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SURVEY OF MACHINE TOOL ERROR MEASURING METHODS

This paper presents the factors and needs whicle balecessary to increase the accuracy of madhivle.
Types of machine tool errors, their causes and wéaydentifying, measuring, reducing and compemspthem
are described. The most effective methods of ifigng machine tool errors are discussed and clasisifThe
measuring methods and tools are compared with detgatheir range of application, time consumptioost,
market availability and main limitations.

1. INTRODUCTION

The improvement of cutting machine tools, dictatgdoroduct market needs, leads to
an increase in their broadly understood produgtivtarticularly their accuracy, cutting
speed and flexibility, and to the minimization dktcost of machine tools and that of the
machining processes carried out by them. The acguoh machine tools is increased
through the introduction of innovative designs, tcohand software and by reducing and
compensating errors. The different types of errmed to be accurately identified through
measurements, modelling and numerical simulati®hg. more complex (because of their
high-speed and multiaxis operation, multitaskingl antelligent functions) the machine
tools are, the more difficult it is to measure treticular error components and the more
advanced methods are required for this purpose often necessary (periodically or in real
time) to combine the measurement of errors withr tbempensation and with the active
correction of machine tool accuracy. Some measunesnespecially the ones relating to
geometry (subject to considerable deterioratiothe course of machine tool service), are
critical for correcting it, improving the servicingrocess and increasing the lifetime
of machine tools. Therefore it is necessary to inapusly diagnose accuracy in machine
tool operating conditions, i.e. to measure it uncdensiderable interference from thermal
and dynamic loads and the machining process. Tdpsmppresents an analysis of the useful
properties of the state-of-the-art measuring meth@hd devices available to the
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manufacturers and users of machine tools, and tiseiutions being currently
experimentally verified. The design and measurirgpabilities, including maximum
accuracies and limitations, of the measuring mettao! devices are highlighted.

2. GENERAL DESCRIPTION OF MACHINE TOOL ERRORS

A machine tool error can be defined as the diffeeebetween the actual tool position
and the programmed one. The difference is the tredwdrrors in the machine tool itself,
control and measuring system errors and errorgngrisom the manufacturing process or
the environment.

All the machine tool errors can be generally dididieto two categories depending on
the way they affect machine tool precision, i.etoirsystematic and random errors.
Regardless of their type (geometric, kinematicrrtted and control), systematic errors can
be compensated with an accuracy depending maintii@nidentification precision and the
rate of their change. It is difficult to correctigkly changing errors, such as position errors
caused by high accelerations of the rotating aidéhgl components.

The sources of errors, which should be includea machine tool error model, can be
described using the two groups of models (Fig. 1):

v error models mainly based on the identificatiopa$t-assembly machine tool errors
(geometric errors (GE) and kinematic errors (KB)ch errors are machine-
specific, i.e. determined by machine workmanshgseably and tuning;

v the other models of errors (E1-E3 arising from batd E4-E6 arising from heat)
determined using computer simulations and artificielligence tools while the
actual features of the machine are taken into adocetien fine-tuning the models
using sensors installed in the machine tool strectwor measuring-testing
equipment.

A model of the volumetric machine tool error shotdle into account its variation in
space and time and constitute a synthesis of thegtaups of models, i.e. models based on
machine tool test measurements and models basedinoulation studies aided by
experiments.

Geometric-kinematic errors can be minimized throufk choice of a proper
geometric-motion structure, the use of high-quadifpassemblies and the precise assembly
of the subassemblies and the whole machine to@l [BQhis way one of the chief sources
of imprecision of current CNC machine tools caribeted [48]. However, this solution is
very costly. Geometric errors include shape erransl errors in the mutual position
of surfaces. Kinematic (motion) errors are deviaidrom the required relative motions
of the main machine tool assemblies. They alsoradieaffect the precision of the motion
resulting from the simultaneous operation of sdvewmtrolled axes [23]. In the case
of a well designed and made machine, kinematicreraoe highly repeatable [46], which
makes their compensation easier.
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Variation in the temperature of the machine toslibassemblies caused by their work
or the environmental impact is the cause of itsidllg significant) thermal errors. In many
cases, errors of this kind determine the accur&tlyeopart being machined [23].

Model tuning phase

mN Load error v
resulting from
tting
> Ctl(l)mu;; —> Testing phase and operation
P AS - -
Virtual ;&' = wertrial sensors in machine
machine/§ - — = structure
) g fixing S l 5 \
tool 3 e 7 N 0..0000
i g g v Real
«| | Thermal error ] - .
2 Plresulting from = Machine tool machine
g s volumetric GEIE tool
= 2 ]
sl || intemnal 2 -
g sources e €rrors
é external § = 4 7%/ﬂ
: o sources = - O %{?
= . = S e
% 2= changing 3 g [ — " J//
&) B| “Plposition sources 2 o XY,z -
S g Me_asurmg and
Other = testing hardware
resulting from 2
cutting  |—» B \ / Model
| | heat / of geometric
cutting || and kinematic
b | CNC XYz, e
controler SLIors
GE ;
1 xv | I 2 KE | Correction signals

(tuning phase)

Fig. 1. Sources of errors affecting volumetric maehool error

Temperature variations are generated by differeat bources, such as:
- motors, especially in controlled axis drives;
- bearings, especially spindle bearings;
- couplings and gears, especially rolling gears;
- pumps and hydraulic oil;
- the machining process;
- mechanical and mechatronical hardware of diffetgme, including actuators and
control systems.

The effect of the above heat sources on machink @occuracy depends on their
location relative to casings and tool and workpiégares, and on their intensity [18].
Generally, the particular contributions to the maehool error are directly proportional to
the temperature rise and the thermal expansiorficiesit of the material of the heated
components. For steel this coefficient amountsoué 0,01 mm/m for eachC, which
means that when the temperature of, e.g., therlgatirew changes by %D, a dimensional
change amounting to 0,1 mm per each meter of ngthewill result. For this reason,
attempts have been made [13],[14] to use speciabosite materials with a much lower
linear expansion coefficient than that of steethsas composites of silicon carbide and its
derivatives whose expansion coefficient is belo@08, mm/m per eactC. This improves
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the machine tool's accuracy, but increases the obsts manufacture [22]. It is more
advantageous to use correction and compensationghra proper function and the control
system to reduce thermal errors. Good results @amadhieved if mathematical models
of error versus temperature (measured by an appteptumber of sensors located within
the machine tool structure) and a regression fanare employed [35],[43]. This method is
called the sensor method. There is also anothdraddbeing studied by the authors) which
Is based on signals received from sensors insthljatie manufacturer directly in the linear
and rotary motors of the controlled axes, mainlytf@ needs of the NC system monitoring
the operation of the drives.

