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Abstract

This paper introduces a new calibration and meagumachine RedCaM for 6 DOF with minimized trans-
fer error. As a parallel structure it profits fraime fact that sensors errors are not chaining.rétdandancy of
sensors provides better accuracy, self-calibrgtimperty and very good ratio between errors ofipaer sen-
sors and resulting error of end effector positidhiogether it creates a new principle of measuing calibra-
tion. The paper describes results of experimengdsurements with the first prototype of RedCaM toair
comparison with results of simulations.
© 2007 University of West Bohemia. All rights reserved.
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1. Introduction

The demand for precise positioning of modern maehiis a well known fact. However
despite of the high accuracy of manufacturing, gieslimensions are usually not accurate
enough for nonlinear transformations that are usetthe control system. It is necessary to
find out dimensions really manufactured. Direct smeaments of real dimensions are often
impossible, especially in the case of parallelcttrres, and then these have to be computed
using indirect measurements. This process is cabdibration and it is important especially
for parallel machines [2].

Calibration is based on comparison of the real effiector position with position meas-
ured by machine drives. The real position is ugudditermined using external static artefact
e.g ball-bar or ball-plate. Repeated identificatainthe tool position in the whole machine
working space in such way is time-consuming andveoy flexible process. Calibration and
measuring machine RedCaM with 6 DOF can signifigantprove it.

2. RedCaM machine

From the beginning the RedCaM machine was desigaedparallel structure with 6 DOF
and redundant number of sensors. The main requintew&s to minimize the ratio between
resulting spatial error of machine’s end effectod gositioning errors of installed sensors.
Such requirement naturally gives the parallel stmecan advantage over the pure serial struc-
ture with many chained sensors.
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The other property — redundancy of sensors, mdaisthe structure has more sensors
than it is necessary for position determinationn@@yonous measurement by more sensors
replaces repetition of measurements using one sansbincreases measuring accuracy. This
Is important especially when dealing with movingealts because precise repetition of the
motion is not always possible.

The second advantage of redundancy is the selfraéibn property. The demand for
flexibility and the modular system of our machiead to the fact that some parameters, e.g.
position of guidance, length of legs, differ forchaindividual mounting and must be cali-
brated. Due to sensor redundancy this can be ceaputhout need of any external device
just using information of RedCaM’s own sensors. d&bwer the self-calibration can go on
continuously during the standard working cycle leé tmachine and make real-time correc-
tions of machine parameters, e.g. due to heattbals etc.

Three different structural variants of RedCaM (fig.were deeply analyzed in terms of
transfer error, collisions within a working spaaedacalibrability (see next chapter). Finally
the variant with three linear guidances was chdsepractical realisation.

Fig. 1. Structural variants of RedCaM.

The functional model (fig. 2) has three identieagd connected by a platform with three
spherical joints. Each leg consists of a linearpgawith laser measurement, a trolley with two
revolute joints and a rod.

Fig. 2. RedCaM - functional model in laboratoryGill.
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3. Calibration and calibrability

The problem of calibration is based on formulatdrconstraint equations between meas-
ured coordinates in joints and guides,-dimensions of the mechanisnd-and end effector
position —v

f(d,s v) =0. (1)

Calibration algorithm [5], [3] uses Newton’s methmdified for the overdetermined sys-
tems of nonlinear algebraic equations (more eguoattban unknown variablesmore posi-
tions than unknown machine dimensions). Dimensadrtie machine d are the same (con-
stant) for all positions but their real values eliffrom design valuesd. The solution of cali-
bration problem is derived from the Taylor seri€§19

f(d,s,v)+J,0d+Jds+J,dv=0, 2)

wherelq is the matrix of partial derivatives of the (1)tivrespect to calibrated dimensiahs
analogouslys , J, are matrices of partial derivatives with respect andv.
Hence

J,0d=-30s-3,dv-f(d,sv)=dr (3)
and within the i-th iteration step there are coregubllowing dimension corrections
A, =3y, ) 3y s (4)
New values of dimensions are then computed as
d, =d +dd. (5)

This calibration process produces unique solutrtiie given data included variations in
initial guesses of parameters — dimensions. Negkyss during the practical calibration of
different machine tools [6], [7], [8] it has beesuhd out that parameters determined from dif-
ferent sets of calibration measurements vary sgamnfly. The cause of this phenomenon is an
interaction of inferior conditionality of linear siems solved during iterations of Newton’s
method, measurement errors and errors of modellifitapions regarding the real machine.
Consequently it is very useful to acquire a dedpsght into relations between the parameter
space and the space of calibration results. Basdtiis the concept of the calibrability was
introduced [10]. Similar measures have been digugs [1], [4], [11], however the novelty
is the design usage of it. The calibrability isidefl as

C=condJ,"J,). (6)

The smaller value of calibrabilit¢ the more accurate determination of unknown rehl va
ues of the manufactured dimensiahand the more accurate determination of the output
ordinatess, i.e. smaller resulting measurement errors.

4. Simulation experiments

Prior the real measurements simulation experimemete carried out. These experiments
were focused especially on the transfer error. gieeise data from simulated sensors were
modified by randomly added error within the accyrat real sensors. Simulated statistical
distribution of errors is shown in fig. 3.
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Fig. 3. Simulation results.

