power:
Max. feedrate:
Max. spindle speed:
Controller:

850 x 700 x 750mm
15kW

- m/min

3150 r/min

Fanuc 11M

Appendix 12
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A sample case

The sample case presented here consists two main phases: first the creation of a
simulated measurement case and secondly the analysing of this measurement. A
simulated case is used here to have exact values for deviation types. Thus we can
compare the results of the analysis phase directly to the initial values given below.

| Simulation of the measurement case

Some deviation types are first chosen to be included in the simulation. The test path
trace is chosen to be similar to the BAS test piece for numerically controlled milling
and drilling machines [BAS]. The test piece described in the BAS guide is altered so
that the test is possible to perform without actual cutting by a cross grid encoder or
some other free form capable measuring device. Also another circle form is added to
the test trace in order to have circular interpolation both in clockwise and counter-
clockwise directions.

Table 17. Initial magnitudes of deviations

Deviation type Magnitude
Backlash x 10 um
Backlash y 5 um
Lateral play x 4 um
Scale error x 25 um
Scale error y -5 um
Servo mismatch 0 um
Squareness 10 arcsec
Vibration 2 um

Deviations are used in the stepping engine of the simulator software to create a
measurement case, which reminds real measurement cases. The simulation case is
saved into the ASCII file as a long list of co-ordinate pairs. The positioning file
consists altogether 1681 lines in this case.

Figure 47. Simulated measurement case
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I Analysis

The analysis process goes forward stepwise. Because the computer program makes
the actual work and because the process is intricate, not all the details are described
here. However all the main tasks are described in such a level that the reader shall be
able to replicate the analysis process.

1. Modelling of the theoretical path

A description of the path elements is created. It consists list of features in order of
appearance and their attributes. Path description has also identification fields and
definition of the measurement plane. This information is required prior reading the
positioning file. The path can be stored in the database for the later use.

¥ Feature Editor

M ame: IVectol
Feediate: 400 mm/min %
Tool: l— ﬁ
L : lCl Ecmll F'gsil\uningl Direct | Clase
i ¥
Start paint: [o.000 [0,000 mm
End paint: [0.000 [100,000 .

" On left hand side

Start anale: Materiak —————
|1 a0 degrees ’7(:' On right hand side

Figure 48. The screen to set-up attributes of a feature
¢ Path Editor 19 [=] 3
ector - (100,000 . 100,000) (=
ector - (100,000, 0,000) Close

Vector - (0,000 . 0.000)

oot - (1,000 11.250] @
\ector - (50,000 . 100,000)

ectar - (100,000, 11.250) Import
ector - (0,000, 11,250)

ectar - (50,000 . 11,250] <=
Circle Radius: 28,000 Export
Circle Radius: 28,500

Hew

&

Edit

@

Bemove

Hame of the path: In machine: Hy j [:ﬁ
Bas / Grid I measurement: - Save

Figure 49. The screen to list all the features in the path description

2. Reading in the positioning file

The positioning file is read in the memory as co-ordinate pairs. If necessary, a co-
ordinate conversion or scaling to another measuring units are made.
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3. Splitting the measurement to features

We calculate the location of the first co-ordinate pair in relation to the start zone of
the first feature [Figure 19]. If the point is located inside the start zone, we consider
this point as the start of the feature. If it didn’t lie inside the start zone, we proceed to
the next co-ordinate pair and check whether that one is inside the start zone.

All the consecutive co-ordinate pairs are now marked to belong to the first feature.
Every point is checked whether it lies inside the end zone of the feature. If this
happens, the point is marked to be the last point of the current feature and we start to
search for the start zone of the following feature.

4. Conversion to local co-ordinate systems
The points belonging to each feature are converted to the corresponding local co-

ordinate system. Measurement points are presented with two components the
following way:

Table 18. Local co-ordinate systems

Feature type 1* component (1) 2" component (p)
Arc radial deviation from nominal angular position
radius
Vector deviation from vector in position along vector
perpendicular direction
Point deviation in direction of 1* axis deviation in direction of 2 axis
5. Search of the suspected cyclic deviation pitch

Sectors from arcs are selected so that they best reflect cyclic deviation behaviour.
Search zone of the first axis is around the first axis and the search zone of the second
axis around the second axis [Figure 50]. Search zone has to be long enough to occupy
at least one full cycle of the longest pitch to search for.

