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The five axis linkage Computer Numerical Control machine tool for integral impeller can achieve blade machining through side milling, which is of great significance for improving the machining accuracy, production efficiency, and long-term stability of integral impeller blades. This study is based on non-uniform rational B-spline curves and aims to reduce the surface over cutting or under cutting of integral turbine blades. The path planning of non deployable ruled surfaces was analyzed in depth through side milling, and the path planning model of the side milling cutter axis was solved through a fusion algorithm of simulated annealing algorithm and particle swarm optimization algorithm, in order to find the optimal path through iterative process. As the number of iterations increased, the error values of particle swarm optimization algorithm and simulated annealing particle swarm optimization fusion algorithm gradually decreased, with convergence times of about 7 and 6, respectively. The stable error value of the fusion algorithm was 0.253, which is 30.45% lower than that of the particle swarm optimization algorithm. The optimal number of iterations for solving the model using particle swarm optimization algorithm and fusion algorithm was the 7th, with range values of 0.0213 and 0.0165 mm, respectively. The tool axis trajectory surface optimized by the fusion algorithm was closer to the tool axis motion state compared to the initial tool axis trajectory surface. The range of the sum of mean squared deviations for single and global cutting was 0.0011–0.0198 and 0.046–0.0341, but the overall error value was relatively small. This study effectively reduces the envelope error of machining tools and improves machining accuracy, thereby solving the principle error of non expandable ruled surfaces in the motion trajectory of the blade axis of the integral turbine. This provides new research ideas for the intelligent development of Computer Numerical Control machining technology.
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1 INTRODUCTION
In recent years, the machine tool manufacturing industry has developed rapidly, and Computer Numerical Control machine tools (CNC-MT) have covered all manufacturing industries. Digital control utilizes digital technology to manage the movement and cutting of machine tools, including mechanical manufacturing, inspection, automatic control, and computer technology, with advantages such as high machining accuracy and fast machining efficiency. With the rapid development of aerospace, national defense, new energy and other fields, industries with complex structures are rapidly rising (Kiswanto, 2020; Liu et al., 2021; Guo et al., 2023). Integrated turbine blades (ITB), as complex thin-walled components, are widely used in fields such as water conservancy and aviation, and their proportion in aviation generators reaches 30%. Against the backdrop of increasing demand in the national defense market, the production requirements of ITB are developing towards high precision and efficiency. Different from open and semi open, due to the thinner ITB blades and narrower distance between blades, there is not enough machining space for the cutting tools during the blade machining process. At the same time, due to the existence of non expandable ruled surfaces (NERS) with fundamental errors, it is difficult for the tool edge to fully fit with the blade surface, resulting in insufficient or excessive cutting between the NERS and the tool envelope surfaces (TES), which greatly increases the difficulty of ITB machining. The methods of machining complex surfaces can be divided into point milling and side milling. The former is accurate in machining, but the tool path range is small, so the consistency of surface machining of parts is low (Cheng et al., 2020; Franciosa et al., 2020; Wei Y. et al., 2021). Therefore, this study will be based on Non Uniform Rational B-Spline (NURBS) curves, with the goal of reducing over cutting or under cutting on the surface of ITB blades, and conduct in-depth analysis of NERS path planning through side milling. In addition, the path planning model is solved by integrating Simulated Annealing (SA) and Particle Swarm Optimization (PSO) algorithms to iteratively find the optimal path. The innovation of the research can be mainly summarized as the following two points. One is to construct NER based on NURBS and analyze the principle error of NER in the motion trajectory of ITB tool axis. The second is to use the SA-PSO fusion algorithm to solve the path planning model of NERS for side milling in this study. This study will elaborate on it from the following four aspects. Part 1 elaborates on the current research status of CNC-MT technology and ITB side milling at home and abroad. Part 2 introduces the NERS path planning for ITB side milling, with a focus on the SA-PSO fusion algorithm. Part 3 analyzed the effectiveness and feasibility of the NERS path planning for ITB side milling. Part 4 summarizes the research results and proposes the development direction for the next step of research.
