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Abstract: Studying the vibrational behavior of feed drive systems is important for enhancing the structural performance of computer numerical control (CNC) machines. The preload on the screw and nut position have a great influence on the vibration characteristics of the feed drive as two very important operational conditions. Rotational acceleration of the screw also affects the performance of the CNC feed drive when machining small parts. This paper investigates the influence of preload and nut position on the vibration characteristics of the feed drive system of a CNC metal cutting machine in order to be able to eliminate an observed resonance occurred at high rotational speeds of the screw, corresponding to high feed rates. Additionally, rational structural parameters of the feed drive system are selected in order to increase the rotational acceleration for improving the performance of the CNC machine. Experiments and analyses showed that by selecting specific parameters of feed drive system and simultaneously applying a certain value of preload, a 97% increase in rotational acceleration and 30% time reduction considering the vibration resistance at high rotational speeds can be achieved.
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1  Introduction

Machine tool feed drives have been widely designed and manufactured for various applications. Performance of the CNC feed drives is evaluated based on the surface quality of the machined parts as well as time required for cyclic operations [1]. Frequency response function (FRF) and stability lobe diagrams (SLDs) are both effective tools for assessing the performance of CNC drives. FRF experimentally determines the machining efficiency and quality [2].

In comparison to direct drives, ball screw feed drives are cheaper and less sensitive to inertia variation and disturbance forces; therefore, they are widely used in engineering applications. However, the resonance modes of ball screw feed drive can be excited when machining with high accelerations, which can adversely affect the positioning accuracy and consequently, finished surface quality [3]. As a solution, preload is applied on the screw for pushing the resonance frequencies out of frequency range of interest. It was shown in a study [4], that preload on machine tool joints has significant effects on dynamic stiffness of the spindle nose. Influence of preload on linear guides on vibrational behavior of the feed drive system is also investigated by Lin et al. [5]. It is shown in this study, that preload of the linear guides greatly affects the vibrational behavior, associated with spindle head. It is also stated that the dynamic stiffness of the spindle head can be enhanced by increasing the preload on the linear guides. However, these results are obtained for specific systems under a fixed operational condition and the effect of nut position on dynamics of the feed drive is not considered. Nut produces a significant lateral restraint on transverse vibration of the screw. The effect of transverse vibration of the screw vary with time as the nut moves along the screw [3]. This implies that the natural frequencies of the ball-screw system change with time during the machining process [6]; therefore, it is necessary to consider the effect of nut position on the vibrational behavior of the machine tool.

The aim of this study is to investigate the influence of nut position and preload on screw on dynamic behavior of a CNC metal cutting machine (Miller) and to improve the performance of the feed drive system considering the resonance resistance [7]. The studied horizontal feed drive system mainly consists of linear guides, ball screw/nut and ball bearings. A finite element model of the feed drive system is built to capture the natural frequencies and mode shapes of the feed drive. The effect of nut movement throughout the screw shaft of the feed drive on its natural frequencies and mode shapes during the machining process is also studied. It is found that at the extreme left position (or right position, due to symmetrical shape of feed drive) of the nut, the natural frequencies of the feed drive system become close to rotational frequency when machining at maximum rotational speed of the screw, corresponding to maximum feed rate. This effect is undesirable, as it can lead to excitation of dangerous vibrations of screw, which results in jamming at high feed rates. The easiest way to avoid this undesirable effect is limiting the feed rate, which negatively affects the productivity and performance of the machine tool. A more complicated method to avoid the mentioned problem is to increase the natural frequencies of the screw (shaft) by applying the preload on it. In this paper, the influence of different values of screw’s preload on its natural frequencies is studied. For this, a pre-stressed modal analysis is conducted based on finite element modeling and the results are compared with experiments. Calculations of maximum level of mechanical stresses in the grooves of the screw shaft is performed in a three-dimensional setting, and the strength estimation is carried out in order to select the appropriate value of preload. Additionally, calculations of static load capacity of feed drive bearings and selection of suitable bearing’s model (which can carry the preload) are performed.

Another way to increase the performance of the machine tool is to increase the rotational acceleration of the screw shaft during the machining of small parts. It is proposed in this paper to reduce the shaft diameter while using the original motor’s and gear’s model in order to achieve greater rotational acceleration by reducing the total inertia of the drive system. For this, a calculation is performed to determine the rotational acceleration for different shaft diameters. A suitable diameter is then chosen with considering the natural frequencies, and the preload value is corrected in order to prevent resonance at maximum feed rate at extreme nut positions.

