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Real milling force based dynamic parameter extraction method

Although chatter prediction stability lobes have been successfully used in many industrial machining process optimizations, currently they lack for enough reliability to apply them intensively in the manufacturing industry. Machine dynamics accurate determination is one of the main sources of errors in current cutting stability models. For this reason, traditional dynamic characterization procedures have been called into question.

In this paper, the milling force excitation modal analysis is proposed, which consists of exciting the structure through the milling force and measuring its response. After working on the measured data, a standard FRF is obtained and the dynamic parameters are extracted in order to feed the stability model.

The obtained dynamic parameters are compared to those of the standard methods, analyzing the deviations and, therefore, quantifying the errors of the traditional dynamic parameter extraction methods.

Introduction

Vibrations are probably the most harmful and complex problem existing in machining processes. Machine tools are mechanical structures that vibrate according to their dynamic characteristics as a result of the forces generated during the machining process. Chatter vibrations are the most critical type of vibrations, since they affect machined workpiece quality and tool life and jeopardize machine integrity. Many efforts have been put into vibration origin and mechanism study in machine tools [START_REF] Tobias | Theory of Regenerative Machine Tool Chatter[END_REF]- [START_REF] Altintas | Manufacturing automation: metal cutting mechanics, machine tool vibrations, and CNC design[END_REF].

Different solutions have been proposed in the literature to increase the stability of the process and suppress chatter vibrations [START_REF] Munoa | Chatter suppression in ram type travelling column milling machines using a biaxial inertial actuator[END_REF]- [START_REF] Bediaga | Reducción de la inestabilidad en cortes interrumpidos en fresado a alta velocidad mediante variación de la velocidad del husillo, XVI Congreso de Máquinas-Herramienta y Tecnologías de Fabricación[END_REF]. Chatter stability lobes are the main tool to predict unstable machining and optimize the process accordingly, however, currently they lack for enough reliability to apply them intensively in the manufacturing industry [START_REF] Stepan | Cylindrical milling tools: comparative real case study for process stability[END_REF]- [START_REF] Brecher | Stability prediction: advances and current restrictions[END_REF].

Stability lobes have been used mainly in aluminum roughing process planning to maximize the Material Removal Rate (MRR). In this case, the stability is associated with the flexibility of the tool, tool holder, or spindle (chatter frequencies between 300 and 4000 Hz). Therefore, the main dynamic properties remain constant at different machine positions and they change with variations in the tool and the tool holder. However, this work is focused on steel heavy duty face milling operations where the critical modes are related to the whole machine tool structure (chatter frequency is usually between 15 and 200 Hz) [START_REF] Munoa | Optimization of hard material roughing by means of a stability model[END_REF]. Considering the shape of the critical modes, the stability lobes cannot be used as effectively as in aluminum case due to inaccuracies [START_REF] Iglesias | Optimisation of face milling operations with structural chatter using a stability model based process planning methodology[END_REF], [START_REF] Brecher | Stability prediction: advances and current restrictions[END_REF]. The source of these problems is usually attributed to nonlinearities of the process or dynamic parameter identification errors. Several authors have emphasized this fact in different research works. Geometry and cutting parameters are considered as reliable information but a high level of uncertainty in the compliance of the machine tool and the stiffness of the process is claimed [START_REF] Brecher | Stability prediction: advances and current restrictions[END_REF].

Nowadays, impact hammer testing is the usual method for dynamic parameter identification in industrial environments. This FRF traditional concept is doubtful since the shape of the response curves vary significantly with the level of force or displacement. When a non-linear system is analyzed, sometimes a shaker is used for excitation, although the time consuming set-up makes it usually not worthwhile. Big differences have been observed in the dynamics of a machine measured with an impact hammer compared to the results obtained by means of a shaker excitation [START_REF] Rasper | Analysis of uncertainties in the stability prediction for milling processes[END_REF]. Certain variability in the mobility when changing the angular position of the spindle was also observed.