2 RELATED WORKS
CNC technology has been widely applied in various manufacturing fields such as aerospace. At the same time, some achievements have been made in the research of blade path planning and impeller models. Wei and other researchers proposed trajectory planning for conical cutter side milling of integral impellers, obtaining the cutting and expanding tool trajectories through NURBS curves. At the same time, the five axis side milling method was used for precision machining of the blades of the integral turbine. The virtual simulation system of the machining center confirmed that compared to the ball end milling cutter, the tool path trajectory was finer, the machining accuracy was higher, and it was easier to optimize the tool path. The machining accuracy error was 0.007–0.012 mm (Wei J. et al., 2021). Yu et al. proposed a new calculation method for the error of the R-offset tool axis for the tool axis trajectory planning problem of NERS machining with conical cutting tools, and derived an accurate analysis using a formula. This method could obtain the theoretical machining error of each point on the straight generatrix, and the test results further verified this conclusion. The difference between the machining error and the theoretical error was almost 0 (Yu et al., 2021). Feng et al. proposed a U-shaped milling method that combines traditional cycloidal milling and side milling. This method defined the feature parameters of the path and used the concatenated micro arc mapping algorithm to map the three-dimensional boundaries to obtain the distribution pattern of tool contact points. The three-axis milling groove test showed that the peak and average cutting forces decreased by 25% and 60%, respectively. Therefore, this method could reduce the instability of cutting force, improve machining efficiency, and reduce the degree of tool wear (Feng et al., 2021). Zhao et al. proposed a structure that utilizes NiAl based high-temperature alloy for milling precision of narrow blade turbine impellers to achieve the milling accuracy of typical thin-walled structural components of turbine engines. It determined optimization parameters through milling force and tool wear behavior, and proposed a flexible iterative compensation method to reduce machining errors in impeller milling. The milling accuracy of turbine impeller had significantly improved (Zhao et al., 2020). Fan et al. proposed a five axis milling method based on NURBS curves and applied it to centrifugal impellers with crowns. They also analyzed the calculation method of the final section. The machining accuracy of the crown centrifugal impeller was significantly reduced, and this method had certain feasibility in the machining field (Fan et al., 2020).
Yan’s team analyzed the path planning problem of conical tool side milling method and proposed a solution algorithm using immune PSO and least squares method. The objective function was set as the error measurement function for each tool position, and the initial tool position was determined by the two-point offset method. The machining error of this method was reduced by 86% relative to the specified error (Yan et al., 2021). Serin et al. conducted in-depth analysis on integrated energy-saving machining of rotating impellers and optimized the objective function using PSO intelligent algorithm. This scheme could achieve precision machining of turbine blades (Serin et al., 2020). Researchers such as Tüchler used a hybrid algorithm of PSO and genetic algorithm to optimize the rotor shape profile, wall thickness, and number of channels of a wave rotor. This confirmed that the numerical optimization method has more advantages compared to traditional methods (Tüchler and Copeland, 2021). Guo and other scholars analyzed the optimization model of surface roughness and cutting force using multi-objective PSO to achieve the accuracy and speed of nickel based high-temperature alloy processing. The relative error between the true value of tangential cutting force and the predicted value of the model was 8.14% (Guo et al., 2022).
Based on the current research status of integrated impeller CNC machining both domestically and internationally, in-depth research has been conducted on the design and accuracy improvement of various tool paths. The commonly used four point bias method and particle swarm optimization algorithm have better matching performance compared to other algorithms. However, the four point equidistant offset method may suffer damage from the previous tool’s machining position and cannot achieve the expected machining effect. Therefore, it cannot be used for actual CNC-MT machining. This study will take the side milling machining method as an example and solve the path planning model of the side milling cutter axis using the SA-PSO fusion algorithm, in order to achieve the maximum approximation of TES to the design surface.
3 SA-PSO FUSION ALGORITHM IN CNC MACHINING OF INTEGRAL IMPELLER
High speed machining technology has evolved from three-axis machining to five axis machining. Five axis machining is currently an important means of machining complex surfaces. The CNC machining machine tool for turbine blades differs from ordinary machine tools in that it has high precision and manufacturing efficiency. And it has an impeller digital processing module, which can complete the processing of different types of surfaces such as ruled surfaces, NER surfaces, and complex surfaces. There are two problems in current research, namely, the design of surfaces and TES deviations for single tool path planning, as well as the high computational complexity and low computational efficiency of the constructed mathematical model. This study will take the side milling machining method as an example and solve the side milling cutter axis path planning model using the SA-PSO fusion algorithm. The key to this model is to find the machining pose at each moment, so that the envelope surface of the tool is consistent with the design surface.