2  Vibration Test

The modal analysis performed on the CNC machine tool feed drive is discussed in this section. The vibration characteristics of the feed drive system are obtained by measuring the direct frequency response of acceleration of the system at point A on the screw and points B and C on the linear guides. The devices used for the vibration test mainly consisted of three accelerometers, impulse hammer, data acquisition NI9234, USB carrier 9162, computer with a system design platform LabVIEW and Fourier transform analyzer. The experimental setup is shown in Fig. 1.
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Figure 1: Experimental setup for modal analysis

The accelerometers are mounted at points A, B and C for measuring the acceleration of vibrations. Sensitivity of the accelerometers are 3.56; 9.8 and 9.8 mV/g, respectively. The impulse hammer is used for transverse excitation of screw shaft of the feed drive. The acceleration and impact force signals are recorded by the data acquisition NI9234. FRFs are obtained using LabVIEW design platform system and Fourier transform analyzer. The first two natural frequencies are extracted for the case, when the nut is located at the middle of the shaft. The experiments are repeated for different positions of the nut. At the extreme right and left positions of the nut, the minimum distance between the nut and the end bearings is 185 mm. The location of the origin point is selected to be at 185 mm from the end of left bearing. The vibration spectra of the feed drive for 3 positions of nut including left position (distance from nut to origin is 0 mm), middle position (distance from nut to origin is 425 mm) and right position (distance from nut to origin is 850 mm) are shown in Fig. 2.

[image: images]

Figure 2: Vibration spectra of the feed drive system for three different positions of the nut. а) Left position of nut and b) Middle position of nut

The experimental results show, that the maximum natural frequencies correspond to the middle position of nut, and, when nut moves from center of screw towards the ends of the screw, the natural frequencies decrease. Fig. 3 illustrates the relationship between the values of natural frequencies and location of nut.
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Figure 3: Relationship between the natural frequencies of the feed drive system and the nut position

3  Calculation of Design Parameters and Preload of Feed Drive for Enhancing the Performance

3.1 Natural Frequency and Mode Shape Extraction for the Feed Drive System

A modal analysis in ANSYS workbench software is performed to obtain the natural frequencies and mode shapes of the feed drive system for different nut positions. For this, the model is divided by tetrahedral finite elements (10 nodal elements). Boundary conditions are set using the bushing function to provide translational and rotational movements with the corresponding stiffness values at joints between shaft and bearings/nut. The stiffness values at the joints are selected and updated based on comparison with experimental results for different positions of nut. Fig. 4 shows the first four mode shapes and their corresponding natural frequencies of feed drive system, which are correlated to vibration of the shaft (nut at the extreme left position).
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Figure 4: Fundamental vibration mode shapes and corresponding natural frequencies of the horizontal feed drive system. а) First mode shape (34.733 Hz), b) Second mode shape (34.85 Hz), c) Third mode shape (112.4 Hz) and d) Fourth mode shape (112.77 Hz)

By comparing the finite element model and experimental results, we can conclude that the finite element model is built with an acceptable accuracy. Fig. 5 illustrates both FEM and experimental results for comparison. Based on both FEM and experimental results, at the extreme positions of the nut, the natural frequencies of the screw (for the first and second mode shapes) become close to rotational frequency (30 Hz) at maximum rotational speed (1800 rev/min) of the screw, corresponding maximum feed rate, which leads to resonance.
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Figure 5: Comparison between FEM and experimental results

3.2 Influence of Preload on Shaft on the Natural Frequencies

The effect of preload on screw shaft on the natural frequencies is discussed in this section. By applying a suitable value of preload and consequently increasing the natural frequencies, resonance can be prevented. Pre-stressed modal analysis for the feed drive is performed in ANSYS workbench software for different values of preload, and first four mode shapes and corresponding natural frequencies are obtained. As the feed drive has natural frequencies close to forced frequency (corresponding to maximum rotational speed) at extreme left position of the nut, the pre-stressed modal analysis is conducted for this position of nut for different values of preload. Based on the results, the natural frequencies rise when preload increases (see Fig. 6).
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Figure 6: Relationship between natural frequencies of the feed drive and preload

3.3 Selection of Preload on Shaft of the Feed Drive for Eliminating Resonance at Maximum Feed Rate

Although higher values of preload result in significant increase of lower natural frequencies, preload can be increased only up to a certain limit. It is due to the strength conditions of the shaft, particularly on grooves of the shaft, where stress concentration occurs. Permissible tensile stress on the shaft considering avoidance of local plastic deformations of the material is selected based on the following inequality [8]:

[image: images]

where [image: images] represents the permissible tensile stress on the shaft, and [image: images] represents the yield strength of material. The value of yield strength is selected from the manufacture’s catalog (785 MPa) for the shaft material (steel 40cr, Russian standard steel). Consequently, [image: images].

