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In response to the design problems of violent vibration and noise when a stranding machine is running at high speed, this project completed a motion simulation and vibration analysis based on the prototype FB-650C-2 bow-type stranding machine produced by Fuchuan Mechanical and Electrical Technology Co. The modal analysis was carried out in ANSYS to obtain the first eight orders of inherent frequencies and vibration patterns, combined with excitation force analysis to verify whether the rotating parts could avoid the resonant frequency when operating. Harmonic response analysis was carried out based on the modal state to calculate the steady-state forced vibration of the structure, and the variation curve of response value (usual deformation) with frequency and the cloud diagrams of stress distribution of each component at the rotation frequency were obtained. Suggestions for improving vibration and reducing noise were made based on the experimental and analytical results.
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1 INTRODUCTION
Wire and cable play a very big role in promoting the economic development of China and are a basic auxiliary industry for various other industries [1]. With the rapid development of the economy and the popularity of electric vehicles, the power shortage has continued to expand, which also increases the need for wire and cable production in China. In the fabrication of wire and cable, the stranding equipment occupies a critical position [2–4] and the vibration and noise of the machine not only adversely affects the workers’ environment but also contributes to metal fatigue that reduces the performance and life of the machine components [5–7]. In the past three decades, with the continuous updating of stranding technology, domestic stranding equipment has been greatly improved; nevertheless, there is still much work to be carried out before domestic stranding machines reach leading international levels.
For modal analysis and experimental modal analysis of stranding machines, the current trend is to combine finite element methods and experimental modal analysis techniques in an organic way [8–11]. To understand the dynamic performance of the stranding machine, modal analysis of each key component as well as the whole machine is required to obtain accurate modal parameters. However, since the modal analysis alone does not reflect the influence of external excitation on the instrument under normal operation, the harmonic response analysis of the whole machine is very important [12, 13]. Modal analysis is an essential method for studying the vibration of components under working conditions. For example, the theoretical working of the buffer block was explored to investigate vibration and its effect on fatigue and performance, and the predictions showed good agreement with the experimental results [14]. Even at a nanometer scale, atomic vibration has a large influence on the overall performance of materials [15].
In this paper, a modal analysis and vibration test of the FB-650C-2 bow-type stranding machine produced by Fuchuan Mechanical and Electrical Co., Ltd were carried out to simulate the actual working condition of the machine and to determine the causes of vibration and noise. The results provide a theoretical basis for future research on ways to reduce vibration and noise without compromising productivity.
2 MATERIALS AND METHODS
2.1 Modal analysis theory
The bow-type stranding machine is generally used to produce small cross-section strands for making a cable. It operates at a high speed, up to 2800 rpm, and the output can reach 3–4.5 times that of a tubular stranding machine or frame stranding machine. However, the high speed of rotation of the spindle in the cantilever mechanism can easily generate strong vibration. Figure 1 provides a schematic diagram of the structure of the bow-type stranding machine.
[image: Figure 1]FIGURE 1 | Schematic diagram of the structure of the bow-type stranding machine. (1) Incoming spindle, (2) motor base, (3) spindle guide wheel, (4) bow arm, (5) incoming disc bearing seat, (6) disc, (7) carbon fiber bow belt, (8) threading disc bearing seat, (9) outgoing spindle, (10) bearing box, and (11) base.
In the bow-type stranding machine, the whole rotating part is driven by a motor, accelerated by a synchronous pulley, up to 2000 rpm. Multi-strand copper wire from the feed spindle passes through a small hole, guided by the spindle guide wheel, bow arm, and carbon fiber bow belt. The wire is then twisted together in a certain order and at a specific distance by the circular movement of the bow and the forward movement of the machine. Then, it is passed through the relay wheel, tensioning mechanism, wire arrangement mechanism, and is finally wound on the wire tray to complete the stranding. The wire feed spindle delivers the wire to the stranding machine, and the wire enters the system through the wire feed hole at the right end of the shaft. Supported by four bearings on the bearing box, this usually suffers from violent vibration and serious heat generation during the extended high-speed rotation. The outgoing spindle, whose operating principle is roughly the same as the incoming spindle, is structurally smaller in length but larger in radius, with improved cantilevering. An electromagnetic relay is provided at one end of the spindle so that the machine can stop in time if the wire is broken to prevent ineffective stranding. The FB-650C-2 bow-type stranding machine studied in this project has a high output with lower power usage compared with domestic and foreign machines of the same specification. However, according to feedback from the cable manufacturers, the violent vibration and noise generated during operation of the machine seriously hinder development of the enterprise.
