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As train operating speeds increase, the quality of pantograph-catenary current collection deteriorates, sometimes even resulting in contact loss. To ensure stable current collection during high-speed operation, it is crucial to optimize the design parameters of the catenary system. This study employs finite element analysis and constructs a pantograph-catenary coupling model using MSC. Marc software to simulate the coupled motion between the catenary and the pantograph. During the research process, the primary technical challenge was accurately evaluating the comprehensive effects of multi-parameter variations on pantograph-catenary current collection quality. First, we independently analyzed the effects of catenary tension and linear density variations on contact pressure to clarify the mechanisms of individual parameter influences. However, recognizing that multiple parameters might change simultaneously in actual operations, we introduced the Response Surface Methodology (RSM) to deeply explore the combined effects of two parameters on current collection quality. The innovation of this study lies not only in considering the effects of individual parameters but also in systematically analyzing the impact of multi-parameter interactions using RSM. Furthermore, from the perspective of the combined effects of catenary tension and contact wire linear density, we proposed an optimized catenary design scheme for the 500 km/h high-speed train operation scenario. Specifically, by increasing the contact wire tension, reducing the messenger wire tension, and lowering the linear density of the contact wire, we can significantly improve pantograph-catenary current collection quality, thereby providing robust support for the safe and stable operation of high-speed railways. In conclusion, this study addresses key technical challenges in multi-parameter optimization and proposes a practical optimization scheme with significant application value, offering important references for the design and optimization of high-speed railway catenary systems.
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1 INTRODUCTION
In typical high-speed electrified railways, power is supplied to trains through the interaction between the pantograph and the catenary (Wu et al., 2022). The stability of this interaction, indicated by the contact pressure, directly reflects the quality of current collection (Pombo et al., 2009). As train speeds increase, disturbances from wheel-rail dynamics and aerodynamic forces exacerbate pantograph vibrations and catenary oscillations (Luo et al., 2024). These effects lead to significant fluctuations in contact pressure, resulting in issues such as loss of contact and electrical arcing, which pose critical challenges to achieving higher operational speeds (Liu et al., 2023a).
Previously, extensive research has been conducted on current collection quality for high-speed pantograph-catenary systems (Liu et al., 2023b). Studies by Zhang et al. (2006) and Zhou and Zhang (2011), Zhou et al. (2011) have examined how different suspension types and structural parameters affect contact pressure. Jin Hee Lee and colleagues highlighted the importance of contact wire tension on current collection quality (Jin et al., 2015), while J. Pombo explored the impact of pantograph vibration characteristics and parameter adjustments on contact pressure (Pombo and Ambrósio, 2012). Mitsuo Aboshi analyzed how reflection coefficients affect current collection quality, and other studies investigated the influence of factors like pantograph speed and suspension stiffness on the dynamics of the pantograph-catenary system (Aboshi and Manabe, 2000).
Above mentioned previous studies have primarily focused on analyzing the impact of variations in individual parameters on the current collection quality of the pantograph-catenary system (Liu et al., 2023b; Zhang et al., 2006; Zhou and Zhang, 2011; Zhou et al., 2011; Jin et al., 2015; Pombo and Ambrósio, 2012; Aboshi and Manabe, 2000). However, during high-speed train operation, the intensified vibrations of the pantograph and oscillations of the contact wire make it challenging to meet current collection requirements by adjusting a single parameter alone.
Based on above discussions, this study considers the combined effects of multiple parameters and proposes an optimized catenary structure capable of ensuring stable current collection during high-speed operation. Building upon the analysis of individual parameter effects, this study employs the response surface methodology to evaluate the influence of pairwise parameter combinations on current collection quality. Response surface methodology has widely been used in optimization of the pantograph-catenary interactions in the high-speed railway systems (Wang et al., 2024; Su et al., 2023; Song et al., 2024; Liu et al., 2024). Furthermore, based on the simultaneous variation of multiple parameters, a specific design scheme for catenary parameters is proposed for trains operating at 500 km/h. This scheme offers meaningful guidance for the design of catenary parameters in high-speed railway systems.