3.1 NERS fitting and error determination function
For NER, NURBS has the following advantages compared to Bezier curves. Firstly, once the number of vertices of the feature polygon is determined, it also determines the order of the curve. The more vertices there are, the higher the order, and the more complex the curve generation becomes. When the Bessel curve passes through [image: image] data points, it will generate [image: image] degree curves, and the computer generation speed will be slow and the stability will be poor. Secondly, if the position of a vertex is changed, the shape of the global Bezier curve will change. In addition, the stitching of Bezier curves and surfaces is quite complex. Compared to the Bezier curve, NURBS curves overcome the aforementioned drawbacks. Changing the vertex position does not affect the global curve shape and has good plasticity. The schematic diagram of a NURBS surface is Figure 1. The graph refers to a bivariate piecewise rational vector function [image: image] that moves [image: image] and [image: image] times in the [image: image] and [image: image] directions, respectively.
[image: image]
[image: Figure 1]FIGURE 1 | Schematic diagram of NURBS surface.
In Eq. 1, [image: image] refers to the weight factor. The control vertex is [image: image]. The normal B-spline basis functions on node vector [image: image] of degree [image: image] and node vector [image: image] of degree [image: image] are [image: image] and [image: image], respectively.
The blade roughness of the integral impeller model is 0.4, and the roughness of other parts is 0.8. By using the parameter function in UG software to partition the mesh, mesh surfaces can be generated. The point set function is utilized to select points on the grid and convert them into point coordinates using an NX. grx file. Table 1 shows the coordinates of some blade root and top lines.
TABLE 1 | The coordinates of the root line and the top line of the blade.
[image: Table 1]The fitting curve of the data points is an interpolation curve. This study used NURBS interpolation to fit data points to form the blade baseline. Firstly, to generate NER using UG software, divide the mesh into surface patches, and represent the data points on them in the form of coordinates. Using MATLAB software to reverse calculate control points and node vectors, while generating blade curves. Surface patches were obtained by connecting the corresponding points of the blades, and finally to evaluate the continuity and smoothness of the blade model. Assuming a NURBS curve has [image: image] node vectors, [image: image] control points, and [image: image] weight factors. The methods for determining node vectors include cumulative chord length parameterization (CCLP), centripetal parameterization, and uniform parameterization. Due to the varying chord lengths of the polygons controlled by cubic non-uniform rational B-spline curves, the uniform parameterization method is not suitable. Therefore, this article adopts the CCLP for calculation, which can be expressed using Eq. 2.
[image: image]
In Eq. 2, [image: image] refers to the data point. Boundary conditions include tangent conditions, free endpoint conditions, and closed curve conditions. The tangent condition refers to fixing the tangent lines at the beginning and end, represented by Eq. 3.
[image: image]
In Eq. 3, the tangent vectors of the starting and ending breakpoints are [image: image] and [image: image], [image: image] and [image: image] refer to the control vertices and control roots, and [image: image]. The free endpoint condition is that the curvature of the first and last endpoints is 0, which can be represented by Eq. 4.
[image: image]
A NURBS cubic open curve requires two boundary conditions to meet the requirements, with a repeatability of 4. The solution process of control point inverse calculation is carried out by calculating node vectors using MATLAB software and parameterizing data points through CCLP. Finally, the control points are back calculated using tangent boundary conditions, ensuring that the fixed value points and the initial and final endpoints of the control vertices coincide. Curve fitting is obtained through the theory of generating ruled surfaces. The surface smoothness check is obtained through the built-in lighting and curvature check methods of UG software. Previous studies have focused on local path optimization, without approaching the envelope surface and transforming the tool path planning problem into a tool path optimization problem under a single tool path (Ladj et al., 2021; Weckx et al., 2022). This study will take side milling as an example for analysis, and the definitions of tool position, design surface, envelope surface, and blade offset surface are as follows. The tool position refers to the trajectory formed by the movement of the tool’s upper points during the milling process. The tool axis and tool center jointly determine the position of the tool in space. The surface design is the impeller blade surface, which is a NURBS surface. The envelope surface refers to the trajectory surface obtained through the control of CNC-MT related programs. Blade offset surface refers to a design surface that is offset by a tool radius in the forward direction. The method for determining the initial tool position and posture in this study is the three-point offset method. For the principle error of NER S, this study established an error determination function. The tool axis is discretized by setting the point on the tool axis as [image: image] and the discrete points are set as [image: image]. Drawing a perpendicular line towards the design surface through discrete points, with the perpendicular points denoted by [image: image] and the perpendicular feet denoted by [image: image]. Assuming that the blade axis poses are all located at the optimal position, each blade axis pose can be represented by Eq. 5.