The bow-type stranding machine is a linear system with multiple degrees of freedom, and based on the principles of mechanical vibration, the differential equation of motion for a deterministic system is:
[image: image]
Eq. 1 is the basic equation of dynamic finite element analysis. In undamped modal analysis, the damping term in (1) can be neglected and a new differential equation of motion can be written with the external forces equal to zero, as shown in Eq. 2:
[image: image]
For a linear system, the solution of Eq. 2 takes the form:
[image: image]
where [image: image] is the [image: image]th order mode corresponding to the eigenvector of the vibration mode and [image: image] is the [image: image]th order modal corresponding to the intrinsic frequency (in rad/s). Substituting Equation 3 into Equation 2, we obtain:
[image: image]
When the structure vibrates freely, the amplitude [image: image] cannot be 0. Therefore, from the aforementioned equation, the coefficient determinant of the characteristic equation is 0:
[image: image]
Eq. 5 represents a system of N algebraic equations about [image: image], and assuming that Equation 5 has no repeated roots, we obtain N mutually exclusive positive roots, [image: image]. Arranging them in order of magnitude, we have [image: image]. [image: image] is the ith order modal frequency, and the modal oscillation of the response is [image: image]. For [image: image], where i ranges from 1 to N, we can transform the physical coordinates into modal coordinates [16–19].
2.2 Harmonic response analysis theory
In the stranding machine vibration test system, the external force generated in the operation of the system can be considered as a periodic load. The structure is loaded with a simple harmonic force consistent with the operating conditions, and the load force is brought into Formula (1) as follows:
[image: image]
where [image: image] is external load vector on the structure.
For a general mechanical model, the damping at each node in the structure is different, resulting in each unit node in the structure moving at the same frequency but in different phases. The displacement expression of the structure is:
[image: image]
where [image: image] is the maximum displacement; i is the unit negative and [image: image] is the forced circular frequency (rad/s), [image: image]; [image: image] is the forced vibration frequency (week-s/unit time, in Hz); t is the time (s); and [image: image] is the displacement phase shift (rad).
All the calculations in this work, including the fundamental harmonic response equations, were performed using ANSYS Workbench with three basic solution methods: the full method, the reduced method, and the modal superposition method [20–22]. The ANSYS Workbench is based on the finite element method (FEM), which is a numerical technique for solving approximate solutions of boundary value problems of partial differential equations. It uses the variational method to make the error function reach the minimum value and produce a stable solution. All the mesh types were hexahedrons in our calculations.
2.3 Generation of the finite element model of the stranding machine
The main working part of the stranding machine contains complex structures such as the incoming spindle and the outgoing spindle. First, the 3D model of the bow-shaped stranding machine was simplified, and a common node was used between the base side plate and the barrel, between the tendon plate and the bearing box, and between the supporting tendon and the barrel to convey the nodal forces and deformation displacement. The material parameters of the simplified model of the stranding machine are shown in Table 1.
TABLE 1 | Summary of material parameters.
[image: Table 1]2.4 Body meshing
In our structural model, a quadrilateral mapping division was used to control the number of meshes by taking the length of the shortest line as the reference and to minimize the calculation volume within the specified range by ensuring the calculation error. To choose a suitable degree of refinement and avoid meshes with excessive angles and deformations, the base cylinder was locally encrypted at the connection with the side plate, and the mesh was divided as shown in Figure 2, while the main shaft was separately separated for meshing, as shown in Supplementary Figure S1 in Supporting Information.
[image: Figure 2]FIGURE 2 | Stranding machine mesh division.
