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Abstract: following, the volumetric compensation and the estatt the

__The demand on the precision of machine tools &d#te 51t methods are described. Based on that, theipignaf the
increasing. In this context, the intrinsic accuraaly the L
M-GPS system is discussed.

machine tools is no longer sufficient. Nowadaysunmtric
compensation is applied to minimize the errorshef tool
center point.

This paper presents a new, flexible, high precision 2. VOLUMETRIC COMPENSATION
coordinate measurement system which also offerseat g
automation potential. Its principle is based on tedtight ; : ; :
interferometrril. The syster% megsures the distantwglae For _the volumetric compensaﬂp n a dlsc_rete, rerg_gglimzl
an emitter and minimum three reflectors. The positf the ©Of positions of the tool center point (TCP) is gedgyith a
emitter with respect to the reflectors is determdinda  very precise coordinate measurement system (CMBg. T

multilateration. Therefore, environmental condisareed to  results of the CMS are compared with the programgréti
be measured and effects like thermal expansion teé&®  5nq for each position an error vector is transtere the

compensated by software. The mathematical and gqddysi : : : i
models for this compensation have been developetl aﬁngchlne control via the mterfa_lce. Between _the . the
applied to the system. grid, the error compensation vector is vyielded by

Measurements were done under workshop conditionsterpolation. To minimize errors due to the integtion,
and the results show that the precision of u-GP$esyis the grid spacing must have an appropriate sizeceSin
comparable to nowadays measurement systems which gfecreasing the grid spacing increases the measnteime,

used for machine calibrations. Additionally the P% T . :
system allows a high precision 3-dimensional defteation 2 tradeoff has to be made. To minimize the idleetand the

of the position. The calibration process can beedfuily ~ Vvariation of the environmental conditions, the Cl&s to
automated which is completely new in this kind ofbe fast enough. In principle this compensation ¢en
applications. performed for more than one temperature to accéomt
temperature variations that usually occur over akday.
Keywords: Intelligent measurement, Coordinate MeasureHowever, this takes an enormous amount of time. SEhie-
ment, Volumetric Compensation, Interferometry of-the-art methods perform the volumetric compensat

will be presented in the following.

1. INTRODUCTION

) ) ) ) 3. CONVENTIONAL SYSTEMS
Nowadays many devices in our everyday life arerddsi

to become more compact and at the same time more o the certification of a machine tool the lingaof the
efficient and longer lasting. Manufacturing of sudvices single axis and the squareness of all pairs of akeften
requires high quality production process and beloihthat  measured with the aid of a standard, e.g. a gragjtare.
very high precision machine tools or industrialotsh However, the alignment of the reference and the
As a base of the machine tools the linear axehi@e measurement of the distance to the reference vitiah
machines need to be highly accurate. However, taeigion gauge take a lot of time and are very elaborate @uthe
of the machine is much worse as the single lingas @ue gjze and weight of the standard, this method carmeot
to errors in the assembly of the different compésieAs @ gpplied in the whole working volume. On the othanth the

result e.g. the squareness might be not fulfilledintrinsic errors of the standard and dial gaugek Ithe
Furthermore, the environmental parameters like &atpre  precision for volumetric calibration.

deformation of the machine tool and length errarstie  These systems, especially Laser Trackers and Taseers
linear drive system. determine the length based on laser interferométryaser
For high precision manufacturing it is necessary torracker system measures one distance and two atgkes
compensate these errors as far as possible. THeodef  so_called target to determine the targets cooreiiraspace.
choice is the so-called volumetric compensatio@][lin the  The length measurement of a laser interferometierof
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very high precision whereas the angle measurenzaks|
precision especially for long distances. To compangor
the inaccurate angle measurement, the Laser TeystEm
measures only distances to determine the posifioerefore
the distance to the target is measured from foffereént
positions. This can either be done with four Labexcers at
the same time or using only one Laser Tracer araboreng
four times consecutively. From the determined dists the
coordinate can be evaluated by multilateration ésee 4.3).
However, also working with these systems bringsglo
some disadvantages. First of all, the acquisitisnquite
expensive and hence problematic for small compamhes
all Laser Trackers feature an absolute distancesunement

4.2 Working Principle

The system is based on white-light interferomeTilyis
principle employs a light source with a small bavidth of
about AA =100 nm and a small coherence length
{ <100 um. In the whole-fiber-based setup, thetligtsplit
into two beams of which one is guided to the refeecarm
of the interferometer and the other to the measentrarm
(see figure 1). The used beam splitter is asymmadirithe
system it is favorable to couple 90% of the lightthe
emitter since a lens system couples the light ¢e &pace
with a total opening angle of 60°. The light isleefed by
minimum three cat's-eye retro-reflectors with acegtance
angle of about 60°. The reflected signal is coupied the

(ADM). In this case the length determination worksfiher by the lens system which also serves as @ivecand

incrementally which means that the disruption af thser
beam results in the loss of the fringe count aredcthmplete
measurement has to be repeated. Additionally tHeneted

is guided back to the beam splitter.
The other 10% of the signal of the light source@reled
to the reference arm where the beam stays collondte

laser beam favors a disruption of the beam. Alse thcontains basically a moveable mirror, i.e. a refeeerun.

accuracy at smaller distances is not high enoughusing
the Laser Tracker systems to compensate and dalibrg.
machine tools in. Finally none of these systemewallan

Both the light reflected in the measuring arm andthe
reference arm are superimposed at the beam spdittér
guided to a photo diode. Due to the short coherédgmgth

automated calibration process in the time consumingn interference signal is only detected at the litade if

machine acceptance phase.