To select the appropriate preload on shaft, a static analysis in ANSYS workbench software is performed for one preloaded section of the shaft to determine the stress fields. According to the analysis results, the maximum preload that can be applied to the shaft is 20000N, which results in stresses (257.9 MPa) less than permissible stress (see Fig. 7). The analysis is repeated for the preloaded shaft section with larger grids for verifying the convergence of the solution.

[image: images]

Figure 7: Stress field of shaft section under the preload of 20000N

3.4 Modeling of Thrust Bearings for Providing the Specified Preload

The preload on shaft, calculated in the previous section, is transmitted to the drive’s frame via radial-thrust bearings. Therefore, permissible preload depends not only on strength conditions of the shaft, but also on static load capacity of the bearings’ model. In this section, a calculation of static load capacity of bearings used in feed drive is performed to determine the maximum tolerable preload (bearing model- 46100, Russian standard). Then, the capability of other bearing models is analyzed. It should be ensured that preload does not exceed the static load capacity of the bearing [8]:
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where the equivalent static load [image: images] is determined from the next Eq. (8):
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[image: images] represents a coefficient, selected from the catalog of corresponding bearing’s manufacturer and [image: images] represents the force on screw.

[image: images] can be determined by following Eq. (8):

[image: images]

where [image: images] represents the axial load on screw and Fap represents the driving torsional force.

It is found that preload on the studied bearing (model-46100) must not exceed 1500N. In this case, natural frequencies can be increased from 34.733 Hz only to 35.6 Hz. For overcoming this limitation it is proposed to select a suitable bearing model that can support higher preload values. In order to select the most suitable bearings’ model, calculations of static load capacity are conducted for a number of bearing models. Bearings 46100, 46101, 46102, 46200 and 46201 fit well with the dimensions of the machine tool. However, the calculations are also conducted for a series of other bearings (46301 and 46303) which support even more preload. In designing stage of the machine tool, the designer can utilize these bearing models by using additional bushings. Tab. 1 shows the maximum preload supported by different bearings.

Table 1: Maximum tolerable preload for different bearings, obtained by static load capacity calculation

[image: images]

Based on the results, it is obvious that by replacing the initial bearing 46100 with bearing 46303, a preload of 5558N can be applied, and therefore the natural frequency can be increased from 34.733 Hz to 45.268 Hz (when nut is located at it is extreme left position), which is far from resonance frequency. Thus, in the further calculations, we limit ourselves to a maximum preload of 5558N.

3.5 Determining the Maximum Allowable Reduction of the Preloaded Shaft’s Diameter Considering the Vibration Resistance

As mentioned before, high acceleration is a key parameter, assessing the performance of machine tool. It becomes more important when machining small parts by a lightweight type of machine tool. In this work, it is proposed to reduce the diameter of the shaft in order to reduce the moment of inertia and consequently increase the acceleration of rotation of the shaft. However, it is also important to check that the vibration resistance is preserved simultaneously and natural frequencies are higher and far from the critical frequency (30 Hz), corresponding to maximum feed rate. In other words, as diameter of the shaft decreases, it must be assured that the natural frequencies are still far from the rotation frequencies, since the natural frequencies decrease by reducing the shaft diameter. For keeping the natural frequencies far from the resonance frequency as diameter is decreased, a preload equal to the permissible value in the previous section (5558N) is applied to the shaft simultaneously. The studied bearing model is 46303. Static and modal analyses are conducted to determine the natural frequencies of the shaft with different diameters (considering the left position of nut). Size of diameters are chosen from the catalog of corresponding manufacturer of ball screws (shafts with diameters 14 mm and 10 mm) [9]. Based on static analyses, the maximum preload for shafts 14 mm and 12 mm are 17000N and 10000N, respectively. The results of modal analyses are presented in Tab. 2. Natural frequencies of the shaft without applying a preload are presented in Tab. 3 for comparison.

Table 2: Relationship between the natural frequencies and nominal diameters of preloaded shaft (5558N)

[image: images]

Table 3: Relationship between the natural frequencies and nominal diameters of the shaft without preload

[image: images]

It can be seen from the results, that by applying the preload of 5558N the natural frequencies will be far from the critical eigenvalues (30 Hz) at the maximum speed of shaft rotation (1800 rev/min).

