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Chatter vibrations are a major limitation for ma chining operations and lead to productivity reduction, low tool life and poor surface finish. Active damping with the machine tool's own drives can be used to increase the stability limit related to structural modes of the machine. Various feedback strategies can be used measuring the vibrations with an external accelerometer and feeding back this signal to the position, velocity or current setpoint of the drive. The objective of this article is to build a model based on experimental data to predict the effect of the standard control parameters and additional acceleration feedback controller on the Frequency Response Function of the machine. Experimental tests are carried out on an electronically preloaded rack and pinion drive. The open loop Frequency Response Functions of the dynamical system are measured and the closed loop responses are calculated using Linear Fractional Transformations representing the control structure of the Multi Input Multi Output system.

Introduction

In heavy duty milling operations, machine tool users are looking for high material removal rates which can be limited by chatter vibrations [START_REF] Munoa | Interaction between multiple modes in milling processes[END_REF]. For structural chatter vibrations coming from the low frequency modes of the complete machine it has been shown that the use of active techniques is justified because they can cope with the variations of the machine dynamics according to the varying cutting position [START_REF] Munoa | Chatter suppression techniques in metal cutting[END_REF]. For heavy duty machining operations, powerful actuators have been designed using hydraulic [START_REF] Brecher | Electrohydraulic Active Damping System[END_REF] or electromagnetic technologies [START_REF] Munoa | Chatter suppression in ram type travelling column milling machines using a biaxial inertial actuator[END_REF]. The use of an additional actuator close to the cutting point increases significantly the cost and requires a modification of the machine design. Instead of installing a new actuator, it is possible to use the machine's own drives to actively damp the low frequency modes.

Active damping techniques using machine feed drives have been applied mostly to reduce inertial vibrations coming from the machine movements. A comprehensive review is presented by Altintas et al. in [START_REF] Altintas | Machine tool feed drives[END_REF]. Hosseinabadi and Altintas [START_REF] Hosseinabadi | Modeling and active damping of structural vibrations in machine tools[END_REF] modelled a ball-screw drive to simulate the effect of the additional active damping loop in time domain and to tune a sliding mode controller. Chatter suppression using machine drives has been simulated first by Chen and Tlusty [START_REF] Chen | Effect of low-friction guideways and lead-screw flexibility on dynamics of high-speed machines[END_REF], and then it has first been applied by Munoa et al. [START_REF] Munoa | Active suppression of structural chatter vibrations using machine drives and accelerometers[END_REF]. A significant increase in the chatter stability limit is demonstrated experimentally on a large milling machine equipped with a rack and pinion drive. Later, the limitations of this chatter suppression technique has been analysed to emphasize the constraints related to the non-collocated control, to the technical implementation, and to the drive bandwidth [START_REF] Beudaert | Limiting factors for the active suppression of structural chatter vibrations using machine's drives[END_REF]. The importance of the standard cascade control parameters has been remarked however, up to now, their interaction with additional active damping controller has not been studied in details.

For medium and large size heavy duty turning / milling machines, the rack and pinion, electrically preloaded, drive solution is commonly used to handle the long travel and high loads [START_REF] Uriarte | Machine tools for large parts[END_REF]. As opposed to the linear and ball-screw drives which concentrated most of the attention of the research community, the rack and pinion drives have seldom been studied in the literature. Zirn [START_REF] Zirn | Machine Tool Analysis-Modelling, Simulation and Control of Machine Tool Manipulators[END_REF] analysed the rack and pinion drives from the control point of view. Engelberth et al. [START_REF] Engelberth | Properties of electrically preloaded rack-and-pinion drives[END_REF] analysed the effect of the electronic preload on the static stiffness, bandwidth and backlash.

The objective of this paper is to predict the influence of the control on the closed loop frequency response functions using measured Frequency Response Functions on a rack and pinion drive. Knowing the position and velocity loops control structure, the effect of the gains of the P-PI controllers can be simulated as well as the introduction of the active damping loops.

The rest of the paper is organized as follows. The model of a preloaded rack and pinion drive is presented in Section 2. Then, Section 3 presents the multi input multi output frequency domain analysis of the system. Section 4 contains the experimental validation and the active damping demonstration. Finally, this paper is concluded in Section 5.

2.

Modelling of rack and pinion drives Figure 1 shows the control scheme of a rack and pinion drive with a Master-Slave control structure. The position loop is closed only for the master motor based on the linear scale measurement to compute the velocity setpoint set  . Each motor is controlled by a PI velocity controller according to the measured velocity on the motor encoders ( 1 and 2   ) and generate a torque ( 1  and 2  ). The current loops are neglected as they have no influence at low frequency. To apply the electronic preload, the torque preload t M is applied using a third PI controller which generates a non-uniform distribution of the torque reference ref  on both motors. For two identical motors, the weighting factors TM K and TS K have to be chosen as equal (e.g. 50%).