On the other hand, hammer or shaker testing is always performed with the idle spindle, which can result in dynamic parameters significantly different from those obtained when the spindle is rotating, or going one step further, when the actual cutting process is taking place. Effects such as the spindle bearing preload change with centrifugal or cutting forces [START_REF] Ozturk | Investigation of spindle bearing preload on dynamics and stability limit in milling[END_REF], the gyroscopic effect [START_REF] Movahhedy | Prediction of chatter in high speed milling including gyroscopic effects[END_REF] or tool and workpiece contact effect [START_REF] Jensen | Stability analysis in face milling operations. Part 2: Experimental validation and influencing factors[END_REF] may have a considerable effect in system's dynamic parameter identification.

In order to overcome these problems, alternative experimental methods can provide more accurate input data. Experimental inverse methods rely on experimental data which are later used as inputs in the stability model. They provide in-process information and can handle process non-linearities if they are conducted under conditions close to the real case.

The alternative experimental methods could improve significantly model input data quality and therefore enhance chatter prediction model reliability. This is of paramount importance, since chatter continues to be nowadays one of the most harmful and most difficult problems to avoid in any kind of machining process.

Some authors [START_REF] Zaghbani | Estimation of machine-tool dynamic parameters during machining operation through operational modal analysis[END_REF] have tried to increase the dynamic knowledge of the critical modes combining impact tests with data obtained from operational modal analysis (OMA). However, the data obtained from OMA is not enough to feed a stability model.

Several authors have used the real cutting force in order to obtain the system's dynamic parameters. Liu, Cheng and Webb [START_REF] Liu | Prediction and simulation on the machining dynamics and instability in peripheral milling[END_REF] measured the force by means of a 3-component dynamometric plate and the response by means of an accelerometer in real-time. The ARMAX module of Simulink (Matlab) was used to perform the experimental modal analysis.

Özsahin, Budak and Özgüven [START_REF] Özsahin | Investigating dynamics of machine tool spindles under operational conditions[END_REF] used real cutting forces in order to obtain the FRF of a spindle. They used two different approaches. First, they obtained the FRF for discrete frequency points varying the cutting speed and measuring the response at the corresponding speed. Secondly, in order to avoid the harmonic content problem of the cutting forces, specially designed workpiece with randomly distributed channels was cut. This way a random excitation of the system was achieved. Both approaches showed significant changes in system dynamic parameters in comparison with the standard hammer test.

The randomly distributed channels for random excitation approach had been previously tested by Opitz and Weck [START_REF] Opitz | Determination of the transfer function by means of spectral density measurements and its application to the dynamic investigation of machine tools under machining conditions[END_REF] and Minis, Magrab and Pandelidis [START_REF] Minis | Improved Methods for the Prediction of Chatter in Turning. Part 1: Determination of Structural Response Parameters[END_REF]. They measured system compliance through random cutting force excitation, they built theoretical stability lobes out of these measurements and finally they correlated them with actual cutting tests. Deviation with respect to the compliance measurements through impact hammer excitation was observed and parameters like preload, direction of preload, feed rate or damping were addressed as the main causes of this deviation.

In this paper the actual milling cutting force will be used as the input excitation to estimate the FRF function. The difference with previous authors is that in this case the cutting force is steadily changed in a frequency sweep excitation. This way the frequency range of interest is excited in a continuous way. In previous works, this technique was used to disturb the regenerative effect and increase the stability of the cutting process [START_REF] Bediaga | Reducción de la inestabilidad en cortes interrumpidos en fresado a alta velocidad mediante variación de la velocidad del husillo, XVI Congreso de Máquinas-Herramienta y Tecnologías de Fabricación[END_REF], [START_REF] Alvarez | Effectiveness of continuous workpiece speed variation (CWSV) for chatter avoidance in throughfeed centerless grinding[END_REF].