3 RESULTS AND DISCUSSION
3.1 Modal analysis results
Using the finite element model of the bow-type stranding machine that was constructed, the solution mode was set to modal analysis, the block method was adopted, and the order was set to 8. After 40,530 s of calculation, the first eight steps of the machine’s inherent frequencies and the corresponding vibration patterns were obtained. The inherent frequencies are shown in Table 2, and the corresponding vibration patterns are shown in Supplementary Figure S2.
TABLE 2 | Stranding machine first eighth order inherent frequency.
[image: Table 2]As can be seen in Table 2, the first eight orders of the stranding machine’s inherent frequency are concentrated between 32 and 53 Hz. Under normal operation, the stranding machine rotating part has a rotation frequency of 33.33 Hz, between the fourth- and fifth-order inherent frequencies. When the machine is in normal operation, the rotation frequency is 1 Hz different from the fourth-order inherent frequency; the motor frequency is 50 Hz, located between the sixth and seventh orders, and the sixth-order inherent frequency difference is 0.27 Hz. Thus, in normal operation at the given excitation frequency, the machine is likely to resonate.
3.2 Harmonic response analysis results
In this paper, the harmonic response analysis of the structural model of the aforementioned bow-type stranding machine was carried out using the modal superposition method to find the displacement response of the stranding machine under the action of excitation frequencies from 0 to 100 Hz. With a motor power of 11 kW and a synchronous belt acceleration system transmission ratio i = 1.37, a motor speed of 1460 rad/min can be obtained from the motor with an incoming spindle and outgoing spindle input torque of 49.42 Nm. With a spindle drive pulley of 134 mm diameter, a torsional force of 737 N can be obtained by adding the shaft’s circumferential direction as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of incentive addition.
Figures 4A, B show the deformation curves of the carbon fiber bow belt in turn. It can be seen that the deformation curves of the carbon fiber bow belt in the vertical y and horizontal z directions are approximately the same. In the vertical direction, a sharp increase in deformation occurs at frequencies between 34 Hz and 38 Hz and reaches a maximum of 2.38 mm at 38 Hz; in the horizontal direction, the bow belt reaches a maximum deflection of 1.705 mm at 38 Hz. The stranding machine studied in this paper operates normally at 2000 rpm (33.33 Hz) with a motor frequency of 50 Hz. From the shape of the curve, it can be seen that the horizontal and vertical displacements are relatively large at this frequency, so resonance will occur at the normal operating frequency. Figures 4C, D show the deformation of the incoming spindle in the y and z directions. The shape of the curve is similar to that of the bow belt, the deformation of the incoming spindle in the y-direction reaches its maximum at 38 Hz and the deformation amplitude is up to 0.017 mm. Smaller peaks of deformation occur at both 32 Hz and 50 Hz (Fig. 4). Figures 4E, F show the related curves of deformation and frequency of the outgoing spindles, respectively. In the vertical direction, when the excitation frequency is 38 Hz, the deformation amplitude reaches 0.019 mm and 0.093 mm in the horizontal direction. The peak value is more prominent at 32 Hz in the horizontal direction, and it can be seen that there is a large deformation of the outgoing spindle in the horizontal direction, which is most obvious when the structure resonates. In summary, it can be seen that each component resonates at 32 Hz, 38 Hz, and 50 Hz and that the deformation reaches a maximum at 38 Hz; however, the rotation frequency of this model is 33.33 Hz under normal working conditions. To combine the peak point and modal analysis, we chose to solve the stress distribution of each component at 32 Hz.
[image: Figure 4]FIGURE 4 | Calculated deformation curve of carbon fiber bow belt in (A) y-direction and (B) z-direction; deformation curve of incoming spindle in (C) y-direction and (D) z-direction; and deformation curve of outgoing spindle in (E) y-direction and (F) z-direction.
Figure 5 shows that the stress distribution on the incoming and outgoing spindles is maximum at the incoming disc bearing installation at 30.123 MPa, with a minimum at the end of the shaft of 200 Pa. At the bearing connection in the bearing box, the shaft also has a large stress concentration, with a value of 10.041 MPa or more; thus, it is necessary to strengthen the bearing assembly to prevent the machine from resonating.