Besides the above heat sources present in the meaidiul, also the temperature on the
floor shop and the accumulation of heat in the nmechool’s closed spaces (including
the ones closed with covers) affect its precisiéven in the stationary state (when none
of the drives is switched on) a change in ambiemiperature by a few degrees Celsius may
result in spindle displacement by as many as téns@ometers, depending on the thermal
stability of the given machine tool. For this reasefforts are made to make modern
machine tools as thermally stable as possible. iBhitone through proper design ensuring
the structure’s thermal symmetry and reducing hgatly forced cooling in the field
of action of large heat sources. Error compensatiothe case of such a machine tool is
much easier. Through an analysis of the thermahwebr of the machine tool, based on
a thermal model and numerical simulations, one d@etermine which of the structural
components are responsible for which thermal ecomponents and where temperature
sensors should be located to ensure effective cosagien.

In the case of numerical simulations, it is quiificult to take into account the
changes in heat generation intensity and heatfegnsonnected with the manufacturing
process. During its operation the machine tool iooially heats up or cools in a highly
complicated way commensurate with the complexitythaf processes of heat generation,
transfer and accumulation within its structure. &sesult, thermal errors in high-speed
machine tools have a fast changing nature. Theaoihahges in machine tool geometry,
determined by computations, are illustrated in Big.

Errors which arise in the course of operation may#aused by the inaccuracy of the
interpolators and the operation of the drives. 8amnves typically work in a feedback loop
and never react instantly to a deviation. Therawsays a certain time lag corresponding to
the refresh rate of the controller settings. Théchiag of this rate to the speed with which
the machine tool assemblies can move has a beanntihe kinematic precision of the
drives.

The machining process and its impact on the madiooleare mainly responsible for
errors caused by vibrations. The magnitude of ther® depends on the process parameters,
the dynamic properties of the machine tool anddperation of the kinematic pairs, e.g.
bearings and rotary drives. It is very difficult &iminate such disturbances. Therefore
machine tool designers try to reduce dynamic eraimsady at the design stage and also
through novel and more effective methods of actixeation reduction when the machine
tool is in service.

As speed is changed in high-speed spindle unitsamic axial spindle motion (shift)
arises, reaching high values whereby it needs tordoliced and compensated. Shift
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compensation is based on the computer modellingsandlation of the behaviour of the
high-speed spindle assembly [9].

Fig. 2. Computationally determined effect of theraheformation on machine tool geometry

3. VOLUMETRIC ERROR

Volumetric error is a parameter which best desesrib®chine tool precision. If the
Volumetric error is known for the whole workspaageacan greatly increase the precision
of the manufactured parts through its compensaiprthe CNC system. The kinds and
number of volumetric error components depend omithehine tool design, mainly on the
number of controlled linear and rotational axesoEr which may occur in the controlled
axes of machine tools are shown in Fig. 3. Besitlese errors, there may also occur
squareness errors due to the impact of errorseraais on errors in another axis.

In the case of a three-axis machine tool with thirezar axes there are 21 component
errors, 3 of which are the squareness errors oK{hé Z axes. The other components are 3
linear (positioning, horizontal and vertical stiatigess) errors and 3 angular (pitch, yaw,
roll) errors for each of the three axes. Many maskimetric error components occur in
machine tools with a larger number of axes. Fag-xis machines with two rotational axes
the number of error components is as high as 43.

According to the conventional definition, a volumetgeometric error in a 3D space,
determined by a 1D laser interferometer is an mesage of the three positioning errors in
the X, Y, Z axes. Even if this volumetric errommsnimized to zero, this does not guarantee
the expected machine tool accuracy, since the atbefireition does not take into account all
the error components. The identification of all 2 error components through linear and
angular measurements in points distributed in ti®lev workspace, by means of a 1D
interferometer is unrealistic for time reasons hadause of the long thermal action impact
of the environment.

The advances made in measuring tools and methods led to the redefinition
of volumetric error. According to ASME B5.54 andd230-6, since 2000 the volumetric



12 Wojciech KWASNY, Pawel TUREK, Jerzy JEDRZEJEWSKI

error, besides positioning errors, has also inadud®izontal and vertical straightness errors
and angular (pitch, roll, yaw) errors.
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Fig. 3. Errors in controlled axes: a) linear akisrotary axis [12]

As it is increasingly easier to measure and congiengositioning errors, axis
squareness and straightness errors begin to predtemBesides, the measuring devices and
methods which are effective for linear axes arbematnsuitable for identifying rotational
axis errors. When the number and diversity of ewomponents are very high, it is
extremely difficult to determine the volumetric @rr

Only the latest technology and measuring meth@igh as vector laser bars
measuring angular position or tracking laser systecan meet this challenge. Because
of the increasing availability of innovative opteefronic microcircuits, such as laser
diodes, CCD cameras, PSD transducers and so atiyedy inexpensive measuring devices
and methods aimed at not the total machine tool gout at measuring the motion precision
of the main assemblies, such as the spindle, tinekgpindle head, the tilting table, etc.,
are still offered. The errors of these assembléaslie independently compensated or added
to the other volumetric error components.

4. INDIRECT METHODS OF DETERMINING VOLUMETRIC ERROR

4.1. GENERAL DESCRIPTION OF METHODS

The range of commercial specialist measuring insémts for measuring the
workpiece or evaluating the precision of the maehiol is very wide. These are mainly
contact and contactless measuring probes for awaduthe workmanship precision of the
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machined product, widely used in the machine-todustry. Kinematic double ball bars
(DBB) and optical cross grids are usually usedukdy identify the machine tool’s errors
and evaluate its accuracy.