Different possible pitches are stored in a configuration array. Each pitch is fitted to the
measurement data using the same method as is presented for the actual deviation
fitting. Residual between original measurement data and fitted data is calculated for
each pitch. That pitch that has the smallest residual is determined to be the best
choice. The same calculation is made individually for both axes.



A sample case

6.

First axis

Figure 50. Search zones of the cyclic pitch

Creation of prototypes
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Second axis

Appendix 13

Deviation prototype vectors are added individually to deviation matrix. Deviation
amount is calculated for each value of 2™ component. The required equations are
given in the Prototypes chapter [3.5.3]. Always when one vector is ready, the
condition of the whole matrix 4 is calculated. If the condition is lower than a preset
value, the newly added vector is removed from the matrix. If the condition is high
enough, the vector can stay in the matrix. The deviation type vectors are added to the
matrix in the following order:

e A

e e e e e e e
O 001NN B WN — O

7.

The pseudo-inverse of the matrix A4 is calculated:

Offset of the 1** axis

Offset of the 2™ axis

Rotation of the test path

Tool radius compensation
Squareness

Scale mismatch of the 1™ axis
Scale mismatch of the 2™ axis
Straightness of the 1™ axis
Straightness of the 2" axis

. Constant backlash of the 1% axis
. Constant backlash of the 2" axis
. Variable backlash of the 1% axis
. Variable backlash of the 2" axis
. Lateral play of the 1*" axis

. Lateral play of the 2" axis

. Servo mismatch

. Cyclic deviation of the 1** axis

. Cyclic deviation of the 2™ axis

. Servo lag

Calculation of the pseudo-inverse

A =4"A)" A"
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8. Calculation of the estimates of deviation amounts

We simply multiply out now the estimates for deviations d according the following
formula:

d=A"m

9. Calculation of the theoretical path trace

We can calculate back now a theoretical path trace based on the analysis results
achieved in the previous phase. This path trace can be used to compare analysis
results to original measurement data and it is needed to calculate the estimate of
vibration. The theoretical path trace (s) is retrieved with the following formula:

s=Ad

10. Calculation of the vibration estimate

The standard deviation of the difference between the actual measurement data and the
theoretical path trace is calculated. The vibration estimate is now three times the
amount of deviation (coverage factor 3). Note, that this vibration estimate does not
only involve high frequency vibration but also those low frequency deviations which
cannot be explained with the predefined deviation types (see phase 6).

d ibraion = 3% \/% i [(mz —s,)—(m, —s, )]2
i-1

11. Preparing of the results

If necessary, the deviation estimates can be scaled to units that are friendlier to
operators. Deviation estimates are also compared to preset control limits to check, if
an overshoot or an undershoot has occurred. If a control limit overshoot has occurred,
a notification is given to the operator.
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Calculated results are shown to the operator [Figure 51]. The following results [Table
19] are achieved for this particular case. The maximum difference between the
analysis results and the initial values of the simulation [Table 17] is this time 2%.

Table 19. Analysis results

Deviation type Magnitude
Backlash x 10 um
Backlash y 5 um
Lateral play x 4 um

Scale error x
Scale error y

Servo mismatch 0,1 pm
Squareness 10 arcsec
Vibration 2 um

24,7 pm ( per the width of the path)
-5,1 um (per the height of the path)

"J- Analysiz Hesults

Circularity alug

rvnl Sguarenassl Syalghlnassl Elhlatlnnl Pareta

ﬁacklashl Qapab\lit}ll Cyclic:l Lateral F'\apl Orfzet

I 19 pm  Straightness Yalue

Pnsltlnnlngl Dversbnnt'

§ca\e|

2 e

Close

Backlash ]

Cyelic Errar "

Lateral Play %

1A

pm

um

um

pm

pm

um

Scale Mismatch [x-_l,l]l 298 ym/m
Servo Mismatch [x-_l,l]l 01 ym

Squareness Error I 43 pmdm
Shaightness 3 I 0 pmdm

P 0 pmdr
Fandam ‘ibration I 2 wm 0

Figure 51.

Screen for analysis results
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Example printout of the analysis software

Appendix 14

,_\\W"b,/ Tampere University of Technology

§ ’g Institute of Production Engineering Featu reCheCk

< “ .