Moreover, a rotary dynamometric tool holder is used to measure cutting forces and accelerometers are used to measure the response in different directions. The advantage of this technique is that the cutting is not limited by a dynamometric plate (as it was the case with previous authors), the cutting test can be directly performed over the actual workpiece, exactly in the same conditions as in the real machining. This speeds up the process and makes the procedure feasible for dynamic parameter estimation in an industrial workshop.

Stability model

In this chapter the time domain milling stability model is presented. This model will be used in order to simulate the cutting forces and the theoretical FRFs that would be obtained by means of the milling force sweep technique. 
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The tangential F t,j , radial F r,j , and F a,j cutting forces are calculated according to the linear model [START_REF] Movahhedy | Prediction of chatter in high speed milling including gyroscopic effects[END_REF].
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tc , K rc and K ac are the cutting coefficients, which are proportional to the chip section, whereas the function g(ϕ s ) is defined as:
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where ϕ s and ϕ e are the cutter entry and exit angles, respectively. K te , K re and K ae are the "ploughing" coefficients, which are proportional to the length of the flute (or insert) . S

The tangential F t,j , radial F r,j and axial F a,j cutting forces are projected onto the xyz Cartesian axes and the summation of the contribution of each insert Z of the tool is computed:
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The M, C and K matrices are the mass, damping and stiffness matrices respectively, which are obtained experimentally.

Equation 1 has to be solved by a numerical integration method, due to the impossibility of solving it analytically. The fourth-order Runge-Kutta method is the most used in dynamic system simulation. As the equation is solved numerically, the obtained result is an approximation of the exact solution.

The spindle speed is varied in a linear way, from an angular speed of  1 to  2 . The integration is performed along the time frame of the spindle speed sweep, keeping a constant ϕ angle step. As the speed is variable, the time integration step is also variable:
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where ϕ total is the total angle rotated during the sweep and n i is the integration step.

FRF estimation procedure

This work shows a new method to obtain the dynamic parameters in a fast and easy way using the cutting force itself as the input excitation for the FRF calculation.

First of all, the frequency range of interest is defined. The main modes involved in the process stability must be within this range, in order to do a complete dynamic characterization. The cutting speed range is selected accordingly, in such way that the tooth passing frequency is swept over the desired frequency range. The milling process is carried out with a constant slope rotating speed along time (see Figure 2). As the excitation of the main modes is achieved by sweeping the first harmonics of the cutting force over their frequency range, it is important that these harmonics have high energy content in order to have a strong excitation. An interrupted cutting process, with a small width of cut, is therefore used for this purpose.

The cutting force is divided into three components, according to the model derived in chapter 2. The system is regarded as a MIMO system, where multiple inputs and multiple outputs are produced with each cutting speed sweep. The frequency response function H(f) relates these inputs and outputs:
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There are several methods to calculate H(f). In this case the H 1 estimate will be used:
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If a 90º lead angle tool is used, the Z force can be neglected and a 2-input 2-output system is obtained (1 input and 1 response in each direction x and y).
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In the case of 2-input 2-output case (where F z and its response are neglected), the [H(f)] matrix has four unknown terms H xx , H xy , H yx and H yy . Therefore at least an extra cutting test is needed in order to obtain as many equations as unknown terms. It has to be considered that the measurement must be independent from the previous test, modifying the relation of amplitudes or phases between F

x and F y . An easy way to accomplish this condition is changing the cutting strategy from down-milling to up-milling direction. When the cutting direction is changed from down-milling to up-milling direction, F y remains in the same sign whereas F

x changes sign (see Figure 3). With this change, a not linearly dependent system of equations is achieved. Moreover, the amplitude relation also changes slightly from down-milling to upmilling mode. x is opposite sign.

The down-milling and up-milling strategies are conducted according to the sketch depicted in Figure 4. 
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where N a is the number of averages. The coherence function will be also calculated as:
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FRF Simulations

Based on the theoretical time domain model described in chapter 2 and the FRF estimation procedure explained in chapter 3, theoretical FRFs have been estimated from a real milling force sweep.