4.2. DOUBLE BALL BAR

One of the tools most commonly used today forngstihe shape (roundness) accuracy
of three-axis CNC machine tools, are Ballbar systesuch as. QC10, QC20 and DBB 110.
In the roundness test the machine tool perforn@ilar motion in a specified plane at set
feed rates. As regards hardware and softwarepteibod is developed mainly by Reinshaw
and Heidenhain. The accuracy of circular motiorsoakalled circular interpolation
accuracy, is checked using a kinematic double lellplaced between the machine tool's
table and its spindle. Ballbar QC20-W enables 3ibremeasurement, i.e. in three
orthogonal planes, with no change of the centrppstt (Fig. 4). In one plane (usually XY)
full circular interpolation (8-36C°) is performed while in the other planes (XZ and MZ
this case) measurements are made along a padighaximally 220C). In this way, at one
fixing of the instrument the test can be carried iouall the three planes, which greatly
speeds up the machine tool accuracy check.

Using the diagnostic test one can identify mangrstrBesides the already mentioned
roundness deviation, the test can be used to deieimacklash, reversal spikes, regular and
irregular vibration, the follow-up error, the scaeor, the axis squareness error and so on
(Fig. 5). A roundness deviation diagram [30], cetesit with ISO 230-4:2005 and ASME
B5.54-2008, is displayed on the monitor screen.rdfram the roundness deviation value,
also the values of the particular errors in min-niabervals and the percentages of the
different types of errors in the circular intergada are displayed. Another parameter
describing the quality of a machine tool is positig accuracy. This parameter contains
most of the errors and indicates with what toleegparts can be manufactured.

a) b)

Fig. 4. Measurement of machine tool errors by mediallbar instruments: a) QC20-W[58] and b) DBBO]56]
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Machine tool precision is evaluated on the basisirgular interpolation accuracy and
positioning accuracy. The measurements can be zthlysing the Ballbar dedicated
software. The subassemblies having the most adeéfset on the precision of a machine
tool can be located in it on the basis of the desgram and the percentages of the particular
errors in the circular interpolation. For exampteyersal spikes may result from an
excessive ball screw/nut clearance, clearanceeartabthed gear and especially a too slow
servodrive response to the control system signal.

The Ballbar 20 software by Renishaw offers a fuorcitalled a diagram simulator. It
can be used to display test results on the scradnt@a simulate different modifications
of machine tool geometry, clearances and dynamianpaters. Through such simulations
the operator can select the optimum machine toefadjmg parameters, such as the position
gain coefficient, which if incorrectly matched cassa follow-up error. Since these are
merely simulations one can always be sure thabtlggnal data will not be altered. Only
when the simulations have ended and the optimurfiicieat values have been determined,
the latter are entered into the machine tool conHowever, this is not possible in every
case since machine tool manufacturers do not alwayade the possibility of correcting
geometry, clearance or dynamic parameters via ao#twn order to enter altered data one
often must switch the machine tool into the serveade, which requires a special service
authorization. Other functions available in Ballléa€ 20 are the backup of the data from
the particular tests and the creation of test tatepl[52]. In this way one can find out at
what rate the machine tool wears out and on thssskigs servicing (repair or replacement
of the worn out parts) can be predicted and planned

The specifications of Ballbar QC 20 are: accuratyl25um, resolution 0,Jum and
maximum sampling rate 1000 per second. The errdhefdistance transducer alone does
not exceed +/- 0,pm. The Bluetooth device enables data transmisgipa tistance of up
to 10 meters. As a result, several problems whrolseain the previous generation Ballbar
QC 10 (where data were transmitted via a cable hvbauld be damaged or broken) have
been eliminated. Moreover, thanks to the wireleaasmission of measurement data one
can carry out tests while the machine tool workspstelds are closed.

The kinematic Ballbar is a popular tool for machtoel diagnosis, chiefly because it
can be used in workshop conditions, is resistasblimg and the cooling agent, and is quick
to use. According to the manufacturer, a full dizgja of the machine tool can be made
within ten minutes. The Ballbar owes its solingisesice mainly to the fact that it includes
no optical systems, whereby it has an advantage thee laser interferometer which
incorporates such systems.

Since it was designed for only simple three-axilimyi centres and three-axis lathe
centres with ball screws and feed drives, the éxgystem aiding inference about the causes
of errors is a series limitation of the above mdthGonsequently, only simple circular
interpolation tests can be carried out for othecirges, both conventional ones and with
parallel kinematics.

Another drawback of the Ballbar device is that measents are taken only in
a selected part of the machine tool workspace. Bwvaugh the manufacturer offers Ballbars
of different length (whereby tests for a circle lwa radius of 50-1350 mm can be carried
out), still no error map for the whole workspaca te obtained. Moreover, the measuring
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path must always have the shape of a circle asetgnent. Despite the above drawbacks,
the Ballbar enables machine tool diagnostics areb dwt necessitate long breaks in the
manufacturing process, mainly owing to measurersiemplicity and speed.

Volumetric Ballbar diagnostics (pm) RENISHAW

Machine: Wolumetric examples

Test Parameters
Radius 100.0000mm
Feedrate 1000.0mm/min

Yolumetric Test Results

Maxzimum #.0pm
deviation Z% Plane @ 270.3°

Mini_mym -5.5um
deviation  Zw plane @ 3420
Sphericity 12.5pm

Circularity

T 7.0um
Y 7.9um
2= 12.5pm

Run 1
Run o

Fig. 5. Exemplary roundness test results [58]

1.0pmm/Adiv

In order for the Ballbar test results to be usedvolumetric error compensation,
supplementary measurements by other methods nebd taken and proper procedures
interrelating the results with the volumetric eracmmponents need to be developed. Such
procedures are developed as part of research EdjEg] and by commercial equipment
manufacturers.

4.3. CROSS GRID METHOD

The cross grid method and the KGM grid encodererily developed by Heidenhain
serve mainly the purpose of evaluating static ayrthchic machine tool errors. The device
consists of a laser scanning head fixed to thed#piand two glass plates with light
reflecting and suppressing titanium grids superisagoon them. The plates are mounted on
the machine tool table (Fig. 6). The two grids setperpendicularly to each other, i.e. they
Cross.
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The method makes it possible to distinguish betweeors connected with the
mechanical structure of a machine tool and the oekesing to the control of the motions
of the two axes. When small circle radii are usashtrol errors predominate while the
influence of geometric errors is negligible. Atdarcircle radii one can determine geometric
errors more accurately. In the course of measurenany motions can be performed in the
tested planes XY, XZ or YZ. Similarly as in the easf the Ballbar, this test is performed
clockwise and anticlockwise to detect the hysteresinnected with the control of the
machine tool axes.

le ,

Fig. 6. KGM system setup during measurement ofigi@t machine tool accuracy [46]

In order to transform the KGM grid encoder result$o the volumetric error
components one needs proper conversion algoritbisiag such algorithms, described in,
e.g., [50], one can determine 21 components ovohemetric error for a three-axis machine
tool. The algorithms are based on the kinematioremodel and use the homogenous
transformation matrix (HTM) method. The measuringtem’s accuracy is estimated at
+2um.