4. p-GPS SYSTEM

4.1 History

The u-GPS system was developed within the context
ACCOMAT project of the Federal Ministry of Educatio

and Research (BMBF). The original idea was to ume t

system as measurement system of linear axes fohingac

the optical path in the measurement arm and referanm
is the same. The length is read out with microolg®n at
a glass scale in the reference arm. Note that éfexence
arm is placed in an extra compartment within thatm
unit which is decoupled from the rest of the elagits and
thermally stabilized and vibration damped to gutgaran
@ccurate length measurement.

4.3 Position Measurement
The small emitter is usually placed at or closéheoTCP

tools. As a result of the ACCOMAT project it Was of the machine tool and thus at the point of irger@he

determined that principle of the u-GPS works reyiatut
the system allows just high accuracy at low measarg

reference base can be placed freely in the workoigme
of the machine. Both the emitter und the referdmrse are

rates. However machine tools require measuremess ra connected with control unit by armored cables adbers,
around 10 kHz which could be not realized with PSGP regpectively.

system. In a following project a new applicationtbé -
GPS was analyzed [3]. The intention was to usesyistem
for applications where low measurement rates can
accepted. This is the calibration of machine toabpots or

Similar to the global GPS system where the positbn
an object on the earth surface is determined leetbr more
beatellites, the position of the emitter with regpéx the
reference base can be determined by the measwsteahahs

automated systems. Based on this work the u-GP&pt iz trilateration.

GmbH was founded as a spin off in 2007 to adapsyistem
for the industrial market.

W hite-light
source

wLe juswainses|y

Reference base

Photodiode == '
Linear axis with glass scale

UA__ AM_
Fig 1: Working principle of the u-GPS syétem.

Wwie asusleey

(x-U)® + (y-w)* + (z-w)® = L? )
Wherex, y, z are the coordinates of the emitter andv;
and w, are the coordinates of thiéh retro-reflector. The
quantitiesL; denote the geometrical distance betweeritthe
reflector and the emitter. With three reflectore fhosition
can be determined. Of course more than three teflecan
be used. In that case, the position can be detedmimore
accurately and the overestimated system of equatisn
solved using an iterative least square algorithrth wi
estimated positions [4]. In principle it is alsosgible to
determine the orientation at the TCP. Therefore,system
has to be modified to measure with three emitter thinee

reflectors.

of
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4.4 Measure to increase the accuracy of the u-GPS determination of the environmental parameters and on the

Over the last years the u-GPS Optics GmbH worked
continuously on increasing the accuracy.

Considerable work has been done on the signal
evaluation. Filters were improved to enhance the signal-to-
noise ratio (SNR). For the evaluation of the signal position a
convolution method showed best results. Here, a pattern g(x)
is moved over the measured signal f{z) and the convolution
integral is calculated.

(f*9) = f f@g@—x)de 2

If pattern and signal are on top of each other the integral
has its maximum and the position is found. This method is
advantageous because even a very weak signal can be found
since the shape of the peak plays an important role.

It is important to note the length L; read from the glass
scale is the optical length P,,. This quantity contains the
refractive indices of the different media the light passes, i.e.
the cat’s-eye retro-reflectors n, and air n,. The length does
not coincide with the geometrical distance L which is
needed for the multilateration. The deduction of geometrical
length from the optical length is crucial for the accuracy of
the system. The geometrical relation which as the basis of
all calculations is:

Popt = J (L+R)(L+72/R)(L +n2R/n2)/L )

Here, R and r denote the radii of the large and the small
hemisphere of the cat’s-eye retro-reflector, respectively.
Note, that this equation has to be solved numerically.

As mentioned in section 4.2, P,,, is determined with pm
resolution. Hence, the precision of L; and by association the
coordinate is mostly determined by the accuracy of the
values n,, ng, R and r since their exact values depend on the
environmental conditions. Whereas a lot of research was
done on the refractive index of air, (see for example [5]) the
behavior of the other materials is not studied so well. The
uncertainty in the exact temperature behavior of n, leads to
an uncertainty in the L; up to a few micrometers. The radii of
the hemispheres can be determined very precisely by
coordinate measurement machines (CMM). However, these
precise values are only valid close to the calibration
temperature of the CMM. Away from this temperature, the
accuracy of R and r depends on the precision of the
temperature measurement and on the knowledge of the
linear expansion coefficient a. Since o of the order of
10 1/K the resulting uncertainty in L is about 1 um. For the
determination of the coordinates the position of the cat’s-eye
reflectors with respect to each other is needed. They are
determined also by a CMM with micrometer precision.
Since they are mounted in a common invar frame, their
relative position does not depend on temperature. Taken
together the uncertainties in the geometrical path lengths
result in an uncertainty of the 3D coordinate of about 10 pm.