[image: Figure 5]FIGURE 5 | Stress nephogram of (A) incoming and (B) outgoing spindle with excitation force at 32 Hz.
3.3 Vibration damping solutions
From the overall results of the vibration analysis to determine the maximum resonance point and identify the root cause of the axial vibration, we found that the resonance appears at the right end of the bearing seat position. The center of gravity of the bearing force deviates from the geometric center of the bearing seat. The projection point of the excitation force does not coincide with the collection center of the bearing seat so that the bearing seat connection stiffness is low and the bearing seat produces axial sway, although the base of the machine has minimal impact. The rotating assembly was separated, some simplification operations were carried out, and the simplified model is shown in Figure 6A.
[image: Figure 6]FIGURE 6 | (A) Simplified spindle model and diagram of bearing thickening position and (B) the thickening position.
From consideration of the structural vibration results, the resonant frequency could be avoided and vibration reduced by changing the wall thickness of the right end bearing seat. As the model has many holes on both sides of the disc, and the shortest distance of the holes from the bearing seat is 4 mm, the inner wall must also be thickened to avoid stress concentration in the holes on the incoming disc after thickening the outer wall. The clearance between the inner wall of the bearing seat and the rotor is 6.25 mm, but because of bearing wear, the wall thickness of the bearing seat cannot increase beyond the maximum range of 4 mm. The thickening position is shown in Figure 6B (yellow area of symmetric thickening). There is also a gap between the bearing seat and the rotor assembly, and over time, the bearing seat will wear and the gap will increase; thus, it is difficult to avoid the resonant frequency. Wear can be reduced to some extent by using a sleeve and improving the lubrication system. After considering all the aforementioned factors, the wall thickness of the bearing seat was tested by increasing it 1 mm and 3 mm, and reducing it by 1 mm, and analyzing the modalities of the spindle. The results of the analysis using the ANSYS Workbench are shown in Table 3.
TABLE 3 | First eighth order modal analysis of spindle (Hz).
[image: Table 3]From the results of modal analysis of the bearing seat improvement, it can be seen that reducing the bearing wall thickness by 1 mm did not have much effect on the modal values of the spindle and did not achieve avoidance of the resonant frequency. However, an appropriate increase in the wall thickness of the bearing seat did effectively avoid the resonant frequency, thus achieving vibration and noise reduction. Considering the structural machining and the friction between bearing and shaft, the maximum wall thickness of the bearing seat should be increased by 3 mm. By doing that, the original resonant frequency can be avoided at all vibration orders, which provides a good reference point for optimization of the structure.
4 CONCLUSION
In this study, a modal analysis of a structural model of a stranding machine was carried out, and the first eight orders of inherent frequencies and vibration patterns were obtained. The analysis of the inherent frequencies and vibration patterns of each order showed that when the machine was in normal operation, the operating frequency was located between the fourth- and fifth-order inherent frequencies, and the motor frequency was located between the sixth and seventh orders; thus, the machine was likely to resonate under normal operation at the given excitation frequency. The modal analysis of the key elements of the rotating part shows that the first-order inherent frequency of the bow belt was close to the motor frequency (50 Hz) under normal operating conditions and is the part that causes the resonance. It was found that the response patterns of the incoming spindle, outgoing spindle, and carbon fiber bow belt were basically the same, and resonance would occur at 32 Hz, 38 Hz, and 50 Hz in each. By analyzing the stress nephogram of the structure under the effect of a 32 Hz excitation frequency, we found that the stress values of the incoming spindle and outgoing spindle were larger at the bearing installation and smaller at the shaft end. The stress value of the bow belt was greatest at the bolt fixation and least at both ends, which indicates the parts to be optimized. Through modal analysis, we found that increasing the wall thickness of the bearing seat could effectively avoid the resonant frequency and achieve vibration reduction, providing the basis for design improvements and structural optimization in the future.
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