5. DIRECT METHODS OF DETERMINING VOLUMETRIC ERROR

5.1. 1D LASER INTERFEROMETER

One of the most precise methods of evaluating mactadol accuracy consists in the
construction of an error map for the whole machow workspace. For this purpose linear
and angular measurements in all the controlled afethe machine tool need to be
performed. Because of its precision, a laser iaterheter is used for such measurements

[1].
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Currently, the simplest laser interferometers carfggm measurements in only one
axis. They are used to measure linear and angudatadements, flathess, machine tool
subassemblies positioning accuracy and so on. ficlnterferometers are offered by,
among others, Hewlet-Packard, Lasertex and Renigf&yv 7). In comparison with the
Ballbar, they are characterized by a greater line@asurement accuracy of +/- 0,5 um/m

In order to measure volumetric error by means bDdaser it is necessary to reset the
laser head and the optics many times to take lia@ar angular measurements in each
of the controlled axes. In addition, all the measuwents should be repeated at least 3-5
times. After each resetting the measuring systerst rna recalibrated. This means that it
takes a few days to determine twenty one comporuéritee geometric error for a three-axis
machine tool [38].

Spmdli Reflector

= Table
Interferometer ; > G __—
Laser
head

Temperature sensors
Materials Air temperature

Laser compensator
USB USB Air humidity/pressure

Fig. 7. 1D laser interferometer hardware configorafor linear measurements [61]

It is usually impossible to remove the machine fomin the manufacturing process for
such a long time. For this reason, in practice dhly most important components are
determined whereby the idle time can be reducetiabthe expense of volumetric error
evaluation accuracy. Thus it is an imperfect solutivhich does not allow one to exploit the
full potential of the machine tool.

5.2. 3/6D LASER INTERFEROMETER

A 3D interferometer design is usually based on tifathe 1D interferometer with
added optoelectronic circuits (e.g. CCD camera®)$our-field detectors) enabling the
simultaneous measurement of the lateral motionkeofeflector.
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During linear interferometeric measurements by rmedra 3D laser, taken in, e.g., the
X axis, analog measurements of £1mm deviationsx@saYy and Z are simultaneously
performed using a liquid crystal cell and a fowaididetector. Owing to this, the positioning
error along the given axis and two errors of theetas horizontal and vertical straightness
are recorded in each point. The accuracy of meammtalong the given axis is equal to
that of the interferometer, while in the other taees it is usually lower.

An example of such a design is the laser interfetemwith a four-field detector,
shown in Fig. 8 [1]. It is a bifrequency interferetar exploiting the heterodyne method and
it is intended mainly for measuring the geometryGNC machine tools and coordinate
machines. In the case of bifrequency lasers, lasam stabilization is of major importance.
The stabilization consists in measuring the fregyaasulting from the Doppler effect.

Reference
reflector
| |
N aY
Two perpendicular 4l N @
linear polarizations :
\ £,/ N Moving
fi f; f ri_ﬂ_e_cfgr
Stabilized 1 72 1 i
laser head - > > D | dz
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f5-(fifp) . ..
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l — T Photodetectors = horizontal polarization
Reference — .
detector Measuring Measuring beam

detector

Fig. 8. Modification of 1D laser to 3D laser [1]

Since the difference in frequency between the meagpath and the reference path is
measured, the whole system is resistant to theti@mi in return beam amplitude and to
inference from the detectors. A major drawback lo$ tsolution is the limitation of the
measuring arm travel speed in one direction to 8Bg& m/s [51]. If a proper splitter is
used, it is possible to measure the other axistHart the laser beam power drops by 50%.
This may make it difficult or impossible to perfomreasurements on larger machine tools.

By adding more optoelectronic circuits, 6D laseexavbuilt. Thanks to the latter the
error measuring time can be reduced by as much9és [§9]. Besides measuring the
positioning error, horizontal and vertical straigggs and angular errors (pitch and yaw),
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a 6D laser system can be used to measure therrotl &his means that the components
of a 6D laser measuring system need to be set alitttated only once for each of the
measured machine tool axes.

As a rule, laser interferometers are more pretiar the optoelectronic systems which
in 3D and 6D laser measure some volumetric errampmments. Moreover, some
manufacturers offer enhanced precision laser systaoorporating more stable electronic
circuits, or with limited measuring ranges. TablsHows measurement accuracies of the
API1 XD laser system (made by Automated Precisian) lpresented in Fig. 9.

Electronic Laser head
and wireless
communication
part Interferometer
6D sensor

Fig. 9. Components of laser system AP| XD [58]

Table 1. Measuring accuracy of APl XD laser syst§sa$

L_aser _ Error Accuracy
configuration Regular High Precision
Linear positioning 0,5 0,2
1D
(Lm/m)
6D | 3D Vertical and horizonta
straightnessu(m) +(1,0+0,2/m)| +£(0,2+0,05/m)
3D Pitch & Yaw (arc-sec) +(1,0+0,1/m + (0,2+0,09/
6D Roll/Squareness +1,0 0,5
(arc-sec)

5.3. LASER INTERFEROMETER - VECTOR METHOD

Measurements of all the volumetric error compondiytsmeans of the 1D and 3D
methods are technically difficult and laborious. drder to simplify them, most of the
components are analytically determined on the bakidD laser measurements of the
diagonals of a cuboid describing the machine tootkapace [17]. All the four diagonals
need to be measured in order to uniquely deterthmerror components (Fig. 10).
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Diagonal measurement Mcasurement of 4 diagonals
Z ‘F Z 4

Laser beam Laser beam

Fig. 10. Diagram showing measurement of diagorgd$ [

A reflector in the form of a possibly large flatmair, which can be tilted sideways
relative to the laser head without misaligning thser system optics, is needed for the
measurement of diagonals by means of the 1D l|ad®. measurement of a diagonal
involves the sequential shifting of the mirror (& the measured diagonal) relative to the
laser beam in directions X, y, z by a valueAaf Ay, Az (Fig. 11). The advantage is that
linear positioning errors, straightness errors asmluareness errors are measured
simultaneously.