4in® Version: 1.2.10

Measurement Session: Makino A55 / TTEK Machine: Makino A55
Date: 13.10.1997 18:31:41 Measured By: Jouni Holsé
Customer: TTEK Device: Grid Encoder
Piece Name: Makino A55 xy 400mm/min Origin of Measurement: x:0, y:-480, z:-377
Feature Points Feedrate Tool Feature Points Feedrate Tool
Vector 286 400 73 Circle 456 4007

Circle 456 400 7 Point 1 400

Circle 456 400 7 Circle 456 400 77

Point 1 400 77 Vector 217 400

Vector 413 400 7% Vector 413 400w

Vector 413 4007 Vector 412 400w

Point 1 4000 Vector 412 400

Vector 413 400 Vector 412 400 7

Vector 412 400 7 Point 1 400 77

Vector 278 40073

Circularity LSC: 5um Straightness LS: 3um

Scale mismatch (x-y): -3 um/m Vibration: 1pum
Squareness: -12 um/m Servo Mismatch (x-y): 0,78 um

Servo Lag: 1,07 um

Positional Accuracy x: Positional Accuracy y: 1pum

Axis Spike x: 1pum Axis Spike y: 1pum
Backlash x+: 0um Backlash y+: 2um
Backlash x-: 1pum Backlash y-: 2um

Cyclic error x: oum Cyclic error y: 1um

Pitch x: Pitch y:

Lateral Play x: Ooum Lateral Play y: oum

Scale error x: 17 um/m Scale error y: 20 um/m
Straightness x: -1 um/ 140mm Straightness y: 0 um/ 140mm

G

/

\

Y —

G61

/cw

- ccw

Scale 5,0 ym
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Analysis program setup

You can install the analysis program described in this thesis to your computer from
the enclosed CD. The program requires PC-compatible computer with Windows
98/NT (or newer) operation system and 8 megabytes free space in the hard disk. Run
setup.exe in the root folder to start the installation.



	INTRODUCTION
	General
	Needs
	System automation
	Costs of design
	Ecological aspects
	General product quality needs
	Availability of machining capacity
	Quality systems

	Accuracy of machine tools
	Machine tool measurements
	Hypothesis and objectives
	Research approach
	Scope of work

	AVAILABLE TOOLS
	Quick measurement methods
	Double ball bar
	Cross-grid encoder
	Co-ordinate measuring machine
	Test pieces
	Workpieces

	Uni-Test
	Laser tracking
	Multifunction laser-interferometer
	Autocollimator laser
	Laser ball bar
	Laser circular test
	Circular test with a scanning probe
	Touch probe and an artefact
	Summary of measurement methods

	Thermal effects
	Analysis
	Compensation and adjusting
	
	Compensation tables
	External correction of the feedback value
	Modification of a NC-program



	MATHEMATICAL MODEL
	Introduction
	Tasks
	Methods
	Modelling of deviations
	
	Features


	Analysis of deviations
	
	Backlash
	Cyclic error
	Lateral play
	Linear scaling error
	Servo mismatch
	Servo lag
	Straightness
	Squareness
	Measurement offset
	Measurement rotation
	Tool compensation
	Up milling deflection
	Prototypes for arcs
	Prototypes for lines
	Prototypes for points


	Reliability
	
	Deficient analysis
	Recognition zones
	Singularity and rounding
	Ambiguous deviation types
	Measuring device
	Measuring method
	Local testing
	Temperature
	Machining test specific
	Material
	Machining parameters
	Surface quality
	Tool wear
	CMM deviations
	Single CMM repeatability
	Test piece repeatability
	Machining parameter influence
	Cross-grid encoder repeatability




	EMPIRICAL PART
	Validation software
	Testing procedure
	Results
	
	Repeatability of cross grid encoder measurements
	Repeatability of co-ordinate measuring machine measurements
	Repeatability of test pieces
	Difference to native DBB analysis method
	Difference between cross grid encoder and DBB
	Difference between the test piece and DBB
	Difference between the test piece and the cross grid encoder



	DISCUSSION
	Static and dynamic measurements
	Motion friction and interpolation
	Erroneous assumptions in the model

	Co-ordinate measuring
	Deviation types
	Further development
	CONCLUSIONS
	Appendices