2 SIMULATION OF PANTOGRAPH-CATENARY CONTACT PRESSURE
2.1 Pantograph-catenary coupling model
In this study, to improve the accuracy of contact pressure calculations in the pantograph-catenary system, an Euler-Bernoulli beam element was employed, taking into account factors such as droppers’ stiffness and supporting devices. A finite element model of the catenary was established to simulate the motion of various nodes within the catenary system (Park et al., 2003).
In the model, the motion equation for each mass point of the contact wire is expressed as:
[image: image]
In the Equation 1, Mc represents the unit mass of the contact wire, EIc denotes the bending stiffness of the contact wire, and Tc indicates the tension in the contact wire. The Dirac delta function δ accounts for the impact forces, while F represents the contact pressure between the pantograph and the contact wire. The displacement of the contact wire is denoted as uc, and um represents the displacement of the messenger wire. Furthermore, xn is the distance between the dropper point and the motion point, x is the position of the motion point, t represents the motion time, and v is the train’s operating speed.
The motion equation for the load-bearing cable is:
[image: image]
In the Equation 2, mm represents the unit mass of the load-bearing cable; EIm denotes the bending rigidity of the cable; Tm is the tension in the load-bearing cable; kd indicates the stiffness of the suspension wire; ks refers to the equivalent stiffness of the supporting device; and xs is the distance between the support point and the motion point.
A three-mass model, which reflects the high-frequency vibrations of the pantograph, is adopted (Massat et al., 2006; Bruni et al., 2018; Cho et al., 2010). The equation of motion is given by Equation 3:
[image: image]
In the equation, m1 represents the mass of the pantograph head; m2 is the mass of the upper frame; m3 denotes the mass of the pantograph lower frame; ki indicates the equivalent stiffness;ci refers to the equivalent damping; F(t) is the contact pressure between the pantograph and the overhead contact wire; and F0 is the static lifting force provided to the pantograph by the push rod.
In the parameter design of the model, the contact network adopts the elastic chain suspension structure of the Beijing-Tianjin Intercity High-Speed Railway, and the pantograph employs the Faiveley single-slide pantograph structure. The specific design parameters of the pantograph-wire system are shown in Figure 1. Based on the contact network-pantograph structure and parameters shown in Figure 2, a simulation model of the full-anchor segment elastic chain suspension contact network and single-slide pantograph is established using MSC. marc simulation software, as depicted in Figure 2.
[image: Figure 1]FIGURE 1 | Schematic diagram of the elastic chain contact network and pantograph coupling model structure.
[image: Figure 2]FIGURE 2 | Simulation model of the elastic chain contact network and pantograph system.
In this study, the pantograph-wire model is validated according to the European railway standard EN50318 (EN50318, 2002). Based on the pantograph-wire parameters provided in the EN50318 standard, an Euler-Bernoulli beam contact network model and a three-mass pantograph model are established in MSC. Marc. The contact pressure at operating speeds of 250 km/h and 300 km/h is calculated and compared with the specified range in the EN50318 standard, as shown in Table 1.
TABLE 1 | Statistical data of pantograph-wire simulation results and the specified range in EN50318 standard.
[image: Table 1]As shown in Table 1, under the operating speeds of 250 km/h and 300 km/h, the simulation results obtained from the modeling in MSC. Marc fall within the specified range of the EN50318 standard. This confirms the feasibility of establishing the pantograph-wire finite element model in MSC.marc.
2.2 Relationship between catenary design parameters and contact pressure
Under a constant pantograph speed, contact pressure across various points within a span is influenced by the catenary’s elasticity and line mass. This can be described with the following dynamic equation (Li et al., 2022):
[image: image]
In the equation, F represents the contact pressure; η is the elasticity of the overhead contact line particle; C is the damping of the overhead contact line particle; M is the mass of the overhead contact line particle. Under the condition of neglecting the mass of the suspension wires and locating points, M is composed of the mass of the contact line and the carrying cable. [image: image] represents the vertical displacement of the contact suspension particle; [image: image] is the vertical velocity of the overhead contact line particle; and ü is the vertical acceleration of the overhead contact line particle.
