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A parametric model for compensation of the temperature dependent geometry of a coordinate measuring machine. J.-P. Kruth, P. Vanherck, C. Van den Bergh, B. Schacht Division PMA Katholieke Universiteit Leuven Celestijnenlaan 300B B-3001 Heverlee [email protected] The use of coordinate measuring machines in the workshop requires the management of the machine’s thermal behaviour. Non-standardised environment conditions result in temperature dependent measurement errors. An indirect compensation approach based on a parametric model is developed as an alternative to the more common non-parametric solutions. The hardware requirements for the set up are very limited as the machine itself is used to monitor the temperature dependent relative displacements between the worktable and the probe. The model uses eleven different temperature inputs. The compensation corrects for both steady-state and transient temperature conditions. The maximum error after correction is 6µm which means a reduction of about 80% in the predominant axis.



ABSTRACT.



Pour utiliser les machines à mesurer tridimensionnelles directement sur site industriel, il est nécessaire de maîtriser leur comportement thermique. De l’utilisation de ces machines en milieu non protégé résultent en effet, des erreurs de mesures dépendantes des variations de température ambiante. Dans cet article, une approche de compensation indirecte fondée sur un modèle paramétrique est proposée comme une alternative intéressante aux solutions non paramétriques plus connues. Le matériel nécessaire à la mise en œuvre de cette approche est très restreint puisque la machine elle-même est utilisée pour mesurer les déplacements entre le palpeur et la base qui résultent des écarts de température. Le modèle utilise onze mesures différentes de la température. La compensation opère sur les états stables et transitoires de la variation de celle-ci. L’erreur maximale obtenue après compensation est de six microns ce qui correspond à une réduction de 80 % des erreurs sur l’axe principal de la machine.
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1. Introduction Machine builders find themselves in a continuously changing market, in which they are facing ever rising quality demands. This, in combination with the trend towards more flexible production systems results in an increasing demand for quality control on the shop floor. Normally, dimension verification of a product should be done in a controlled environment, under standard conditions. Standards dictate a stable temperature level of 20◦ C [ans95, iso98] for measurement. Geometrical dimensions on technical drawings always refer to this 20◦ C. Thus when performing quality control in a workshop, errors are introduced by the reigning environmental conditions through the thermal deformations of both the measuring device and the workpiece. Breyer and Pressel give the use of an encapsulation with temperature control as a possible solution [BRE 91]. According to Bryan a good thermal design of the measuring device combined with a software compensation to eliminate the remaining thermal errors is the best approach [BRY 64, BRY 90]. Such a compensation corrects the measured coordinates based on the thermal behaviour of the structure of the coordinate measuring machine (CMM). Weck [MCK 95] makes a distinction between direct and indirect methods. Direct compensation means that the deformations resulting from a thermal drift are actually measured on-line. Indirect compensation involves a model that predicts the deformations based on thermometer values. The research for thermal compensation on CMM started in the mid-eighties. In 1985 Zhang presented a method to compensate a CMM’s geometrical errors and to eliminate the temperature effects [ZHA 85]. The workpiece was treated as a rigid body that moves within the measurement volume. Kinematic equations were used. Good results were obtained under uniform temperatures, but not for spatial temperature gradients. Balsamo, Marques and Sartori presented a thermal model that used a total of 100 Pt100 sensors. An improvement of 80% was achieved within extreme thermal loads [BAL 90]. They pointed out that a good thermal design is necessary to achieve these results. Other researchers presented a model which uses only 47 thermometers [CRE 91]. Here the results were good under near steady-state conditions, but strong temperature variations lead to significant prediction errors. Most thermal deformation research on CMM resulted in a good correction of the temperature dependent measurement errors under near steady-state conditions. Temperature variations prove to be difficult to deal with. Traditionally researchers try to use non-parametric models to obtain the link between temperature and probe tip displacement. The number of sensors used by the various researchers is too high for an industrial implementation. This paper presents a thermal compensation model that can cope with large — but realistic — temperature variations while using a limited number of temperature inputs. An indirect compensation approach based on a parametric model is presented as an alternative to the more common non-parametric solutions.
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The goal is to compose a thermal correction system with as few temperature sensors as possible, since a large number of sensors places a severe mortgage on the industrial implementation of the system. Possible problems involve the robustness of the system and the costs.