[image: image]
In Eq. 5, the distance between different positions on the tool axis and the design surface is [image: image], and the tool radius at different positions on the tool axis is [image: image]. In practical situations, the values of [image: image] all exceed 0, in which case the problem can be transformed into an [image: image] minimum problem. If the [image: image] value is the minimum for each single cutting position, then the envelope surface generated by the tool cutting is infinitely close to the design surface, which can minimize the principle error value. The error measurement function [image: image] is expressed as Eq. 6.
[image: image]
In Eq. 6, the position and attitude of the tool axis are [image: image], and the optimal position and attitude of the tool axis are [image: image]. The optimal condition can be represented by Eq. 7.
[image: image]
The optimal tool position posture is the minimum sum of the squared distances from any point on the tool axis to the tool surface and the design surface. The foot drop point [image: image] satisfies Eq. 8.
[image: image]
In Eq. 8, the tangential vectors of point [image: image] on the tool axis in direction [image: image] and direction [image: image] are [image: image] and [image: image], respectively. The solving process of Eq. 8 is relatively complex, and this study uses numerical methods to solve it. The error measurement function is actually solving a function minimum problem, and under existing conditions, it is difficult to determine the explicit function expression. Traditional methods are difficult to solve, but intelligent algorithms have significant advantages in this regard. Intelligent algorithms only need to build mathematical models in MATLAB, search a fixed area, call error measurement functions multiple times for error discrimination, without the need for complex calculations, with short time consumption, large search range, and high accuracy. Therefore, the study proposes a strategy based on SA-PSO to transform the process of infinite approximation of the tool envelope surface to a non expandable ruled surface into a process of particle optimization using MATLAB. Firstly, generate the initial population in MATLAB, then use the SA-PSO hybrid algorithm to search for the range of the population, and finally calculate the envelope error to obtain the optimized tool axis trajectory surface.
3.2 SA-PSO fusion algorithm for solving lateral milling cutter axis trajectory planning model
Given the complexity of traditional solving methods for the trajectory planning model of side milling cutter axes, this study proposes to use the SA-PSO fusion algorithm to solve the model. The core of the SA algorithm is that there is no rule that the recently generated solution is better than the current solution. The SA algorithm originated from the solid-state annealing process. Solid annealing is the process of first heating a solid to a certain temperature, then slowly lowering the temperature of the solid to make the particle arrangement inside the solid more uniform, thereby changing the properties of the solid. The SA algorithm first sets an initial temperature, and as the temperature continues to decrease, it stays at each temperature and accepts new values. Combined with probability jumps, it continuously optimizes. The SA algorithm can cross the current optimal value to find the global optimal solution, requiring a large solution space, weak local search ability, and multiple iterations. This method can effectively solve the problem of difficulty in obtaining global optima due to the rapid convergence of population individuals, reflecting its advantage of easily getting rid of local minima. PSO is based on social information sharing and achieves rapid convergence by comparing the current individual’s fitness with the historical optimal fitness, comparing the current fitness with the global optimal fitness. But it is prone to rapid convergence and stagnation in the later stage (Tao et al., 2022; Chinthamu and Karukuri, 2023; Kumar et al., 2023). In view of this, this study proposes an optimization method based on SA-PSO. This method first utilizes the global convergence of SA, and then combines the fast local search ability of PSO to determine the optimal position of the tool axis. Figure 2 is the flowchart of the SA-PSO algorithm.
[image: Figure 2]FIGURE 2 | Flowchart of SA-PSO fusion algorithm.
