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INTRODUCTION

Geometrical accuracy is a key performance criterion for machine tools, with ever increasing requirements pushing machine builders to search for alternatives to keep the pace of the market. The trend to include workpiece measuring and validation functionalities in the machines emphasizes the need for accurate and traceable machines. Accuracy is typically limited by thermal effects (positioning errors dependent on temperature) in the first place, and geometric errors (positioning errors not dependent on temperature) in the second place. In five-axis machines, geometric errors gain relevance due to higher errors in rotary axes [START_REF] Schwenke | Geometric error measurement and compensation of machines-An update[END_REF][START_REF] Bringmann | Model-based "Chase-the-Ball" Calibration of a 5-Axes Machining Center[END_REF].

Software compensation of geometric errors has long been studied as a cost effective way of improving machine accuracy up to matching its repeatability [START_REF] Schwenke | Geometric error measurement and compensation of machines-An update[END_REF]. A wide variety of calibration methods have been proposed, based on different measurement tools and strategies and compensation models.

The focus of this work is on developing a fast and simple calibration solution for five-axis milling machines of medium to large working volume (a few m 3 of working volume). The goal is to enable the machine user to verify and calibrate the machine regularly with minimum machine occupation time, with relatively inexpensive equipment that can be integrated in the machine and operated by a regular machine operator.

FIGURE 1. 5 axis milling machine

The work will be demonstrated on a large milling machine, with three linear axes with moving column and two rotary axes in the spindle head.

STATE OF THE ART

A wide variety of methods have been proposed for measuring the accuracy of machine tools. Direct methods address error components individually. Positioning errors are typically measured with laser interferometers, straightness errors can be measured against straight references, such as taut wires or laser beams, or with laser interferometers and more complex optical paths. Angular errors can be measured with similar methods as straightness errors, but also electronic levels are a popular option. Finally, squareness errors can be measured against an angle standard, such as a granite or ceramic square, but also with laser systems [START_REF] Schwenke | Geometric error measurement and compensation of machines-An update[END_REF]. Direct methods provide good information on individual axis performance, but a full measurement of a machine would require a very long time and much equipment. Indirect methods involve simultaneous movements of all machine axes and provide an alternative which is typically better when all machine errors need to be measured. These methods are mostly based on physical calibrated artifacts and on laser tracking devices. Physical artifacts with features to be measured in 1D, 2D and 3D have been presented, and the error mapping is based on comparing the calibration of the artifact in a CMM and the measurement of the same features by the machine.

Laser trackers have gained popularity in the last years, mainly for the calibration of large machines, where artifacts face many limitations. Laser trackers measure directly 3D coordinates of a reflector mounted as a tool, providing a fast a convenient measurement. Their accuracy (typically tens of microns) is however not sufficient for high precision machines. This lead to the implementation of multilateration algorithms, where the workspace is measured sequentially from three or four different positions, improving significantly the calibration accuracy [START_REF] Schwenke | Error Mapping of CMMs and Machine Tools by a Single Tracking Interferometer[END_REF]. 

CALIBRATION STRATEGY

An artifact based calibration strategy is proposed here, adapted to fast and simple operation. The type of machines addressed here has a larger workspace than the workspace covered by the two rotations of the spindle head, and thus a sequential approach to error mapping is found most convenient.

In a first step, the workspace of the three linear axes will be mapped. A measuring head is installed on the machine, and it is used to measure the position of several spheres on an artifact. The artifact is placed on different positions in the machine workspace, and the different distances between the spheres measured by the machine are compared with the calibrated distances in order to obtain the 21 parametric errors of a 3 axis machine.

In order to minimize the measuring time, the calibration based on measurements in only two orthogonal planes is proposed here.

FIGURE 3. (left) errors in linear axis (right) errors in rotary axis

Once the compensation model of the linear axes is implemented, the measurements performed by moving the three linear axes can be considered precise enough, and remaining errors would come from the rotary axes. Taking advantage of this, the calibration of the two axes can be performed in a chase-the-ball style, but measuring against a fixed sphere and moving the two rotary axes. The measuring head allows for very fast measurement, and therefore a large number of positions can be measured. This allows the identification of more parametric errors that can be obtained with other measuring methods, and therefore a more precise compensation.

CALIBRATION INSTRUMENTS

The successful implementation of this strategy is based on the development of some measurement equipment that ensures high accuracy and fast and automated operation. The main development is a self-centering measuring head, which can measure on two adapted artifacts with precision spheres, one for calibration of linear axes and the other for rotary axes. The artifacts are presented first.

linear axes calibration artifact

"1D ball array" has been selected as the most suitable artifact for machine tool calibration, considering accuracy, usability, cost and possibility of automation and machine integration. This artifact contains 11 precision spheres evenly distributed over a length of 1500mm, thus with 150mm distance between them. As imposed by the measuring head that is presented later, the spheres are made of ferromagnetic material, stainless steel in this case. The spheres are of precision grade G25, which requires roundness error below 0.6 μm, for a diameter of 20mm.