The system to analyze is a flexible fixture with a dominant mode in each axis x and y (see Figure 8). A hammer test is conducted over the setup in order to extract the modal parameters in the traditional way. The milling sweep is simulated and the FRF estimation procedure is tested and compared with the "static" FRF. The cutting conditions of the milling sweep are described in The milling sweep borders, that is, the rotating speeds between which the simulation is done, are selected according to the frequency range of interest. From the hammer test it is known that the flexible fixture presents two modes at around 71Hz (y axis) and 159Hz (x axis). If the 71Hz mode must be excited, a frequency sweep from 50Hz to 100Hz should be considered. This implies the use of a rotation speed from 1500rpm to 3000rpm, since the excitation is achieved by means of the insert passing frequency (2X). This means that the second harmonic of the insert passing frequency will excite the range between 100-200Hz and therefore, the x axis mode.

In order to have enough equations to solve the system, two independent tests are simulated. The conditions are exactly the same for both tests but the cutting strategy is changed from down-milling to up-milling (see Figure 4).

In order to guarantee the coherence of the system, each test is repeated four times and a frequency averaging of the results is done. Uncorrelated noise is added to the theoretical system with the purpose of simulating a real system in which noise is also recorded. The coherence of the direct FRFs is calculated from the four repetitions (see Figure 5) and, in this way, the useful frequency range is detected. As the harmonic content is basically limited to the insert passing frequency 2X (50-100Hz) and its second harmonic 4X(100-200Hz), the useful frequency range is about 50-200Hz . Out of this range, the harmonic content is very weak and the signal to noise ratio is too small to consider the frequency response function as a reliable value. According to Figures 6 and7, the milling sweep test introduces a certain delay in the frequency peaks related to the main modes. The faster the sweep the bigger this delay is, although the difference is not that significant. The amplitude is also well simulated, so it is concluded that the procedure to obtain the FRF is theoretically valid.

Experimental tests

In this chapter the real cutting force excited system FRF is calculated. The tests described in chapter 4 have been carried out. The simulated slowest milling sweep (T=30s) has been selected in order to obtain the most accurate results. F x and F y have been measured by means of a dynamometric tool holder and two accelerometers have been used to measure the response (see Figure 8). The signal is clearer for the x axis, since its main mode is excited by the fundamental insert passing frequency.

Theoretical versus experimental result comparison

In the theoretical analysis performed in chapter 4, the useful frequency span, as defined by the coherence function, ranged from 50Hz to about 200Hz. In case of the experimental case, however, the useful frequency range was larger due to the tool runout. In an ideal tool case, as defined in the theoretical simulation, the tool presents harmonics only as multiples of the insert passing frequency (2X), whereas in a real case the tool will also show harmonics of the rotating frequency (1X). Ideally the frequency range of interest should be excited through the cutting harmonics, preferably with the first cutting harmonic (insert passing frequency) but the harmonics of the rotation speed might be also used in case of need. The bigger the runout of the tool the higher the energy content of these harmonics will be.

Next From the experimental tests it can be concluded that the FRF obtained from the milling sweep, which is the most accurate according to what it has been exposed in previous chapters, is smaller than the amplitude obtained with the impact hammer. This would imply that the cutting stability achieved through the stability models is underestimated. Nevertheless, the dynamic parameter change is not dramatic, what means that a stability simulation with the dynamic parameters obtained from the hammer test would provide a good approximation for this particular case.

Analyzing the dynamic parameters separately, the overall result for the two modes studied is that the frequency decreases slightly and the stiffness increases slightly. Damping behavior is uneven; a damping increase has been measured for the main mode in y direction, whereas a damping decrease has been observed in the x direction mode. It has to be noticed that mode in y direction is better defined, due to higher harmonic amplitude excitation at this frequency range. For this reason the parameter estimation is more accurate and conclusions about y mode variation are more reliable.

The system under test is a clear dynamic structure with two well defined main modes. It might happen that in a real machine tool mode, where many joints and interfaces are involved in the mode definition, bigger differences in the parameters obtained by these two types of FRF estimators is observed.