The core of SA is the Monte Carlo criterion, and the current minimum value criterion can be represented by Eq. 9.
[image: image]
In Eq. 9, the probability of accepting a new solution is [image: image]. The current solution and iterative solution are [image: image] and [image: image], respectively. The initial temperature is [image: image]. The cooling coefficient is [image: image]. According to the formula, when the new value is less than the current value, the new value must be accepted; When the new value is greater than the current value, there is a certain probability of acceptance; When the cooling coefficient and initial temperature remain constant, the more new values exceed the current value, the lower the probability of the new solution being accepted. The core of the SA algorithm is to not force the latest generated solution to be superior to the current solution. Due to the introduction of this concept, it avoids the problem of not being able to obtain the global optimal solution due to the fast convergence speed of population particles, demonstrating its superiority in easily jumping out of local extremum. The particle swarm optimization algorithm is based on social information sharing and compares its current fitness value with the best historical fitness value; Compare the current fitness value with the global best fitness value to achieve rapid convergence, but it is easy to encounter situations where the convergence speed is too fast in the later stage, leading to iteration stagnation. This study uses the SA-PSO fusion algorithm to first utilize the global convergence of the SA algorithm, and then use the fast local convergence speed of the PSO algorithm to find the optimal tool axis position. The process of SA-PSO algorithm is to first generate an initial solution [image: image], and then set the initial temperature of the population particles, the termination temperature of the algorithm, the rate of temperature decrease, and the number of iterations [image: image] of the isothermal process. The second step is to generate the difference between the current solution and the new solution, which can be represented by Eq. 10.
[image: image]
In Eq. 10, the function values of the current solution and the new solution are represented by [image: image] and [image: image], respectively. The third step is to determine whether the new solution can be accepted. If [image: image] is lower than 0, it can be considered that the new solution is acceptable. Otherwise, the probability of the new solution being accepted is Eq. 11.
[image: image]
In Eq. 11, [image: image] represents probability, [image: image] refers to the current temperature. The fourth step is to reach the termination condition of the algorithm, as shown in Eq. 12.
[image: image]
In Eq. 12, [image: image] refers to a sufficiently small positive number. The fifth is to assign a particle swarm. The sixth step is to calculate the fitness value of each particle. The seventh is to update the sub location status. The eighth step is to terminate the calculation when the maximum number of iterations is reached.
The population size of SA is 100, with a minimum and maximum temperature of 0.01 and 1,000, respectively, and a cooling rate of 0.9. The temperature decreases 10 times per iteration, and the constraint is to generate a sphere with a radius of 2 mm. Random perturbations are independent variables, i.e., particle positions. The center is the coordinate of the center of the ball on both sides of the tool axis. In the PSO algorithm, the particle motion speed is 1, the learning factor is all 1.5, and the maximum number of iterations is 100. During the machining stage, different positions on the tool axis constantly change at the vertical points of the design surface, and the normal vector is also constantly adjusted accordingly. The TES formed by processing is [image: image], the design surface is [image: image], and the inner and outer equidistant surfaces of the design surface are [image: image] and [image: image]. The scope of their inclusive domain is [image: image] and [image: image]. The over cutting error and under cutting error are [image: image] and [image: image], respectively, and the overall optimization goal is to ensure the minimum range of the inclusion domain. Figure 3A is the envelope error diagram of cylindrical cutter side milling. Figure 3B is the calculation of side milling machining errors.
[image: Figure 3]FIGURE 3 | Error diagram of cylindrical cutter side milling envelope and calculation of side milling machining error. (A): Error diagram of cylindrical cutter side milling envelope; (B): Calculation of side milling machining error.
The tool sidewall and design curve [image: image] pass through the perpendicular of the tool axis point [image: image] to obtain points [image: image] and [image: image], which are extended to intersect with point [image: image] on the tool sidewall. The machining error is [image: image]. When [image: image], the design surface and the tool are excessively cut, and if [image: image], the cutting between the two is too little. The error equation for the cutting position is Eq. 13.
[image: image]
The calculation of envelope error is carried out by making a perpendicular point towards the design surface [image: image] at a given discrete point on the cutter axis, and using MATLAB software for numerical calculation to determine the coordinate position of the perpendicular point. The coordinate position of the point is extended to calculate the magnitude of the envelope error and determine whether it is over tangent or under tangent.