The elasticity at each position point within a span of the overhead contact line can be expressed as follows:
[image: image]
In the equation, x represents the position of a point within the span; l is the span length; Tc and Tj represent the tension in the carrying cable and the contact line, respectively.
Substituting Equation 5 into Equation 4 yields:
[image: image]
From the above Equation 6, it can be seen that, under the condition of not changing the structural parameters of the overhead contact line — that is, without altering the span length, the spacing of the suspension wires, the structural height, and other parameters — the contact pressure at each point within the span is primarily related to the tension in the contact line and the design parameters of the line’s mass.
3 EFFECTS OF CATENARY PARAMETER CHANGES ON CONTACT PRESSURE
The average value and standard deviation of the contact pressure are important indicators for measuring the quality of current collection between the pantograph and the overhead contact line. The following analysis will use the average contact pressure and standard deviation as evaluation metrics to examine the impact of individual variations in contact line design parameters on contact pressure, as well as the effects of combinations of two variables changing simultaneously on contact pressure.
3.1 Influence of single parameter variations on contact pressure
3.1.1 Tension in the overhead contact line
Based on the simulation model in Section 2.1, the effects of changes in the contact line tension and the supporting cable tension on the contact pressure are analyzed separately. When analyzing the effect of contact line tension, other parameters are kept constant, with the train running at a speed of 300 km/h. The contact pressure curves are calculated for contact line tensions of 21 kN, 24 kN, 27 kN, 30 kN, and 30 kN. Similarly, the contact pressure curves are calculated for supporting cable tensions of 15 kN, 18 kN, 21 kN, 24 kN, and 27 kN. Figures 3A, B show the contact pressure curves under varying contact line and supporting cable tensions.
[image: Figure 3]FIGURE 3 | Contact pressure variation curve with changes in tension of the contact line. (A) Variation of contact line tension. (B) Variation of supporting cable tension.
From Figures 3A,B, it can be seen that the contact pressure curve exhibits periodic variation with the span as a cycle. Within one cycle, there is a peak in contact pressure near the positioning points, while the pressure is relatively low in the middle of the span. This is because the stiffness of the catenary near the positioning points is high, which limits the lifting of the pantograph, making it difficult to raise the contact line. On the other hand, the stiffness of the catenary in the middle of the span is lower, allowing the contact line to be lifted more easily, hence the observed phenomenon. As the tension in the contact line and supporting cable increases, the contact pressure curve generally shifts upwards. This is due to the fact that increasing the line tension enhances the overall stiffness of the catenary, leading to an increase in the average contact pressure. From Figure 3A, it can be observed that increasing the contact line tension tends to reduce the peak contact pressure, while in Figure 3B, increasing the supporting cable tension tends to increase the peak contact pressure. This is because increasing the contact line tension reduces the unevenness in the stiffness of the catenary, whereas increasing the supporting cable tension increases the stiffness unevenness of the catenary. Therefore, in Figures 3A, B, the variation in peak contact pressure shows opposite trends with respect to the changes in the tensions of the contact line and the supporting cable.
3.1.2 Catenary wire line density
Based on the simulation model presented in Section 2.1, the effects of variations in the contact wire line density and supporting cable line density on the contact pressure are analyzed. When discussing the effect of wire line density, all other parameters are kept constant, with the train operating speed set at 300 km/h. The contact pressure curves are calculated for contact wire and supporting cable line densities of 0.78 kg/m, 0.93 kg/m, 1.08 kg/m, 1.23 kg/m, and 1.38 kg/m, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Variation of contact pressure curve with changes in wire line density. (A) Variation in Contact Wire Line Density. (B) Variation in Supporting Cable Line Density.
From Figures 4A, B, it can be observed that as the wire line density increases, the amplitude of the contact pressure curve increases. The contact pressure value in the middle span decreases, while the peak value near the contact point increases. This is due to the increase in the wire line density, which enhances the inertia of the catenary system, making it harder for the operating state of the catenary to change. When the pantograph and contact wire move in contact with each other, the larger mass of the catenary leads to an opposite or relative motion between the pantograph and the contact wire. As a result, increasing the wire line density causes the amplitude variation of the contact pressure curve to become larger.