Conclusions and final remarks

A new method for dynamic testing in machine tools has been proposed. In some cases, the usual dynamic excitation techniques do not offer enough accuracy for dynamic parameter identification and more realistic system excitation has been sought in order to account for process or machine non-linearities. The objective has been to assume an excitation method in which the system undergoes excitation conditions closer to the real working conditions. With this purpose, the real milling force has been used as input to the system for dynamic characterization. By means of a cutting speed run-up the spectrum of interest is excited by the harmonics of the cutting force, in a milling sweep process.

The method is easy to put in practice, as just several standard cutting tests over a test workpiece are needed. The main problem could be the availability of a cutting force measurement system.

Simulations have been carried out considering the milling force model and the results show a good correlation with the standard FRF. There is however, a small delay in the milling sweep FRF that can be improved but not completely removed decreasing the sweep rate.

It is very important that two independent measurements are carried out in order to obtain two linearly independent relations and solve the four unknown system H xx , H xy , H yx and H yy . Down-milling and upmilling tests are proposed, keeping the rest of cutting conditions unchanged.

The experimental results are coherent and show a good agreement with hammer tests. Slight changes are observed, which are probably related to the cutting process effect on dynamic parameters. In this way, a slight decrease in the main mode amplitude peak has been observed. According to the extracted dynamic parameters a very slight frequency decrease, a very slight damping drop and a more noticeable stiffness increase are observed. The higher accuracy of these new dynamic parameters should be verified by means of a stability check of the process over the analyzed fixture.

The influence of the cutting parameters has to be deeply analyzed as well. The presence of higher or lower milling excitation forces that those used in this study could give raise to variations in the estimated FRF due to non-linear behavior.

Even if the observed changes in the FRFs are not very significant, higher differences are expected in other type of systems, for instance machine tool dynamics, where the higher amount of joints and mechanical elements involved in the modal shape could result in bigger differences between the classical hammer test and the milling sweep test. Machine tool own dynamics study through the newly developed FRF estimation procedure will be carried out in the near future. In this case a three input MIMO system will be considered, since Fz force will be also involved in the main mode description.
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 1 Figure 1: Milling force calculation layout
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 2 Figure 2: Cutting speed variation in a T=20s milling sweep test
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 3 Figure 3: Simulated cutting force comparison of down-milling cut versus up-milling cut. F y keeps the same sign whereas Fx is opposite sign.
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 4 Figure 4: Milling sweep test layout
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 56 Figure 5: Simulated coherence functions of the sweep milling FRFs
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 7 Figure 7: Hammer test and milling sweep test comparison in y axis
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 89 Figure 8: Experimental setup: workpiece on flexible fixture with one dominant mode in each direction x and y
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 10 Figure 10: Hammer test FRF comparison with milling sweep test FRF in y axis

Table 1 :

 1 

	Direction	Down-milling / Up-milling
	Workpiece material	C45k
	Tool	490-032A25-08M
	Inserts	490R-08T308M-PH
	Diameter	32 [mm]
	Number of inserts	2
	Cutting speed range	150-300 [m/min]
	Rotation speed range	1500-3000 [rpm]
	Depth of cut	1 [mm]
	Width of cut	6.4 [mm]

Table 1 :

 1 Cutting conditions of the milling sweep tests

Table 2 :

 2 table compares the dynamic parameters obtained with hammer and with milling sweep tests: Dynamic parameter comparison

		Dynamic parameter	Hammer test	Milling sweep test
		Natural frequency	159.3 [Hz]	157.6 [Hz]
	x axis	Damping	0.66 [%]	0.60 [%]
		Modal stiffness	100.875 [N/µm] 120.738 [N/µm]
		Natural frequency	71.1 [Hz]	71 [Hz]
	y axis	Damping	1.77 [%]	1.94 [%]
		Modal stiffness	32.546 [N/µm]	34.555 [N/µm]