2. The 3D coordinate measuring machine For this research a medium sized CMM was made available. It is basically a moving bridge construction [ans95]. Figure 1 gives a sketch of the structure. The machine is composed of different materials. The X-axis is a granite guide which is attached to the granite worktable. A steel bridge construction forms the bases for the Y-axis. An aluminium saddle allows the aluminium Z-axis to move vertically and horizontally on the bridge. The linear scales are mounted with two end-clamps on the guides which ensures that they expand and shrink together with the guides.



Figure 1. Principle sketch of the CMM under consideration. The CMM has a work volume of 1.6 ∗ 1.0 ∗ 0.8 m3 . The specified accuracy is L µm at 20 ± 1◦C with length L in mm. Temperature variations must u3 = 5 + 5 ∗ 1000 be limited to a maximum of 0.5◦ C/hour according to the manufacturers specifications. The measurement probe has a switching accuracy of 0,5 µm and was put in the basic vertical position.
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3. Creating a parametric model



Temperature dependent measurement errors are the result of a change of the geometry of the workpiece and the CMM. This paper discusses the errors resulting from the CMM changes, which have a complex nature (see below) as opposed to the changes in workpiece geometry. Workpiece variations may be easily compensated by assuming an isotropic linear expansion which is valid for most workpieces and conditions (simpler shape, smaller volume, uniform material, etc . . . ). The goal is to find a parametric model that describes a causal relation between the temperature distribution of the CMM and the resulting probe displacement. In this research the link between both is based on equations with physical and measurable parameters. The CMM under investigation is for the larger part constructed with thin, long parts. Almost all thermal effects can be described by a series of linear expansion equations. Based on the expansion coefficient (α) and the length of a machine element at 20◦ C (L20 ), the length (LT ) at a temperature level T the expansion (LT − L20 ) can be determined as in equation 1. LT − L20 = L20 · α · (T − 20)



[1]



Fundamental for obtaining a thermal model is the repeatability of the deformations. Thus, it is necessary that every machine element can expand freely from its thermal stable point. This is a point on an element of which the position relative to the previous element in the CMM structure does not vary during a thermal load cycle. These points form the references in describing the displacement of the probe relative to the machine base. They link the different deformation equations. The manufacturer can simplify the required thermal model by pre-determining the thermal movement of the different elements by selecting appropriate constraints in the design phase. The parameters in the model can be taken — measured — from the machine itself. For equation 1 the parameter L20 needs only to be identified to the nearest cm. For a steel element a deviation of a cm only results on an additional error of 1,2µm under a temperature variation of 10◦ C. This is important as it allows to calculate the unknown factor L20 out of LT , as done in equation 2. LT − L20 ≈ LT · α · (T − 20)



[2]



Starting from the expansion of the individual machine elements the deformation of the entire CMM can be described. Superposition of the equations then leads to a parametric model that can be used to calculate the thermal deformation of the machine along each axis. The measuring error is the opposite of the thermal deformation as figure 2 illustrates. An expansion of the reference of 2µm, results in a measurement error of -2µm on a thermally stable workpiece (α = 0µm/m·◦C).
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Figure 2. A thermal deformation of a scale or measuring machine results in a measurement error.