When the drive is stopped ( 0 ref  

), both motors generate a torque in opposite directions which ensures that the pinions are in contact with different sides of the rack. This value of the torque preload t M is commonly specified as a percentage of the nominal torque of the motor, typically in the range of 10 to 30% [START_REF] Zirn | Machine Tool Analysis-Modelling, Simulation and Control of Machine Tool Manipulators[END_REF]. Additionally to the closed loop controls, the velocity and acceleration feedforward actions can be used to decrease the tracking errors. The machine studied in this paper is using a velocity feedforward but is has no effect on the machine tool's feedback dynamics. Hence, in the forthcoming analysis, its contribution can be neglected.

On top of this standard control architecture, three additional commands are summed respectively to the position, velocity and torque setpoints ( d x , d  , d  ) to apply the active damping based on the measurement of the ram tip acceleration. The objective of the active damping loops is to minimize the ram tip compliance 2 / x F c   .

Frequency Domain Analysis

The objective is to analyse the effect of the control of the response of a rack and pinion drive purely in frequency domain using experimental data. Hence, the tedious task of model fitting is not required and all the complexity of the machine dynamics is implicitly contained in the measured frequency response function data.

Multi input multi output model

The general control scheme of a rack and pinion drive shown in Figure 1 is modelled using the Linear Fractional Transformation technique (LFT) (see Figure 2). The Linear Fractional Transformation is a convenient and powerful formulation for MIMO systems, it allows decomposing the whole system into open and closed loops signals to work independently with each part. The block which defines the open loop behaviour of the rack and pinion drive is defined as matrix P which is here expended by set  and t M to satisfy the mathematical requirements of a Linear Fractional Transformation. The speed controller is defined as matrix K composed of 2x4 Frequency Response Functions (FRFs). With the formalism of the LFT, the closed velocity loop frequency response H is obtained in Eq. 1 [START_REF] Skogestad | Multivariable Feedback Control: Analysis and Design[END_REF]. (1)

Discretization of the speed controller

Using the speed controller structure highlighted in Figure 1, the eight transfer functions between the inputs variables defined in the matrix U and the torque commands (matrix Z) can be obtained. The relationships for the master drive's torque command are described in the Eq. (2-5), similar expression are derived for the slave's torque command. 
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(5)

Position and active control loops

As discussed above, there are different control loops where the active control can influence. addition of the torque command d  is implemented by modifying the velocity loop LFT such that the controller K also takes the ram tip acceleration 2 x  as input. Hence, the action of the damping controller is added to the action of the speed controller. The position loop, the velocity and position command damping are modelled by another Linear Fractional Transformation considering the closed velocity loop H obtained previously. The controller of the position and velocity command damping loops are dp K and dv K , respectively (see Figure 2b).

Experimental validation

Description of the experiments

The experiments are realized on a large vertical turning center of SORALUCE equipped with a SIEMENS 840D Solution Line CNC, see Figure 3a. Two fast analogue inputs are connected to the Profinet bus of the CNC to measure the ram tip acceleration  is used to apply a chirp excitation to the drive and to obtain the P12 and P22 matrices of FRFs. Then, the position and velocity loops gains are reduced to zero and a chirp excitation is applied by a shaker to obtain the FRFs P 1,1 , P 2,1 , P 5,1 , P 6,1 depending on the force input c F . For rack and pinion drives, the electronic preload plays an important role as seen in [START_REF] Engelberth | Properties of electrically preloaded rack-and-pinion drives[END_REF]. All the tests are realized with 10% preload not to change the open loop behaviour of the system.

Validation of the predictions

To validate the predictions, the measured and predicted ram tip FRFs are shown in Figure 3b. The Linear Fractional Transformation could predict the tendency to increase the ram tip compliance when the proportional gain of the velocity loop Kp is increased. However, the accuracy of the prediction is not satisfying to rely on this model to tune the control parameters. Further analyses are required to handle the non-linear open loop response of the system and to quantify the impact of the non-linearity on the FRF predictions. 

Active damping with position, velocity or acceleration additional loop

Figure 4a presents the Frequency Response Function at the ram tip with and without active control obtained with an impact hammer. It can be seen that the three options using position, velocity or acceleration additional commands can provide an important reduction of the compliance amplitude. A more detailed performance evaluation is required to determine which option should be preferred.

Finally, the vibration amplitude measured during a turning cutting test is shown in Figure 4b. It can be seen that the vibration amplitude is decreased when the active control is applied. However, chatter vibration still persists and further improvements are required to be able to significantly increase the chatter stability limit. 

Conclusion

This paper has presented a method to analyse the behaviour of a rack and pinion drive in the frequency domain. Three additional control loops can be added to the standard control structure to actively damp the low frequency modes of the machine structure. The Linear Fractional Transformations presented here allow predicting the effect of the control on the ram tip compliance. However, further investigations are needed to get accurate predictions. Indeed, the complex behaviour of the preloaded rack and pinion drive should be evaluated more accurately to build a reliable model of the influence of the control on the dynamic compliance.
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 2 Figure 2 Control scheme with Linear Fractional Transformation.
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 3 Figure 3 a) vertical turning center, b) measured FRF, c) predicted FRF.
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 4 Figure 4 a) FRF with active damping, b) Vibration amplitude during a cutting test.
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