4 APPLICATION EFFECT OF INTEGRATED IMPELLER CNC MACHINING TECHNOLOGY
The original data of the blades in this study was obtained from a certain enterprise’s integral impeller. A single blade was divided into 10 blade surfaces, and the third blade surface was selected as an example. The parameters include the wires and busbars of the curved surface. Select 8 tool positions uniformly on the second curved surface, and select eight points uniformly on the axis in the direction of the generatrix as the judgment positions for error measurement. Simulate using a column cutter with a diameter of 6 mm. Figures 4A,B show the control points for the top and bottom wires in NURBS, respectively.
[image: Figure 4]FIGURE 4 | Control points of top and bottom traverse in NURBS. (A): Top wire; (B): Bottom wire.
Figures 5A,B show the training curves for single blade position SA and SA-PSO, respectively. In Figure 5A, it can be seen that under the control of the PSO algorithm, after 25 rounds of training for a single tool position, it repeatedly falls into the local optimal solution, with stable error values of 1.210, 1.302, and 1.345, respectively. Figure 5B shows that after adjusting the error using the SA-PSO algorithm, a single tool position avoids the phenomenon of getting stuck in local optimal solutions multiple times. The final value range is −0.416 to 0.421. In the subsequent training process, it is necessary to increase the maximum step distance of a single step and reduce the cutting amount of the tool under some training times. The result of a single tool path has certain significance for the final ITB CNC machining technology, as it can directly determine the machining quality of ITB and the operating efficiency of the tool.
[image: Figure 5]FIGURE 5 | Trapping into local optimum and avoiding local optimum are two training curves. (A): PSO; (B): SA-PSO.
Figures 6A,B show the optimization results and optimization time of PSO and SA-PSO algorithms at different iteration times, respectively. As the number of iterations increases, the error values of both PSO and SA-PSO algorithms gradually decrease, with convergence times of approximately 7 and 6, respectively. The stable error value of SA-PSO algorithm is 0.253, which is 30.45% lower than PSO algorithm. For optimization time, the stable values of PSO and SA-PSO algorithms are 3.2 and 3.3 s, respectively. This indicates that although the iteration process of SA-PSO algorithm is not as fast as that of a single PSO algorithm, it is still within a reasonable numerical range and the numerical difference is not significant. Therefore, due to the significant advantage of the SA-PSO algorithm proposed by the research institute in terms of error value and the smaller difference in running time compared to the PSO algorithm, the overall performance is better.
[image: Figure 6]FIGURE 6 | Optimization results and optimization time of PSO and SA-PSO under different iterations. (A): PSO; (B): SA-PSO.
Figure 7 shows the envelope error diagram of the tool at its initial position When the tool is in its initial position, the range of envelope error is −0.5 to 0 mm. This indicates that there is a situation of over cutting between the design surface and the tool. Therefore, the design surface needs to be adjusted through numerical algorithms to match the actual motion trajectory.
[image: Figure 7]FIGURE 7 | Envelope error diagram of tool in initial position.
Figure 8 shows the impact of different algorithms on the calculation results of envelope errors. Figures 8A,B show the single tool position envelope error diagrams for PSO and SA-PSO algorithms, respectively. In Figure 8A, the range of envelope error values is −0.018 to 0.018 mm. The results of the single tool position envelope error graphs for both SA-PSO algorithms show that the range of envelope error values is −0.01 to 0.01 mm. Therefore, after optimizing the trajectory model of the side milling cutter axis using two algorithms, the relationship between the design surface and the tool is still distributed between the over cut and undercut states. However, the SA-PSO fusion algorithm has significantly reduced the envelope error after optimization.
[image: Figure 8]FIGURE 8 | Influence of different algorithms on the calculation results of envelope error. (A): PSO; (B): SA-PSO.
Table 2 shows the envelope error of the single tool path for PSO and SA-PSO algorithms. When the calculation reaches the 7th iteration, both optimization algorithms have reached the optimal solution. The range values of PSO and SA-PSO algorithms are 0.0213 and 0.0165 mm, respectively. The range mean of the SA-PSO fusion algorithm is reduced by about 15% compared to a single optimization algorithm.