3.6 Estimation of the Efficiency Improvement of the Preloaded Feed Drive during Milling Process

This section demonstrates an example of time reduction for machining holes with diameters less than 10 mm for showing how efficiency improves as a result of applying the proposed changes in the feed drive. Machining the holes is required to be done with maximum acceleration at maximum feed rates. The maximum rotational speed of the shaft (diameter of 16 mm) is [image: images]. In this section, a calculation is conducted to determine the rotational acceleration and feed rate of the shaft with proposed diameter when machining circles with different diameters. The diameters are selected from the catalog of corresponding manufacturer. Here, three different diameters are selected: [image: images], and [image: images]. Maximum rotational acceleration of the shaft [image: images] [[image: images]] is calculated by following equation:

[image: images]

where [image: images] represents the maximum moment of inertia of the motor [[image: images]] (for the studied motor-PL57H110 it is equal to [image: images] [10]), [image: images] represents the total moment of inertia [[image: images]] and the [image: images] is a coefficient equal to 0,3.

Total moment of inertia in this case is calculated based on the next equation:

[image: images]

where [image: images]represent the moment inertia of rotor, moment inertia of coupling, moment inertia of the shaft and moment inertia of the vertical module of the machine tool, respectively. M represents the mass of vertical module of the machine tool ([image: images]20 kg) and [image: images] represents the pitch of the screw.

Based on the catalog of corresponding manufacturer [10], rotary inertia is equal to [image: images]. Moment of inertia of the coupling is calculated based on the following equation:

[image: images]

where [image: images] is external diameter of the coupling, [image: images] represents the coupling’s length and [image: images] represents the coupling’s density. Substituting the values in the Eq. (7) we will get [image: images].

First proposed shaft has the next characteristics: [image: images]- nominal diameter of the screw shaft, [image: images] - lead of screw, [image: images]- shaft length, [image: images]- shaft density. Therefore:

[image: images], [image: images].

The following characteristics are related to the second shaft: [image: images], [image: images], [image: images], [image: images], [image: images], [image: images].

Finally, characteristics of the third shaft are: [image: images], [image: images], [image: images], [image: images], [image: images], [image: images].

Based on the above calculation results, it can be seen that the rotational acceleration of shaft increases by 97%, if the diameter of the shaft is reduced by 6 mm. Next, feed rates of machining a small circle with a diameter of 10 mm are determined for different obtained accelerations [image: images] (see Fig. 8). Feed rate and time required for machining one circle t are determined by the following formulas:

[image: images]

where d represents diameter of the circle, throughout which passes the tool tip, and [image: images] represents the length of this circle.

[image: images]

Figure 8: Geometrical relationships in milling process of the circle

Time and feed rates for different rotational accelerations are presented below:

at [image: images]

at [image: images]

at [image: images]

Based on the above calculation results, it is seen that the time required for machining a circle with a diameter of 10 mm is reduced by 28.7% as a result of shaft diameter reduction. Further, the same calculation is conducted for different machined circles (with different diameters) (see Tab. 4). According to the results in Tab. 4, the smaller diameter of machined circle, the more acceleration will affect the processing time. Therefore, acceleration plays an important role mostly when machining small parts. Tab. 4 shows the dependence of feed rate on diameter of machined circle.

Table 4: Influence of rotational acceleration of shaft [image: images] [mm/s2] and diameter of machined part d’[mm] on machining time

[image: images]

Starting from a certain value of diameter of the machined circle, only feed rate affects the time of machining process, and the rotational acceleration of the shaft stops affecting the machining time (see Fig. 9). This diameter can be determined as [image: images].

[image: images]

Figure 9: Effectiveness of rotational acceleration and the feed rate on processing time in dependence on the machined circle diameter

4  Conclusions

Influence of preload and nut position on the vibration characteristics of the feed drive system of a CNC machine tool is investigated in this study. Design parameters of feed drive system are also selected in order to be able to increase the rotational acceleration and consequently, improve the performance of the CNC machine tool. Based on results and analyses, the following conclusions are made:

1.    Based on the modal analysis and experimental results, at the extreme left position of the nut, the natural frequencies (34,73 Hz) are close to resonance frequencies at the maximum rotational speed of the screw (30 Hz)

2.    To increase the natural frequencies of the feed drive for avoiding resonance, it is proposed to apply the preload on the shaft. To provide the preload on shaft, a suitable model of the bearings is selected, which tolerates maximum preload of 5558N. In this case, the natural frequencies increase up to 30%.

3.    To increase the machining speed and reduce the time required for machining small parts, it is proposed to reduce the diameter of the shaft from 16 mm to 10 mm. It is shown that by reducing the diameter, the rotational acceleration of the shaft can be increased up to 97%.

4.    To find out the influence of the shaft’s rotational speed on the machining time, calculations are performed to determine the feed rate and machining time of small holes with different diameters. It is concluded that the smaller diameter of machined circle, the more acceleration will affect the processing time. Starting from a certain diameter of the machined circle, only feed rate affects the time of machining process, and the rotational acceleration of the shaft stops affecting the processing time.
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