Fig. 11. Vector measurement method [36], [39]

In comparison with the direct measurement of diadgrusing the vector method one
can obtain three times more data owing to its nmosiequentially ensuring the acquisition
of displacement measurement results for all therinédiate mirror positions. As a result
of the measurement one gets twelve data sets éifalr diagonals, from which one
determine twelve errors: 3 positioning errors, 3izamtal straightness errors, 3 vertical
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straightness errors and 3 squareness errors. Ndaangrrors can be determined by this
method. The results can be presented in the forrabdés or diagrams.

Using the vector method for a machine tool or ardimate machine with a workspace
of up to 1 m one can measure all the four diagonals in 2-4$10As a result, machine tool
error determination time can be reduced in comparigith the method in which all the
three types of errors are individually determingH This method and the software tools for
determining corrections for machine tool error cemgation are being developed by,
among others, Optodyne Inc. For some controllerg. (Eanuc, Siemens, Giddings and
Lewis), compensation tables are automatically geedr and their application results in
a multiple improvement in accuracy. Moreover, tmsthod is fully compliant with ASME
B5.54 and PN-ISO 230-2. The whole measuring systemportable whereby it can be
applied to many different machines, and machiné aoouracy can be checked in small
plants where it would be uneconomical to purchaseenexpensive equipment for this
purpose [38].

The vector method requires a special laser intemieter with the geometrical
outgoing beam and the returning beam insulated fach other, capable of working with
a flat mirror. The linear measurement accuracyheflaser systems made by Optodyne is 1
ppm.

The main limitations of the vector method are: $h&all range of motions (due to the
size of the mirror) in axes X, y, z, the fact thaly some of the volumetric error components
are taken into account and its low accuracy faydgrositioning errors [32].

5.4. LASER BALL BARS

A laser ball bar (LBB) is a device for evaluatingcehine tool precision through direct
measurements of tool position in the workspacdivel@o the surface of the table. The LBB
consists of a two-stage telescoping tube with prexiballs attached to its ends, and an
optical system which enable the laser measurenfetiteodistance between the two balls
(Fig. 12). The laser head is connected by fibreeagsbles to the LBB.

It is not possible to precisely determine the cowtks of spindle position in the
workspace from measurements of the distance betéreemachine tool worktable and the
spindle tip point. On this basis one can only deiee circular interpolation errors and
squareness errors for the axes active in the t€sts.means that the length of a diagonal
does not explicitly define its orientations in spadherefore a trilateration procedure,
consisting in sequential LBB measurements fromethrases located on the surface of the
worktable (Fig. 13), has been developed [26].

The mutual distances between the three base4;2e1-3 and 2-3, are known thanks
to the calibrated LBB positions whereby when thee¢hedges (L4, L5 and L6) of the
tetrahedron formed in this way have been measwed,can determine the coordinates
of its vertex. The following geometrical relations:
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Fig. 12. Laser ball bar (LBB): a) calibrated pasit [27], b) optical system [26]

linear regression models and the homogeneous tranafion matrix (HTM) model are
used to determine the actual volumetric coordinateg, z of the vertex and to evaluate

measurement uncertainty [8],[26].

L2_L2+ 2
x=mmth g = 125

2L,
df - Lg +cg 12— 12+
y= here: % = ——*—=
2c, where oL 0

Fig. 13. Diagram of coordinate system and trildteraprocedure setup [26]
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Thanks to the trilateration procedure, one can rdete 21 volumetric error
components for each of the three controlled liregs on the basis of spindle position
measurements taken by the LBB. The determined eaimponents cover all the geometric,
elastic and thermal factors having a bearing emtlachine tool error. Thermal factors may
adversely affect evaluations by any method wheniemldemperature stabilization is not
ensured during volumetric error measurements lastveral hours.

5.5.3D LBB

By adding the possibility of measuring two angdésotation of the bar, an instrument
called 3D LBB was obtained. This instrument enatites direct real-time measurement
of spindle tip position. Two rotary laser encodéns measuring the angle of rotation
relative to vertical axis Z and horizontal axis Xdafor linear measurements are used in the
case shown in Fig. 14. The laser is a Doppler suatepact laser (made by Optodyne Co.)
with a system accuracy of up to 1,0 ppm. The ensodave a maximum resolution of 1,0
arc-sec and an accuracy of 1,6 arc-sec [6].

The LaserTRACER-MT (MT: mechanical tracking) systeamade by ETALON (Fig.
14c) is an exemplary commercial implementatiorhefdébove idea. The system can be used
to calibrate small and medium-sized machine todtls their assemblies shifted by up to 1,5
m.

a) Precision ball

; &5 O,
Telescoping tubg 3 X,

/ .‘Reﬂector
R

X

| I Gimbles base mount
Adjustable support

Fig. 14. 3D LBB: a) structure b)3D LBB during mes=ment [6], c) measurement of linear and rotati@mxé
errors by means of ETALON LaserTRACER-MT system][52
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Fig. 15. Transformation of results to Cartesianrdotwte system

Thanks to the three sensors, one for linear meammnts and two for angular
displacement measurements, recording the positicheobar in the spherical coordinate
system, one can easily transform the measuremsuits¢o the Cartesian coordinate system
(Fig. 15). In order to determine the position gfant in the spherical coordinates one needs
to determine the length of radius R and two angtestation:6 and¢.

Also vector bars are based on the above principlg, differ in their method
of measuring the length and the angle or the numbereasured angles (Fig. 16) [33]

a) Vil b)

P

o

‘-tc\_‘_

Fig. 16. Vector bar: a) with separate angle meagwsénsors, b) for measuring five coordinates [33]

The main limitation of the LBB and 3D LBB devices the minimum length of the
telescoping tube, which determines the dead partthef workspace (in which no
measurements can be made) and the maximum sizeheofwbrkspace in which
measurements can be made. The state-of-the-akingadaser systems have no such
limitations.

5.6. TRACKING LASER

The implementation of the tracking laser conceptabge possible thanks to a new
approach to the representation of machine toolr&rrdhe approach consists in the
interferometric measurement of displacements betvae@ference point connected with the
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machine tool base and a moving point (target) coegewith the toolhead or the tool
holder (Fig. 17) [29], whereby the limitations tgal for LBB and 3D LBB devices have
been eliminated.