Therefore, major work was done on the precise

deduction of the geometric length. On the one hand the
algorithms for the calculation of the wavelength and
temperature dependent refractive index of the optics and the
calculation of the geometrical length were revised. Number
and placement of all sensors for environmental parameters
were also reconsidered. Hereby, the arrangement of the
sensors is chosen so that not only the temperature but also
temperature gradients in the measurement or reference arm
can be detected which, to our knowledge, does not exist in
other CMS. Thermal expansion is also crucial for the
deduction of the geometrical length. Here, improvements
were made on the construction of emitter and reference base.
Important parts which contain the sensible optics are made
of invar, which has almost no thermal expansion at room
temperature [6]. For the other parts less dense materials
were used to reduce the overall weight. Thereby special
consideration was given to ensure that no stress occurs at the
optical elements. Additionally the thermal stabilization of
the compartment which contains the light source and the
reference arm were improved.

Further improvements were made to increase the
measurement speed. The data rate has been increased from
2 MHz to 7 MHz. Therefore, the speed of the linear axis
could be increased by a factor of three.

Is the approximate position of the emitter known, the
interference signals can be always assigned to the particular
reflectors. The aim is to import the path of the machine tool
to the p-GPS software. In this case the measurement can be
completely automated. At the same time the measurement
speed can in principle be improved considerably in the way
that the skid does not have to move over the whole axis
every time but only a small part since the approximate
position of the signal is known.

The system offers many more advantages:

The divergent light cone and optimized size of the cat’s-
eye retro-reflectors make the system capable of working in
production environment since the system is largely
insensitive to interference arising from filings or coolants.

s — ’
Fig. 2: Mounting of the pu-GPS system on the Mikromat
4S milling machine.

The length measurements are absolute, hence even the
loss of one distance will only result in loss of one
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coordinate. In this case the
remeasures the lost position.

Both the emitter and the reference base which contains
the reflectors are easy to handle, thus the integration time is
reduced considerably. In all measurements up to now the
installation of the system has never taken more than 30
minutes. Figure 2 shows the mounting of the p-GPS system
on a Mikromat 4S milling machine (see sec. 5).

By the size, distance and number of the retro-reflectors
the reference base can be customized according to
measurement speed, precision or the size of the working

software automatically

6. SUMMARY AND OUTLOOK

The p-GPS system based on white-light interferometry
shows already promising results. A big advantage is the easy
implementation and handling of the system associated with
the reduced idle time of the machine tool. The system offers
a fast, absolute and, contactless determination of the 3-
dimensional coordinates in space. Thereby, precision,
measurement speed and working volume can be optimized
according to the task. The implementation of path traveled
by the machine tool into the u-GPS software offers also a

volume. great automation potential. Sensors to measure the
environmental conditions are integrated by default and the
associated effects are compensated by the software.
Currently the p-GPS Optics GmbH builds up a second
generation of the system based on all experience collected
Recent measurements under workshop conditions wese far. The hardware and software are optimized for
carried out on two different machines. First maehivas a measurement speed as well as precision. Desired is to
precision milling machine Mikromat 4S. The machimas measure one coordinate each second with a spatial accuracy
programmed to scan a grid. At each position thedinate of +3 pm. Additional the software is modified for the
was measured three times. The system measuredmmunication with the control of the machine tool. This
continuously for 16 hours without supervision. Themeans the u-GPS is the first system on market that allows a
measurement yielded about 2000 data values at @&. 5fully automated calibration process for machine tools by a
positions. Figure 3 shows the measured positionsal(s free programmable path and an automated volumetric
dots). The hemispheres on the left side denotedsi#ion compensation procedure.
of the retro-reflectors and the cone denotes theking
volume of the p-GPS system. Due to the position
uncertainty of 8 um of the Mikromat 4S, the datatluf
measurement was used to create a calibration amdair
the p-GPS system to reduce the residual errors.

5. RECENT RESULTS
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Fig. 3: Visualized measured coordinates at the Milat 3
4S. The cone denotes the working volume of the 5GP
system.

Employing this calibration function, the u-GPS syst
was mounted on the Hexabend machine [7]. However,
parallel kinematics does not possess the same agcas  [5]
serial kinematics. Thus parallel kinematics needsbé
thoroughly calibrated. For this measurement the RSG [6]
system and a Faro Laser Tracker were deployed. Twd]
distinct lines along the z-axis of the Hexabend ewer
measured and the results of the p-GPS system andatto
Laser Tracker were compared. It shows that bothltes
agree well within their errors.