In summary, within a certain range, modifying a single parameter of the catenary system—such as increasing the contact wire tension, reducing the supporting cable tension, or decreasing the line density of the contact wire or supporting cable-can improve the quality of pantograph-catenary current collection.
3.2 Dual parameter variation analysis using response surface methodology
To further discuss the influence of the combination of contact wire tension, catenary tension, contact wire linear density, and catenary linear density on contact pressure, this paper introduces the response surface method to conduct experiments, modeling, and data analysis between catenary design parameters and contact pressure. By establishing the functional relationship between independent variables and dependent variables, the contour maps of the combination of various factors are obtained, and the optimal value of the response and combination parameters are predicted.
In this paper, the most common test method in response surface analysis, namely, the central composite experiment (Lundstedt et al., 1998; Bartz-Beielstein et al., 2010), is used. The test points of the two-level central composite design are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Test points of central composite design.
To analyze the train operating speed at 300 km/h, this design takes four catenary design parameters as independent variables and the statistical values of contact pressure as the dependent variable. A response surface methodology analysis was conducted to study the relationship between them. As discussed in the previous section, there is a significant functional relationship between the contact wire tension, messenger wire tension, contact wire linear density, and messenger wire linear density and the statistical indicators of contact pressure. However, this relationship is not strictly linear. Therefore, the regression equation is set as a second-order interaction nonlinear model (2FI model), which is expressed as Equation 7:
[image: image]
Here, [image: image] represents the contact pressure indicators; Tc represents the messenger wire tension, [image: image] represents the contact wire tension, [image: image] represents the messenger wire linear density, and [image: image] represents the contact wire linear density. According to the principle of central composite experiment design, a total of 30 experiments is conducted in this paper.
The basic parameters of the catenary are Tj0 = 27 kN, Tc0 = 21 kN, Mj0 = 1.08 kg/m, and Mc0 = 1.08 kg/m. Design-Expert 8.0 is used to perform response surface analysis on the experimental data, and contour maps of the maximum contact pressure and the standard deviation of contact pressure are obtained respectively. As shown in Figures 6, 7, the analysis results are shown in Tables 2, 3 respectively.
[image: Figure 6]FIGURE 6 | Contour map of the maximum contact pressure at 300 km/h. (A) Tj-Tc combination (B) Tj-Mj combination (C) Tj-Mc combination (D) Tc-Mj combination (E) Tc-Mc combination (F) Mj-Mc combination.
[image: Figure 7]FIGURE 7 | Contour map of the standard deviation of contact pressure at 300 km/h. (A) Tj-Tc combination (B) Tj-Mj combination (C) Tj-Mc combination (D) Tc-Mj combination (E) Tc-Mc combination (F) Mj-Mc combination.
TABLE 2 | Trend of maximum value with parameters.
[image: Table 2]TABLE 3 | Trend of standard deviation with parameters.
[image: Table 3]According to Figure 6; Table 2, at a speed level of 300 km/h, when the design parameters change simultaneously, increasing the contact wire tension, reducing the catenary tension, and reducing the linear density of the contact wire can lead to a consistent decreasing trend in the standard deviation of contact pressure. However, the influence of the linear density of the catenary on the standard deviation of contact pressure is inconsistent when combined with different parameter combinations, and the combined effect with other parameters needs to be considered. According to the overall changing trend, the parameter combination that minimizes the standard deviation of contact pressure within the test area is in the neighborhood of (Tj = 1.2Tj0, Tc = 0.8Tc0, Mj = 0.8Mj0, Mc = 1.2Mc0). At 300 km/h, to minimize the maximum contact pressure, the catenary parameters need to be optimized in this direction.
According to Figure 7; Table 3, at a speed level of 300 km/h, when the design parameters change simultaneously, increasing the contact wire tension, reducing the catenary tension, and reducing the linear density of the contact wire can lead to a consistent decreasing trend in the standard deviation of contact pressure. However, the influence of the linear density of the catenary on the standard deviation of contact pressure is inconsistent when combined with different parameter combinations, and the combined effect with other parameters needs to be considered. According to the overall changing trend, the parameter combination that minimizes the standard deviation of contact pressure within the test area is in the neighborhood of (Tj = 1.2Tj0, Tc = 0.8Tc0, Mj = 0.8Mj0, Mc = 1.2Mc0). This indicates that under the condition of 300 km/h, to minimize the standard deviation of contact pressure, the catenary parameters need to be optimized in this direction.