For each of the three laser positions the machimé performs spindle motions
maximally filling its workspace. In each point t¢fet space grid the axis motions are stopped
and the displacement of the reflector relativehe stationary reference ball is recorded.
Machine tool errors are defined as the differermetsveen the programmed displacements
and the measured ones.

One of the leaders in machine tool geometric adentification and compensation is
the ETALON company. lIts tracking laser (bearing tiaene LaserTRACER) together with
its software was designed in collaboration with $tkglisch-TechnischeBundesanstalt
(Germany) and the National Physical Laboratory (UK)g. 18). The system consists
of a laser interferometer, two drives (for execgtinterferometer horizontal and vertical
motion), an invar environmental impact compensatat a movable reflector.

a)

Fig. 17. Laser tracker in at least three positimmsvorkpiece table: a) tracker positions, b) voltnnerid [29]

The interferometer appropriately controlled by thetors automatically tracks the
position of the moving reflector whereby the distaican be measured at any instant. In this
design the interferometer stem moves in the Cajdiat inside of which a precision ball
(constituting a stationary reference point and #iameously serving as the reference for the
interferometer) is fixed. A cats-eye optical systémith a measurement area limited to
+/-60°) performs the function of the reflector.

The precision of length measurements mainly dependbke precision with which the
reference ball was made. The latter's roundness should not exceed 50 nm [49] in order
to ensure a constant accuracy in the whole opegratinge of the interferometer. Moreover,
the reference ball is mounted on a support madeabérial characterized by a low thermal
expansion coefficient and the laser beam is tramasthvia a fibre-optic cable from a laser
head located outside the interferometer housingin@wo this, thermal effects and the
weight of the instrument’s movable parts have besluced [34]. Also this interferometer
has an environmental impact (temperature, pressumajdity) compensator whereby the
obtained measurements are ten times more predsetkie ones taken by conventional
tracking lasers used in other fields. The manufact(Etalon) estimates the precision at
0,2um for a distance of 0,2 m, andu# for a distance of 5 m.
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Fig. 18. LaserTRACER: a) structure [28], b) scheanaew: (1) tracking interferometer, (2) statiopaeference
sphere, (3) thermally invariant stem supportingrefice sphere [30]

Figure 19 shows a schematic of the optical systénhe interferometer. The laser
beam supplied via a fibre-optic cable is refradigda two-way mirror, some of it passing
directly to a measuring detector and some of ihdpalirected towards the reference ball.
Before it is superimposed on the reference beam,litht beam is redirected towards
a four-quadrant diode [28]. The latter detects fedince in the position between the
reference ball and the reflector. In this way thdomatic reflector position tracking
function is carried out. The four-field detectonststs of four silicon photodiodes separated
from each other by a gap a few teams wide. Each of the detector's areas generates
a separate signal. The laser beam falling on thectta’s surface generates four signals in
the form of photocurrents whose intensity is comsoeate with the given area’s
illumination intensity. When the light beam fallentrally, each of the detector fields is
illuminated with the same intensity and each ofdimes generates the same photocurrent
(Fig. 20). Otherwise, the particular areas aramlhated with different intensity. On this
basis the displacements in the particular axecailated to make the laser beam follow
the reflector movement [1].

4-Quadrant
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Reflector
Driving
control

e
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fibre optics

-«
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-—

Shape deviation ~ Reference sphere
<30nm (stell)
Zan

Fig. 19. Optical system design in LaserTRACER ifigi@meter [28]
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A major advantage of the LaserTracer are its sthalensions (200 mm 220 mmx
220 mm) whereby it can be used to measure the aogwf both medium-sized and large
machine tools.

A l B A - B |
an &
«w IBLLLE
A B C D
c - - Input Signals < : D | Output Signals

Fig. 20. Dependence between detector output sagrhlaser beam position [1]

Calculations during machine tool accuracy measunésrere performed by an external
PC using dedicated TRAC-CAL software [44]. The eefbr fixed to the spindle moves
along a programmed three-dimensional grid, with Is@cond breaks for taking
measurements. The measurement sequence lasts dRR@es for one interferometer
setting [35]. After such a sequence the trackirggras fixed in a new position and the
measurement sequence is repeated. Measuremernive garformed for 3-5 different laser
fixings. The multilateration procedure carried diy TRAC-CAL uses only distance
measurements whereby less precise angular measiseane avoided. After measurements
have been taken in all the planned positions, RAJ-CAL program computes errors for
all the parameters [35]. In addition, the errore presented in the form of measurement
reports whereby one can analyze machine erroretaild The compensation tables have
been adjusted to the controllers capable of fulim®tric compensation (e.g. Siemens 840D
sl, Heidenhaini TNC 530, Fanuc). The processed uteagent data in the form of a file are
read into the controller which computes the comptos values.

In 2010 Etalon introduced and patented a neweloreis¥ TRACK-CAL. Thanks to
the “on the fly” option the measurement time hasrbaeduced and the number
of measuring points has been increased to thremitleanetre [49]. The LaserTracer can be
connected to the control system of the machineetonbasured whereby the measurements
can be smoothly performed without stopping in theasuring points.

The algorithm used for measuring the linear axesbmaapplied to the rotational axes
if the error model is suitably adjusted. The ratasél axis error procedure requires that
measurements should be performed for several amatigns of laser positions (3 positions
— 1, 11, Ill) and reflector positions (4 positiorsl, 2, 3, 4). This is shown in Fig. 21 for the
tilting table of a five-axis machining centre [31].

Errors for the rotational axes are also calculalyd means of multilateration
algorithms, which are also used to evaluate thealiraxes. The kinematic error model must
be adjusted to the motions of the rotational aXé& model proposed in [31] covers all the
geometric errors of the rotational axes, mentiand&0O 230-7.
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Fig. 21. Procedure for rotary axis calibration gsiracking interferometer in three positions (I}-Ahd four
reflector locations (1-4) [31]

Having in mind higher precision in determining tpesition of a point in space,
research on the realization of the multilateratmocedure in accordance with the GPS
(Global Positioning System) principle, i.e. througie use of not one, but several
electronically interconnected transmitters, is unds [25],[44],[58]. The MULTITRACE
system made by ETALON (Fig. 22) has been desigredthis purpose [58]. Such
a solution may substantially reduce test time.