TABLE 2 | Envelope error of single tool position of PSO and SA-PSO algorithms.
[image: Table 2]Figures 9A,B show the top and bottom positions of the initial and SA-PSO optimized tool axis trajectory surfaces, respectively. The tool axis trajectory surface optimized by SA-PSO is closer to the actual trajectory, and the processed blades better meet the quality requirements of ITB. The initial and optimized tool axis trajectory surfaces exhibit significant errors in the Y-axis direction, which may be caused by CNC-MT. After optimizing the PSO algorithm through the SA algorithm, this method can effectively solve the problem of difficulty in obtaining global optima due to the rapid convergence of population individuals, and is easy to overcome the advantage of local minima.
[image: Figure 9]FIGURE 9 | Initial tool axis trajectory surface and SA-PSO optimized tool axis trajectory surface. (A): Initial tool axis trajectory surface and SA-PSO optimized tool axis trajectory surface; (B): Bottom wire-Initial tool axis trajectory surface.
Figures 10A,B show the training results of using wire overlap as the target in both single and global cutting scenarios, respectively. Overall, after each training period, the sum of the normal and position mean squared deviations of the target model and the initial blank shows a large fluctuation range. The range of the sum of mean squared deviations for single and global cutting is 0.0011–0.0198 and 0.046–0.0341, but the overall error value is relatively small. This indicates that only some position target models match the normal direction, but the solution algorithm of the designed side milling cutter axis trajectory planning model can achieve good iterative operation results.
[image: Figure 10]FIGURE 10 | Target training results for single and global cutting scenarios. (A): Single cutting; (B): Global cutting.
To further validate the application effect of SA-PSO algorithm in lateral milling cutter axis trajectory planning, this study compared it with other similar studies, including references (Lu et al., 2022; Zhao et al., 2023; Zou et al., 2022). A comparison of the trajectory planning effects of the integral impeller side milling cutter shaft was conducted on a five axis machine tool model HS5AXIS 350, with indicators including average error and over cutting rate. The results are shown in Table 3. It can be clearly seen from Table 3 that the over cutting rate and machining error of the SA-PSO algorithm are 46.32% and 0.142 mm, respectively, and the required time is only 4.512 s. Compared with other studies, the SA-PSO algorithm has better efficiency and effectiveness in planning the axis trajectory of side milling cutters.
TABLE 3 | Comparison results of lateral milling cutter axis trajectory planning.
[image: Table 3]5 CONCLUSION
The problem of deviation design between the design surface and TES when planning a single tool position. To solve the mathematical model through reasonable numerical methods to reduce computational complexity and improve operational efficiency, this study proposed to use the SA-PSO optimization algorithm to solve the trajectory planning model of the side milling cutter axis. After 25 rounds of training with a single blade position, it repeatedly fell into the local optimal solution, with stable error values of 1.210, 1.302, and 1.345, respectively. After adjusting the error through the SA algorithm, a single tool position avoided the phenomenon of getting stuck in local optimal solutions multiple times. The final value range was −0.416 to 0.421. For optimization time, the stable values of PSO and SA-PSO algorithms were 3.2 and 3.3 s, respectively. When the tool was in its initial position, the range of envelope error was −0.5 to 0 mm, and there was a situation of over cutting between the design surface and the tool. The range of single tool position envelope errors for PSO and SA-PSO algorithms was −0.018 to 0.018 mm and −0.01 to 0.01 mm, respectively. When the calculation reached the 7th iteration, both PSO and SA-PSO optimization algorithms had reached the optimal solution, with range values of 0.0213 and 0.0165 mm, respectively. The range mean of the SA-PSO fusion algorithm was reduced by about 15% compared to a single optimization algorithm. The tool axis trajectory surface optimized by SA-PSO was closer to the actual trajectory, and the processed blades better met the quality requirements of ITB. The target model at some positions matched the normal direction, but the solution algorithm of the designed lateral milling cutter axis trajectory planning model could achieve good operational results and find the optimal path with the minimum error in a fixed area. This study has shown good results in the field of principle error resolution, but there are still shortcomings. In the subsequent ITB CNC operation process, it is necessary to consider the impact of machine tool driven tool vibration and impeller defects on the actual effect.
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