4. Measurement of the temperature distribution



Accurate temperature measurements are essential for this research. A series of NTC thermistors are used as thermometers for the test set-up. In combination with the selected measurement devices, a resolution of 0,01◦C and an absolute accuracy of 0,1◦ C are obtained. This is sufficient for the CMM and thermal model under consideration. For this research eleven thermistors are used to monitor the temperature distribution of the machine structure. The sensors are shielded from environmental influences by a means of rubber-like insulation mounted with reflective aluminium tape. Thermal conductive paste ensures the thermal connection of the sensors to the machine surface. In addition to the eleven sensors on the machine, one sensor monitors the environmental temperature and one can be placed on the workpiece. Figure 1 indicates the selected thermometer locations. One sensor is placed near each scale end. Sensors are placed on both legs of the bridge structure. The temperature of the saddle structure is monitored, as well as the granite worktable.
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5. Determining the expansion coefficients When using a parametric model to calculate temperature depending effects, it is necessary to know the different thermal expansion coefficients (α) involved in the deformation process. The scales’ fixturing ensures that these expand and shrink together with the material they are mounted on. During the study of the thermal behaviour of the CMM, a large amount of tests were done with a laser interferometer at different temperature levels. Based on these data the α for the individual scales can be calculated. Of course, expansion coefficients of different materials can also be found in literature. Generally literature only provides α values for similar material types and even those are only known with a ±10% error margin. Table 1 indicates that the measured values correspond with the listed ones. Table 1. The expansion coefficients for the scales. µm Axis Material α in literature [ m· ◦C ] X Granite 7.0 Y Steel 12.0 Z Aluminium 23.2



µm α measured [ m· ◦C ] 6.8 ± 3.6 12.3 ± 0.4 21.0 ± 1.6



The measured coefficients are used in the physical equations of the model. However, using the values obtained through literature leads to comparable results. The additional errors are limited to a few µm.



6. Measurement of the deformations of the CMM The thermal displacements of the probe are monitored by means of a set of probe calibration spheres mounted on the work table. Figure 3 depicts an example of such a set up. The middle point of each sphere is determined consecutively in a sequential loop. When the temperature varies the coordinates change. The analyses of this data enables the study of the machine behaviour. The approach as described above has some important advantages. – The measurements are performed by the CMM itself, without need for additional equipment. All error sources that significantly influence the machine are recorded. The test corresponds to the machine operation. The relative drift of the probe with respect to the worktable is examined. – Test results at different locations are obtained. Comparing the results provides a surplus to the information when identifying the machine behaviour. – The middle point of each sphere is determined through a combination of measurements spread over the object’s surface. This increases the repeatability in comparison with single point measurements.
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Figure 3. Test set up based on probe calibration spheres. – The cost of this approach is very low, thus reducing the barriers to start an investigation. Figure 4 shows one of the results obtained with the described experiment. The deformation mechanisms can be distilled out of the different displacement curves. Mainly these consist of a combination of expansion of the granite base, the bridge structure elements, the saddle and the Z-axis. The temperature dependent measurement error is the result of all these deformations.



7. Machine compensation A thermal model is composed to predict measurement errors and compensate for them. The compensation is temperature and location dependent, i.e. the expansion calculation of each machine element (see equation 2) accounts for linear temperature gradients along the element, for instance, along the scales. The CMM’s temperature distribution is continuously monitored during the actual measurements by reading out the eleven thermistors. The measured coordinates give information concerning the LT values for each scale. Based on the temperature readings and the coordinates a correction term is calculated. Next the coordinates can be corrected and shown on the screen or saved to a file. The developed parametric model is based on physical expansion equations and can deal with the transient effects that occur during temperature variations. A uniform temperature transition of the environment can lead to non-uniform temperature distributions in the machine structure due to difference in the thermal time constant of the individual elements. Figure 5 illustrates what can happen during such a transition phase. The left leg of the bridge structure is constructed lighter — the reduced weight
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Figure 4. Displacement of the Y coordinate (top) through a temperature variation (bottom). results in better dynamic CMM properties — than the right leg and as a consequence has a smaller thermal time constant resulting in faster initial heating. Hence, during a uniform temperature change of the environment, the legs can temporary be of different length, which results in a transient measurement error in Y caused by the inclination β of the horizontal bridge element.The expansion model for the Y-direction is therefore composed of a combination of individual thermal deformations. The local elongation of the axis at each Y value is combined with other effects, e.g. the influence of the inclination β. When given enough time, both legs will eventually reach a stable temperature level corresponding to the environmental temperature. Both elements will again be of equal length and the transient inclination effect will be gone. Such transient behaviour, yielding a local deformation overshoot, can also be seen in the deformation in the X-direction (see fig. 6) at the beginning of a temperature level variation. The measured X-axis deformation is a result of an expansion of an element with a low thermal inertia in one direction, that is counteracted by an elongation of an element with a high thermal inertia in the kinematic chain from scale to probe.