TRACER 2

Fig. 22. Multilateration system MULTITRACE by Etal¢56]

Attempts are also made to replace Lasertrackeremgstwith GPS transmitters.
However, so far no higher measurement accuracy @hasi,0 mm (thousand times lower
than the accuracy obtained using lasers) has hiteneal [43].

5.7. TRACKING LASER WITH ACTIVE TARGET

As part of the project entitled “Volumetric Accuyafor Large Machine Tool” carried
out jointly by Boeing, Siemens, Mag Cincinnati aAdtomated Precision Inc. (API),
a methodology enabling the precise calibrationanfjé multiaxis machine tools in a very
short time (in a matter of hours) has been developespecial tracking laser, called API
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T3, working in tandem with the patented Active TergFig. 23) is used for the
measurements [53].

+360°

Motor 2

+80°

Active 0
Target , -55
Motor 1
Stationary

- T3 Laser Tracker

Fig. 23. Active Target API T3 laser tracker [48]

Active Target devices are new-generation retrocéfls equipped with two drives
whereby they can automatically position themsebsas track the laser beam, preventing it
from being interrupted. The angle of laser beand&mce on the retroreflector can change
at a rate of 5Us. Since the retroreflector can rotate by +/-°3@0ne axis and from +8Qo
-55° in the other axis, only one tracking laser positis required for measuring the
volumetric error. The measurements end when thebeuraf results (a cloud of points)

needed to describe machine tool errors in the wivoldkspace has been recorded (Fig. 24)
[17].
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Fig. 24. Map of volumetric errors in whole machtoel workspace [17]
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Using a CAD machine tool model a software called CVEVolumetric Error
Compensation) creates a kinematic error model aoyexll the linear and rotational axes.
A plan of measurements, avoiding any collisions imatximally filling the machine tool
workspace, is developed on this basis. Represeaté2i00-400) points are determined in
the whole workspace. A preliminary simulation isnrto check whether there are no
collisions and whether the laser beam will not bekbn between the laser and the active
target. As the measurement plan is being carrigdtbea measurement is repeated 30-100
times for each of the planned measuring points taedaverage error is calculated using
statistical methods.

The advanced VEC software processes the measureiai@nin a few minutes. It can
simulate the tool path and graphically display errdue to machine tool inaccuracy. In
addition, it calculates compensation tables for whfferent tool lengths (short, long),
verifies the compensated values and sends thetlglite the machine tool controller.

It takes only a fraction of the time needed by frevious methods for the VEC
software to process the measurement results.

6. OTHER INEXPENSIVE SOLUTIONS

6.1. 3-PSD OPTICAL SYSTEM FOR EVALUATING ACCURACY ©THREE-AXIS MACHINE TOOLS

The currently available measuring systems may Isaitable for atypical (small, very
small and miniature) machine tools not only for remmic reasons, but also for purely
technical reasons (their size). The inexpensive sm@ll measuring laser system for
three-axis machine tools, presented below, inste#athterferometric measurement uses
laser beam direction tracking by position sensitleéectors (PSDSs).
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Fig. 25. Idea of 3-PSD system and experimentalsiitii]
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The system consists of two laser diodes L1 andwa@,laser beam splitters BS 1 and
BS2 and three laser beam tracking PSDs: PSD1, P8id2PSD3 (Fig. 25). The key
difference between this method and the previouskcdbed laser methods lies in the fact
that in the latter methods the target is usuallywimgp while the reference point remains
stationary, whereas in this method all the tar@e&D1, PSD2 and PSD3) are stationary.

The dependencies between the readings from the BB&@Dshe particular volumetric
error components are calculated by an algorithnrmgushe HTM method, taking into
account the configuration of the investigated maehool. The method makes it possible to
determine the total volumetric error, i.e. threedr errors and three angular errors for each
of the axes and three errors of squareness betiveexes.

The resolution for linear measurements is estimate@,5um and at 0,3urad for
angular measurements. The resolution of the lasdedPSD system relative to the machine
tool error values has been found to be sufficid@i.|

6.2. 4-DOF OPTICAL SYSTEM FOR EVALUATING ACCURACY PPRECISION ROTARY TABLES

The conventional techniques used for the calibnatibrotary tables are based on the
reference method in which usually a reference tatitb the Hirth clutch, and a laser
interferometer for angular measurements are udwselc@libration accuracy then depends on
the accuracy of the reference table. In the methossented below [11], the laser
interferometer has been replaced by an inexpenaser diode, a diffraction grating and
two PSDs (Fig. 26). The position of the PSDs () depends on the adopted unit angle
by which the evaluated table is turned each timkel\the set of the two tables is turned by
a unit angle, the reference table turns by theamgle in the opposite direction.

As a result of the rotation of the diffraction gngt one can then observe the
differences between the rotations of the two talbesthe stationary PSDs. For this
measurement concept it is not the positioning aurof the reference table, but the
repeatability of its positions which is importaimhus it can be assumed that

gzrl + ger + gzrs + D]]E_ & + gzrn = 360)

zrm-1
and the target rotary table error is the differelneveen the readings

gzln = gztn - gzrn’
where:g,,,— the first set of angular readings,
n —the number of an interval in a range of 0°360
t — the error of the target rotary table,
r — the error for the reference rotary table.

After two full test revolutions, errors ftre four degrees of freedom of the reference
rotary table and the target rotary table are catedl These are three angular positioning
errors and one linear error. The angle measuremsianility in this system after 4000
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seconds was found to be below\ghile the stability of linear measurements wasobel
1,2pm.
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Fig. 26. 4-DOF measurement system: a) functioredr@dim, b) experimental setup [11]

By increasing the number of PSDs from 2 to 4 onereauce the number of required
measuring points from 720 to 72 for the whole tstl so substantially reduce the time
needed for the evaluation of the accuracy of aydtble.