From the above analysis, when two parameters are combined with each other, the contact wire tension and catenary tension are important factors affecting the contact pressure. When the linear density of the catenary and the tension of the wires are combined respectively, the main variable affecting the contact pressure is the wire tension, while the influence of the linear density of the catenary is very small.
Considering the influence of the change of catenary parameters on the standard deviation and average value of contact pressure comprehensively, when the train running speed is 300 km/h, increasing the contact wire tension, reducing the catenary tension, and reducing the linear density of the contact wire can improve the current collection quality of the pantograph-catenary system.
4 CATENARY PARAMETER OPTIMIZATION AT 500 KM/H
When the train running speed is 500 km/h, there are more off-line points between the pantograph and catenary. Therefore, the influence of the pairwise combination of catenary parameters on the maximum contact pressure, the standard deviation of contact pressure, and the off-line rate will be discussed below.
The contour map of the maximum contact pressure at a running speed of 500 km/h is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Contour map of the maximum contact pressure at 500 km/h. (A) Tj-Tc combination (B) Tj-Mj combination (C) Tj-Mc combination (D) Tc-Mj combination (E) Tc-Mc combination (F) Mj-Mc combination.
According to Figure 8; Table 4, it can be known that at a speed level of 500 km/h, when the design parameters change simultaneously, increasing the contact wire tension, increasing the messenger wire tension, and reducing the contact wire linear density can make the standard deviation of contact pressure show a consistent decreasing trend. However, the influence of the messenger wire linear density on the standard deviation of contact pressure is inconsistent when combined with different parameter combinations, and the combined effect with other parameters needs to be considered. According to the overall change trend, the parameter combination that minimizes the standard deviation of contact pressure within the test area is in the neighborhood of (Tj = 1.2Tj0, Tc = 1.2Tc0, Mj = 0.8Mj0, Mc = 0.8Mc0). At 500 km/h, to minimize the standard deviation of contact pressure, the catenary parameters need to be optimized in this direction.
TABLE 4 | The variation trend of the maximum value with parameters.
[image: Table 4]The contour map of the standard deviation rate of contact pressure under the condition of an operating speed of 500 km/h is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Contour map of standard deviation at 500 km/h. (A) Tj-Tc combination (B) Tj-Mj combination (C) Tj-Mc combination (D) Tc-Mj combination (E) Tc-Mc combination (F) Mj-Mc combination.
According to Figure 9; Table 5, at a speed level of 500 km/h, when the design parameters change simultaneously, increasing the contact wire tension, reducing the catenary wire tension, and reducing the contact wire linear density can make the standard deviation of contact pressure show a consistent decreasing trend. However, when the catenary wire linear density is combined with different parameter combinations, the influence on the standard deviation of contact pressure is inconsistent, and the combined effect with other parameters needs to be considered. According to the overall variation trend, the parameter combination that minimizes the standard deviation of contact pressure within the test area is in the neighborhood of (Tj = 1.2Tj0, Tc = 1.2Tc0, Mj = 0.8Mj0, Mc = 0.8Mc0). This indicates that under the condition of 500 km/h, to minimize the standard deviation of contact pressure, the catenary parameters need to be optimized in this direction. The off-line contour map of contact pressure under the condition of an operating speed of 500 km/h is shown in Figure 10.
TABLE 5 | The variation trend of standard deviation with parameters.
[image: Table 5][image: Figure 10]FIGURE 10 | Contour map of off-line rate at 500 km/h. (A) Tj-Tc combination (B) Tj-Mj combination (C) Tj-Mc combination (D) Tc-Mj combination (E) Tc-Mc combination (F) Mj-Mc combination.