The main requirement for its use as calibration reference is the stability of the relative positions between the spheres. The position of the spheres is calibrated on a CMM, and the measurements on the machine are compared to the CMM measurements, and therefore, this should not change with time, temperature or position and orientation in the machine.

A carbon fiber reinforced plastic (CFRP) tube has been chosen as structural material for the artifact, given the low weight, high stiffness and thermal stability it provides. The spheres are rigidly mounted onto the carbon fiber tube. The coefficient of thermal expansion of the tube is of 1μm/(m K) (approx. ten times lower than steel or cast iron), and thus for a 1.5m distance between spheres, the relative distance between them changes at most 1.5μm/K. Since the artifact changes very little with temperature, the effect of the temperature changes on the machine will be seen in the machine calibration, and it will be considered as part of the calibration uncertainty.

FIGURE 3. CFRP artifact in machine

In order to minimize the deformation of the artifact when it is mounted on the machine, the tube is always supported on two fixed points, located on the airy points of the tube. This means that the support points are symmetrically arranged around the center of the tube of length L and are separated by a distance d, defined by: d =L/√3=1.6/√ 3=0.923 m

rotary axes calibration artifact

The calibration of the rotary axes comes after the compensation of the errors of the linear axes. Thanks to this, the calibration can be done by measuring against a fixed sphere, and covering the whole workspace of the rotary axes. A tool for aligning the sphere with the rotary axis of the spindle is needed.

FIGURE 4. Setup for angular axis tests

Measuring head

Calibrated artifacts for the error mapping of CMMs and machine tools have been long used. One important limitation for its extensive use is the long time it takes to perform all necessary measurements. Standard touch probes are used, which require to contact the sphere in several points, making it a slow process. Contact force can also produce displacements on the artifact, which would add uncertainty to the calibration.

Measuring heads with three sensors arranged orthogonally have been developed, both based on contacting and non-contacting sensors, which can locate the center of the sphere in a single step. The machine is moved to a position where the sensors are in range, and the reading of the three sensors is process to find the machine coordinates where the sphere would be centered relative to the head.

In this case, the accuracy of the measurement depends on the accuracy of the measuring head. The three sensors need to accurately measure the distance to the sphere, and their position and orientation needs to be known accurately for the transformation of coordinates. In this work, an evolution of this measuring principle is presented which adds a selfcentering functionality. The accuracy of the measurement only relies then on the repeatability of the sensors and on an approximate knowledge of their orientation.

Configuration and self-centering principle

The measuring head proposed in this work contains three displacement sensors that measure the distance from the sensor to a target sphere. Non-contacting inductive sensors are used, which give an analogue voltage signal related to the distance to a ferromagnetic target.

The main innovation with this measuring head is the implementation of a self-centering function [5] that reduces the accuracy requirements on the measuring head without reducing the accuracy of the calibration. This is based on an iterative algorithm that moves the machine following the reading from the measuring head, bringing it to a nominal relative position between the sphere and the head.

Following this procedure, the position of the center of the sphere is taken from the machine axes positions. Therefore the accuracy of the measuring head does not influence the calibration, only the repeatability of the sensors in finding the nominal position with respect to the sphere. This allows for using simpler and cheaper displacement sensors, since the electronics for linearizing their output is not needed.

Standard measurement

CNC position X0, Y0, Z0 

Control implementation

The control implementation of the self-centering functionality is summarized in Figure 7. There is a central control unit which governs all the calibration test. This is currently an external PC but could be integrated in the machine control if necessary. This control unit communicates with the measuring head, receiving continuously the reading from the three displacement sensors. The control unit is also in continuous communication with the machine control, reading axes positions. The PC is also able to send movement commands to the machine. Thanks to this, all the tests shown in this work are fully commanded from the external PC. A dedicated software has been developed which handles all the communication between the devices, runs all measurements and process the results.

Fig. 7: (A) Measuring head control implementation

The self-centering algorithm is implemented in the control unit. It follows the iterative diagram shown in Figure 10.

FIGURE 8. Self-Centering algorithm

Self-centering repeatability

The repeatability in reaching the nominal position around a sphere when the selfcentering function is activated is the best performance measure for the measuring head, and self-centering function, and it indicates the uncertainty that it adds to the machine calibration system. In this test, starting from the nominal position, random displacements are applied on the machine, within the range of the sensors, and the centering function is activated afterwards, which should lead the machine back to its nominal position. The variation in the machine coordinates to which the centering function converges is shown in Figure 9. High repeatability in the centering function is observed. FIGURE 9. Self-Centering repeatability

CONCLUSIONS AND FUTURE WORK

A new solution for five axis machine tool error mapping has been presented. Classical artifact based indirect calibration with 1D ball array has been selected as optimal solution for industrial application. The main novelty relies on the use of a low cost self centering measuring head and algorithm with micron range repeatability, and thus its validity for this application. Future work involves the practical implementation of the error mapping and compensation strategy on the machine. 
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