6.3. R-TEST FOR EVALUATING ACCURACY OF ROTARY AXES

One of the principal methods of checking the aacyraf coordinate measuring
machines (CMMs) is a test consisting in measuringrecision master ball by means
of a probe. The test is included in many intermatlostandards, such as VI/VDE (the V3
test), ASME (the point to point probing test) asDI (the R-test). The aim of the test is to
precisely determine the position of the centre led taster ball during the operation
of CMM drives. The principle of this test has besploited to build simple (in comparison
with the laser systems) measuring devices in whicbe displacement sensors spaced at
every 120 touch the surface of the ball whereby at any msbtae can determine the actual
position of the ball’'s centre relative to the othentrolled axes of the machine tool, reading
coordinates X, y, z. Such systems in different igunations are used to evaluate the
accuracy and degree of preparation of data forctrapensation of machine tools with
rotational and linear axes. An exemplary deviceedasn the R-test principle is shown
in Fig. 27.
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a)

Probe Sensors

Master
ball

Fig. 27. Configurations of devices based on Ryéstiple: a) R-test device made by IBS PrecisiogiBeering [55],
b) functional prototype of R-test device [35], dVI8 device made by Fidia [51]

In the solution, called the R-test, offered by IB&cision Engineering the probe and
three displacement sensors are fixed to the spwtliiée the master ball is fixed to the
machine tool table (Fig. 27). In the other proposehllitions it is the other way round, i.e.
the ball is fixed to the spindle and the probe wvilie sensors is fixed to the table. The
measurement principle in all the three cases resrtam same. There are only differences in
the software for the probes. The IBS Precision &@giing software enables both manual
and automatic measurements and generates NC amd8sefens, Fanuc and Heidenhain
controllers.

The solution, called HMS (Head Measuring Systerffgred by FIDIA is supported
by FIDIA control systems class C and has been dedidor the automatic calibration and
diagnosis of two-turn rotary heads and tilting &sin five-axis machine tools. This device
is managed by a dedicated configuration, measuremeth processing software. After
coupling with a FIDIA class C control system theasring cycle runs automatically for
about 30 minutes. When it ends, calibration witprecision higher than the one achievable
by the traditional methods is carried out. The wafe includes geometric error
compensation functions for the different types @adis and tables. In this way the
positioning errors for the two axes and the permarmentre of a tilting table are
compensated.

The accuracy of measurement by means of the deb&ssd on the R-test principle
ranges from 1,4um for the prototype configuration [36] to Oun for the IBS Precision
Engineering device within a measuring range of eespely 0,5 mm and 1,25 mm [57].
The devices make it possible to check machine geoimetry whenever a need arises and
reduce downtimes connected with machine tool catiitn.
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7. CONCLUSION

The measuring tools and methods discussed in tAperpare dedicated to the
evaluation of the machine tool error through théedeination of its distribution in the
workspace (the volumetric error) and they enabkpeetively: the direct measurement
of the error and its orientation in space, theualton of the error and its orientation on the
basis of the measurements of all or nearly alletvter components, and the determination
of the volumetric error (indirect methods). Thene d@ools/methods considered to be
peculiar and so put under the “other solutionsegaty. A general description of the
devices/methods grouped according to the abovsidivis presented in Table 2.

Table 2. Characteristics of measuring devices/nutlused to determine volumetric error

Device/ Accuracy Setup number Application Time | Cost | Availa
method of bility
measur ement on
system/axes mar ket
type
INDIRECT METHODS
DBB +1,25um/linear linear medium-sized I I Yes
machine tools
KGM +2 um/linear 3l/linear medium-sized I Il Yes
grid machine tools
DIRECT METHODS
1D laser | 0,5ppm/linear 3/linear 3-axis machine| [T {1 Yes
tools
3D laser | +(1+0,25/m)um/straightness | 3/linear 3-axis machine | llI i Yes
+(1+0,1/m) arc-sec/Yaw, Pitch tools
6D laser | %1 arc-sec/Rol 3/linear 3-axis maching| Il [ Yes
tools
Laser — | 1 ppm/linear 1/linear medium-sized 31 Il i No
vector axis machine
method tools
LBB No data 3llinear medium-sized 34 I I No
axis machine
tools
3D LBB | +1 ppm/linear 1/linear/rotary medium-sized Il [ Yes
1,6 arc-sec/rotary multiaxial
machine tools
Tracking | +(0,2+0,3/m)um/linear 3/linear large- and i T Yes
laser medium-sized
multiaxial
machine tools
Tracking | +(0,2+0,3/m)um/linear 1/linear/rotary large- and Il (e Yes
laser with medium-sized
active multiaxial
target machine tools
OTHER
3PSD 10,5 ppm/linear 2/linear small-sized 3-axis Il I No
system | 0,2prad/angular machine tools
4DOF +1,2/linear 1/rotary rotary tables 1 I No
system | +2 yrad/angular
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R-test +0,6um/range-1,25mm 1/linear/rotary medium-sized Il Il Yes
multiaxial
machine tools
LIMITATIONS

DBB Only circular motion, limited bar length
KGM grid Limited diameter of optical grid
1D laser Only linear axes
3D laser Lower accuracy in axes perpendicular s laging measured
Laser — vector Only linear axes, limited extent of motions x,y,z
method
LBB rod Only linear axes, limited telescope lengtbad zone
3D LBB rod Limited telescope length, dead zone
Tracking laser Limited reflector angle of view, dezone,

accuracy of 0,2-gm in range of 0- 5m
Tracking laser accuracy of 0,2-im in range of 0- 5m
with active target
3PSD system Only linear axes, small measuring range
ADOF system Only rotational axes
R-test device For machine tools with rotary heaubrato-tilting tables

The table also shows: the number of settings netdddtermine the volumetric error
for the (small, medium-sized and large) machindstém which the particular measurement
systems are dedicated, exemplary measuring acearand the main limitations. This table
should facilitate making decisions on the choiceaagheasuring tool most suitable for the
evaluation and compensation of machine tool errors.

It does not always make sense to determine theahésbor for the whole machine tool
since this requires expensive measuring hardwaoen fthe economic point of view, it may
be better to use two less expensive accuracy nmegsuethods, one for the linear axes and
the other for the rotational axes.

In many cases, it is enough to employ two indineethods (DBB, KGM), which
make it possible not only to determine a few voltrineerror components, but also to
determine and compensate other kinematic errondradter errors and circular interpolation
errors. For machine tools with rotary tables thethmés based on the R-test are very
promising.

Much is expected of the methods using the statdefart. optoelectronic systems.
But these are methods which are now at the conakgtiage or under laboratory testing.

The choice of a measuring method/tool will always determined by the accuracy
requirements which the machine tool must meetctist of the measuring device, the test
time and the availability of the device on the nedrk

One should bear in mind that because of the duraticaccuracy tests, the geometric
error measurement results always carry a thermat.érhe innovative measuring tools and
methods induce many research centres and manwgetior take the thermal error into

account in their models.
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