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INTRODUCTION

Renault's first attempt of form error prediction occured in 1990 under the form of a scientific collaboration with PTW [START_REF] Schultz | Optimization of precision machining by simulation of the cutting process[END_REF]. The developed method uses a global point of view and the static behavior of the workpiece. It has then been enhanced by ULg [START_REF] Masset | Machining Process Simulation: Specific Finite Element Aspects[END_REF]. It will be referred to as "Static Method". The new developments done at Renault in the field of machining simulation aims at the dynamic behavior of both the workpiece and the tool for chatter prediction [START_REF] Le Lan | Providing Stability Maps for milling operations[END_REF][START_REF] Le Lan | A stability diagram Computation Method for Milling adapted to Automotive Industry[END_REF]. Logically the authors aim now at the form error prediction taking into account the dynamic behavior of the workpiece. ENSAM has developed its own very accurate code including dynamics and tool workpiece interaction [START_REF] Lorong | Contribution of Computational Mechanics in Numerical Simulation of Machining in Numerical Simulation of Machining and Blanking: State-of-the-Art[END_REF] but it is time consuming. The method developed here must be fast enough to be used on short product development loops. A first presentation of the dynamic method has been done during the winter meeting of the CIRP this year. This article aims at formalizing the method and validates its benefit on a real industrial case.

SCIENTIFIC BACKGROUND

The presented method is an upgrade to the static method. Both methods are based on the fact that the form error is linked to the relative tool-workpiece displacement. The gap between the nominal position of the tool and its actual position is equal to the not-removed material (or too much removed material) resulting in form error. Theses methods take place in the "Models for deflection of the machine, workpiece and tool due to the cutting force" class as described by C.A. Van Luttervelt et al. [START_REF] Van Luttervelt | Present Situation and Future Trends in Modeling of Machining Operations -Progress Report of the CIRP Working Group 'Modeling of Machining Operations[END_REF] 2.1 The static method The relative tool-workpiece displacement is computed using the compliance of the workpiece. The tool is assumed to be fixed. The cutting force application area is a point and its magnitude is constant whatever the history. The workpiece is represented by its finite element mesh so that the equation to be solved is:

Q q K = (1)
where K is the workpiece stiffness matrix, q the generalized displacement vector and Q the generalized force vector. Since there is no time-dependence, the successive tool positions are arbitrary set on machined surface nodes. So, equation [START_REF] Schultz | Optimization of precision machining by simulation of the cutting process[END_REF] has to be solved as many times as the amount of nodes on the machined surface. The only stored information is the displacement of the force application node because it is directly linked to form error as shown on figure 1. Solving equation (1) may be very long and is depending on the size of matrix K . In order to reduce this computing time, K is condensed on the degrees of freedom of the machined surface and then inversed. So there is only one inversion and each load case consists in a simple matrix vector application.

The dynamic method

The presented dynamic method is said to be simple in comparison with existing solutions. Up to now, time domain techniques where based on a very complex representation of both the tool and the workpiece geometry. This feature provides a very accurate tool-workpiece interaction and material removing rate tation. The most famous method is the one proposed by Y. Altintas et al. [START_REF] Montgomery | Mechanism of Cutting Force and Surface Generation in Dynamic Milling[END_REF]. The authors have proposed another one [START_REF] Lorong | Contribution of Computational Mechanics in Numerical Simulation of Machining in Numerical Simulation of Machining and Blanking: State-of-the-Art[END_REF]. The main difference between these two takes place in the way the geometry is modeled. The presented method is more simple because there is no need of a specific geometry modeling since the cutting force is constant.

The equation to solve is:
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The matrices involved here are of very large size. The Guyan condensation may be used to reduce the system as done previously but its use with dynamics implies a non-systematic complex choice of relevant degree of freedom to be added. Using the modal basis properties, this equation reduces to:
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where:

• ) (t y
is the modal coordinates vector of the generalized displacement vector; • I is the unit matrix which size is equal to the modal basis size; • D is the modal damping matrix;

• Λ is the diagonal matrix containing eigenvalues;

• φ is the matrix containing the eigenvectors of the modal basis.

Theoretically, the modal basis size is equal to the full finite element model size but actually, a selection of a set of modes is sufficient to represent accurately the dynamic behavior of a structure in a defined range of frequencies. The counterpart of the use of a very restrained modal set is an inaccurate static behavior restitution. Since the form error is mostly affected by the static deflection of the workpiece, this must be very well taken into account. Using the reduced modal basis, it is possible to compute a pseudo-compliance matrix H :
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This pseudo-compliance matrix represents the compliance of the system described by the reduced modal basis. A residual compliance matrix containing the gap between the real compliance and the pseudo one :

H K S c c R - = -1 (5) 
where the mark c denotes a condensed matrix on the machined surface degrees of freedom or the use of eigenvectors computed on the same set of degrees of freedom. The residual matrix is then expressed on the interesting degrees of freedom only and reduced to the max. Finally, at each time increment, there are four computation steps to achieve:

• Solve eq. (3) to compute ) (t y ; • Use φ to deduce the corresponding ) ( ~t q in the spatial domain; • Apply ) (t Q to R S in order to obtain ) ( ˆt q . • Sum ) ( ˆt q and ) ( ~t q
to obtain the deflection at instant t.