8. Obtained results Figure 6 shows some of the results obtained with the developed correction method. A temperature variation of 3◦ C was imposed for this test, with a gradient of maximal
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Figure 5. Transient machine behaviour dependent on thermal time constant. 3◦ C/hour (top of figure 6). The measured deviations are shown for each individual axis. The dotted lines give the deviations that remain after the thermal compensation is applied. The graphs of figure 6 show a significant reduction for all 3 coordinates. The maximum Y value is reduced from 25µm to 5µm. For the Z direction the original measurement error has a maximal value of 35µm. After correction the maximum error is limited to 6µm. The X-curve is much smoother with compensation, the maximum error is reduced to 3µm for the thermal load under consideration. The odd shape of the measured data graph is caused by a combination of two deformation mechanisms counteracting each other with a different time constant. In a workshop normal temperature variations are limited to 1◦ C/hour. The thermal correction can easily deal with transient temperature conditions beyond this.



9. Additional possiblities of the developed approach The developed approach can be used beyond the framework of a basic thermal correction scheme. It allows to perform the error-mapping — i.e. the geometrical calibration — of the CMM at a non-standard temperature level, for example: the average temperature level in the workshop. The geometrical correction then lets the CMM measure correctly at the temperature at which it is mostly used, the thermal compensation performs additional corrections when the temperature deviates from the calibration temperature Tc . This is beneficial because in most cases the conditions in which the error-mapping is done are far from ideal. Temperature gradients over a scale are an example of a situation in which the standard approaches fail. The basic



10



1re soumission à ISMTP 2000.



Figure 6. Compensation results.



requirements for the proposed procedure include: – a steady temperature distribution, thus limited temperature variations during the actual calibration process, – the measurement equipment itself, e.g. a laser interferometer, should allow sufficiently accurate measurements with respect to standard conditions at non-standard temperature levels. The obtained geometrical compensation then enables the machine to measure correctly — i.e. referring to dimensions at 20◦ C — at the temperature level of the calibration Tc . This approach avoids as much as possible the occurance of temperature dependent measurement errors at the workshop’s normal environmental conditions, i.e. Tc . The geometrical compensation then deals with the errors at the non-standard calibration temperature Tc . The thermal correction handles the deviations from this at a different temperature levels. The machine operator always receives correct values. An important remark with respect to this last paragraph is that current standardisation does not allow to error-map — i.e. calibrate — a machine at a temperature different from 20◦ C.
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10. Conclusions A good machine design can reduce the temperature dependent measurement errors. From the conceptual phase on, the specific demands of a good thermal design should be taken into account. A software correction based on a thermal model can then compensate for the remaining thermal errors. Repeatability of the thermal behaviour is a key requirement for this approach. Pre-determination of the thermal stable point and the free expansion direction of the individual machine elements will facilitate the creation of the thermal model. This paper presented an indirect compensation approach based on a parametric model. This model consists of a superposition of physical expansion equations that link the temperature distribution of the CMM to the thermal distortion of the machine structure. The obtained library of equations can be used to compile a thermal model for similar machines or machine types. The number of thermometer inputs to the model is limited to eleven. The maximum temperature dependent errors in each direction is limited to 6µm. Contrary to empirical non-parametric approaches — like neural networks and regression techniques — the developed model has good extrapolation abilities to temperature levels that were not used during the model creation phase. The parametric model can also compensate the thermal measurement errors during temperature variations. Accurate quality control on the workshop floor comes one step closer.
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