The distribution of simulated errors reflects thetfthat measurements of translations us-
ing lasers are significantly more accurate thansuesaments of rotations using roughly scaled
angular sensors.

The resulting error of RedCaM'’s end effector iswghdn fig. 3. Note that the ratio of
transfer error is max. 1:1. It means that the tesylerrors are equal or even better than the
largest error of each particular sensor.

5. Real experiments

5.1. Measurements with 9 sensors

The measurements with prototype model of RedCaMewarried out in the laboratory of
the Czech Metrological Institute. The contact meagumachine SIP CMM 5 was used as a
reference. The RedCaM was equipped with laserfertameters RENISHAW for length
measurements and rotational sensors LARM IRC 32 %0 000 increments per revolute.
The accuracy of sensors corresponds to simulatioms.resulting error of end effector posi-
tion is shown in fig. 4.

The accuracy of end effector position in space1§2m. That exactly matches the accu-
racy of sensors used and so the ratio of transfer & 1:1. Even more important is the fact
that results precisely correspond to the simulation
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Final error distribution of end effector position
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Fig. 4. Measurement with 9 sensors.

5.2. Measurements with 7 sensors

In previous experiment we take account of the mi@tion from all 9 sensors of RedCaM.
It is possible to decrease number of redundancyuaedonly 8 or 7 of them. While the ma-
chine has 6 DOF with 7 sensors it is still redunidamd has all the properties mentioned in
chapter 2. But the results are much worse and-dmsfer error ratio is about 6:1, see fig. 5.

Final error distribution of end effector position
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Fig. 5. Measurement with 7 sensors.

The lower number of redundancy caused worse céililiya Estimations for the start of

Newton’s method had to be more precise and evdrttibaesults did not reach the quality of
results taken from 9 sensors.
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6. Conclusion

The calibration and measuring machine RedCaM willO& was briefly introduced with
the first results of its functional model. Experime proved very good ratio between errors of
particular sensors and resulting error of end &ffepositioning. Very good correlation be-
tween the simulation and experiments was provesledls The patent pending of the principle
and machine is in progress [9[he first experiments have been realized with fiomet
model equipped with rotational sensors of loweruaacy. Now the more precise version of
RedCaM is being prepared. Nevertheless the prihecgmult is the above mentioned very
good error transmission ratio. This is the restifemsor redundancy and parameter optimiza-
tion of mechanism considering calibrability as dojective function. The calibrability is be-
coming an important design criterion for machinel$ovith parallel kinematical structure.

Acknowledgement

The authors appreciate the support by the projstR 1QS201200506.

References

[1] A. Nahvi, J.M. Hollerbach, The noise amplificatiordex for optimal pose selection in robot calibwati
Proc. of IEEE Int. Conf. on Robotics and Automati®®96, pp. 647-654.

[2] R. Neugebauer (ed.), Parallel Kinematic MachinesR@search and Practice - Proceedings of the 4th
Chemnitz Parallel Kinematics Seminar PKS 2004, I""HG, Chemnitz 2004.

[8] F. Petfi, M. ValaSek, Concept, Design and Evaluated Prazerdi TRIJOINT 900H, R. Neugebauer,
(ed.), Parallel Kinematic Machines in Research Rrattice, Zwickau, Verlag Wissenschaftliche Scripten
2004, pp. 739-744.

[4] A. Rauf, J. Ryu, Fully autonomous calibration ofglkel manipulators by imposing position constraint
Proc. of IEEE Int. Conf. on Robotics and Automatip®01, pp. 2389-2394.

[5] G. Stengele, Cross Hueller Specht Xperimental, ehmang center with new hybrid kinematics, Neuge-
bauer, R. (ed.), Development methods and applicatixperience of parallel kinematics, IWU FhG,
Chemnitz 2002, pp. 609-627.

[6] M. ValaSek, Z. Sika, J. Stembera, Non-redundantraddndant calibration methods of machine centre
with parallel kinematics TRIJOINT 900 H, Proceeding8rd International Workshop on CMM Calibra-
tion in Prague, Czech Metrology Institute, Prag0@3 pp. 45-51.

[7] M. ValaSek, Z. Sika, J. Stembera, PKM CalibratignRedundant Measurements, R. Neugebauer (ed.),
Parallel Kinematic Machines in Research and PracHwickau, Verlag Wissenschaftliche Scripten, 2004
pp. 739-744.

[8] M. Valasek, Z. Sika, J. Stembera, M. Stefan, Oa-IBalibration of Sliding Star, Engineering Mechan-
ics 12 (3) (2005), 171-178.

[9] M. ValaSek et al., Method and Device for Measuren@erd/or Calibration of Body Position in Space,
PV2006-9, Patent application.

[10] M. Valasek, Z. Sika, V. Hamrle, From Dexterity toliBeability of Parallel Kinematical Structures, h2t
IFToMM World Congress, Besancon (France), 2007.

[11] H. Zhuang, Self-calibration of parallel mechanisnithva case study on Stewart platforms, IEEE Trans.
On Robotics and Automation 13 (3) (1997), 387-397.

392