Computation time depends highly on the size of the matrices involved i.e. the size of the modal set and the number of degree of freedom on the machined surface.

APPLICATION ON BRAKE DISCS

A dedicated operation has been set up in order to validate both methods. This operation consists in face dressing of a brake disc.

The operation

The operation is done on a vertical lathe unit as shown on figure 2. The rotation speed of the piece increases along the process so that the cutting speed remains constant. A view of the whole model is proposed in figure 3. The fixturing system consists in 6 points on the interior cylindrical surface and 3 points on the bottom of the disc as shown in figure 4.

Modal parameters

Modal behavior of the system have been experimentally investigated. Figure 5 shows the modal analysis set-up. Unexpected low frequency modes appear in the experimental modal basis. These modes are detected only in the plane of the disc. They are not identified in the vertical direction.

In order to assess on the influence of such modes on the workpiece final quality, they are reproduced in the finite element model. The simplest way to generate such modes is to set the stiffness of the spring elements. Table 2 shows a confrontation between computed modes to the identified during the experiments ones. It appears that high frequency modes are well computed. It comes from the fact that these modes are concerning only the disc, which is the best defined part of the system. Since there are only two springs elements, mode 5e cannot be computed. Mode 5c really exists but is not identified in the experiment because it is a torsion mode and no tangential data was available. Since there are gaps between the computed and identified low frequencies, the rotation speed is adapted in the computations in order to be as close as possible of the real behaviour of the process.

Results

Computations are run on the blue surface presented on figure 3. The stiffness matrix is condensed on corresponding degrees of freedom (DOF) and modes are computed on the same DOFs. Both static and dynamic methods are used. A view of the resulting surface is proposed on figures 6 and 7.

Measurements have also been done on test parts. Figure 8 shows one of them. The effect of the three fixture points on the bottom of the disc is clearly present on both numerical results and measurements. It also appears that the dynamic behaviour has an influence on the form error. The planarity error of the machined surface is better predicted with the dynamic method than the static one, which appears to be too optimistic. Figure 9 compares both predicted errors on a radius. On this figure, it appears clearly that the planarity computed with the dynamic method, around 7 µm is greater than the one predicted using the static method, around 3µm. The global behaviour of the system highly depends on initial spindle speed as shown on figure 10. Considering all results, an important industrial conclusion is that whereas lathe modes are not in the vertical direction, they influence the behaviour of the cutting process.

Figure 9: Form error on a radius computed by both methods.

Figure 10: Form error on a radius computed by the dynamic method using several spindle speeds.

CONCLUSION

A new dynamic method for form error prediction has been presented. Since this method uses a Guyan condensation of the stiffness matrix and a reduced set of eigenmodes of the structure, computation times are short. Both static and dynamic methods need a condensation step that costs between 1 to 4 hours computation time depending on the computer, software and model. The modes computation step may be done on a separate machine. Special treatments are then run on stiffness matrix and modes for the dynamic method so that the computation time for the presented case is 30min versus 30s for the static method on the same PIV 1.7GoRam 2.7 GHz Personal Computer.

The static method remains interesting as a first trial of the process but the dynamic method provides a better quality in results and may naturally be used for solving dynamic issues as shown. The next step is to apply this method to milling applications, where several zones of the workpiece are cut simultaneously.
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 1 Figure 1: Static Method -one load case.
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 2 Models Finite element model descriptionThe finite element model used in this case includes both the workpiece and the spindle. The spindle is modelized following the work made by Budak[START_REF] Ertük | Effect analysis of bearing and interface dynamics on tool point FRF for chatter stability in machine-tools by using a new analytical model for spindle-tool assemblies[END_REF]. Practically, the workpiece part of the finite element model is built of parabolic tetrahedron elements. The spindle and the lathe turret are represented by several beam elements that are maintained by spring elements, modeling machine bearings.
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 2 Figure 2: Machining set-up
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 4 Figure 4: Fixture design.
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 5 Figure 5: Modal investigations set-up.
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 678 Figure 6: Deformation result. Static method.(Color axis in µm)

Table 1 sum

 1 marizes the main operation characteristics.

	Depth of cut	1 mm
	Tool cutting edge angle	45°
	Feed	0.1mm/trs
	Min Spindle speed	950 RPM
	Cutting coefficient	1100MPa
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 1 Operation parameters
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 2 Modal parameters

	Mode #	Exp. Freq.	Calc. Freq.	Damp.
	1-2	16 Hz	13Hz	3%
	3-4	90 Hz	62 Hz	11%
	5c	-	195 Hz	15%
	5e	252 Hz	-	
	6-7	550 Hz	460 Hz	1%
	8	853 Hz	730 Hz	3%
	9-10	-	940 Hz	15%
	11-12	1080 Hz	1080 Hz	1%
	13	1120 Hz	1120 Hz	0.2%