As can be seen from Figure 10 and Table 6, at a level of 500 km/h, the influence trends of various parameters on the off-line rate are not consistent. Increasing the tension of the contact wire, reducing the tension of the catenary wire, and reducing the linear density of the contact wire all reduce the off-line rate under any combination. The change of the linear density of the catenary wire is not consistent according to different combinations. In comprehensive consideration, the parameter combination that can reduce the off-line rate is within the neighborhood of (Tc = 0.8Tc0, Tj = 1.2Tj0, Mc = 1.2Mc0, Mj = 0.8Mj0).
TABLE 6 | Variation trend of off-line rate with parameters.
[image: Table 6]According to the analysis of the response surface contour map of the maximum contact pressure, standard deviation, and off-line rate at a speed level of 500 km/h, when changing the linear density of the catenary wire under different parameter combinations, the influence on the standard deviation of contact pressure is consistent, but the influence on the off-line rate is inconsistent. However, considering the overall change of contact pressure, the optimization direction is (Tc = 0.8Tc0, Tj = 1.2Tj0, Mc = 1.2Mc0, Mj = 0.8Mj0), that is, increasing the tension of the contact wire, reducing the tension of the catenary wire, reducing the linear density of the contact wire, and increasing the linear density of the catenary wire.
From the above analysis, it can be seen that the tension of the contact wire, the tension of the catenary wire, and the linear density of the contact wire have a consistent influence on the contact pressure under mutual combinations, while the influence of the linear density of the catenary wire is not very consistent. Therefore, this paper proposes the following optimization schemes. As shown in Table 7.
TABLE 7 | Optimization design scheme of catenary parameters for high-speed projectile chain with a speed of 500 km per hour.
[image: Table 7]According to the optimized parameter settings in Table 7, the contact pressures obtained under several schemes are compared with the contact pressure before optimization, as shown in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Comparison of contact pressure change curves before and after optimization. (A) The optimization effect of Scheme 1 (B) the optimization effect of Scheme 2 (C) the optimization effect of Scheme 3 (D) the optimization effect of Scheme 4 (E) the optimization effect of Scheme 5 (F) the optimization effect of Scheme 6.
[image: Figure 12]FIGURE 12 | Comparison of statistical values of contact pressure before and after optimization. (A) Maximum contact pressure (B) standard deviation of contact pressure (C) average contact pressure (D) offline rate.
As can be seen from Figures 11, 12, when two parameters are optimized simultaneously, the peak value of contact pressure is greatly reduced. The maximum contact pressure is reduced to below 250 N. The average contact pressure increases, and the standard deviation value is significantly reduced. The offline rate is greatly reduced. When three parameters are changed simultaneously, the optimization effect on contact pressure is more obvious. The standard deviation of contact pressure is further reduced, and the offline rate is reduced to within 1%. It fully meets the requirements of pantograph-catenary current collection quality. In conclusion, at a running speed of 500 km/h, by increasing the contact wire tension, reducing the catenary wire tension, and reducing the contact wire density, a catenary structure can be optimized to make the pantograph-catenary operation result very ideal.
5 CONCLUSION
The pantograph-catenary coupling finite element model is established by using MSC. Marc software. The influence of single parameter change of catenary on contact pressure is analyzed. Then, the response surface method is introduced to study the influence of the combined change of two parameters on contact pressure. Finally, based on the influence of multiple parameters, the catenary structure parameters with a running speed of 500 km/h are optimized, and the following conclusions are obtained:
(1) When the catenary parameters change singly, within a certain range, increasing the contact wire tension, reducing the catenary wire tension, reducing the contact wire linear density, and reducing the catenary wire linear density can improve the pantograph-catenary current collection quality.
(2) Based on the response surface analysis method, when two parameters are combined with each other, the contact wire tension, catenary wire tension and contact wire linear density have basically the same influence on the average value and standard deviation of contact pressure. When the catenary wire linear density is combined with the wire tension respectively, the change of wire tension has a greater influence on contact pressure, and the influence of catenary wire linear density is smaller.
(3) In order to optimize the catenary at 500 km/h, under the conditions of increasing the contact wire tension, reducing the catenary wire tension and reducing the contact wire linear density, the average value of contact pressure is increased, the standard deviation, maximum value and offline rate of contact pressure are reduced, and the pantograph-catenary current collection quality is significantly improved.
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