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Fig. 1. Schematic of a pantograph-catenary system 

Abstract—In high-speed rail operations, the contact wire irregularity of in a catenary is one a of the common disturbances to the pantograph-catenary interaction performance, which directly affects the quality of current collection. In order to To describe the pointwise stochastics of a contact wire irregularity, the Power Spectral Densitypower spectral density (PSD) function for the contact wire irregularity is proposed, and its effect on the pantograph-catenary interaction is investigated. FirstlyFirst, the a pre-processingpreprocessing procedure is proposed to eliminate the redundant information in the measured irregularities based on the Ensemble Empirical Mode Decompositionensemble empirical mode decomposition (EEMD). Then, the upper envelope of the irregularity, which contains all the information of regarding the dropper positions in on the contact wire, is extracted. A form of the PSD function is suggested for the contact wire irregularities is suggested. A methodology is proposed to include the effect of random irregularities in the assessment of the interaction performance of a pantograph-catenary. A developed Target Configurationtarget configuration under Dead Loadsdead load (TCUD) method is employed to calculate the initial configuration of the catenary, in which the dropper points in on the contact wire are placed on its their exact positions. Finally, the effect of the random contact wire irregularities on the contact force is investigated through 500 numerical simulations at each operating speed. The present results indicate that the random irregularities have a direct impact on the pantograph-catenary contact, including an increment in the dispersion of the contact force statistics. The stochastic analysis shows that over 70% of the results with irregularities are worse than the ideal result without irregularities.

Fig. 2. Local dropper defect
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INTRODUCTION
I
N modern high-speed railway systems, the catenary constructed along the railroad interacts with the pantograph mounted on the carbody roof to transmit the electric current to the engine inside the train, as shown in Fig. 1. The contact between the pantograph and catenary is the only source of power for the high-speed train [1]. The sliding contact performance of the pantograph collector and the contact wire is of the critical importance to determine the quality of current collection, which not only restricts the maximum speed, but also affects the safe and stable operation of high-speed railwayrailways. However, the pantograph-catenary system is affected by various disturbances from both the environment and the system itself. Normally, the external disturbances include wind load [2], locomotive vibration [3], temperature variance [4], ice covering layers [5] and electromagnetic interference [6], while the disturbances from the system itself include the contact wire wear [7], defectdefects of in components [8] and Contact Wire Irregularitycontact wire irregularity (CWI) [9]. These disturbances present are the major causes of the deterioration of in the quality of current collection.
[bookmark: _Hlk32146131][bookmark: _Hlk32146257]	Many studies have been doneperformed to reduce the negative effects of these disturbances on the pantograph-catenary interaction. For the wind load, the a stochastic wind field is constructed along the catenary is constructed to evaluate the nonlinear behaviour of wind-induced vibration and investigate the sensitivity of the structural parameters to the wind-resistance capability [10]. Considering the galloping of the catenary in extreme conditions, the aerodynamic instability [11] of the contact wire is investigated using computational fluid dynamics. For the vehicle-track excitation, the a vehicle-track-pantograph-catenary model is constructed [12], and the effect of random rail irregularities on the pantograph-catenary interaction is analysed [13]. The temperature variance caused by the pantograph-catenary arcing is monitored by optical fiberfibre sensors [14], and the temperature distribution is analysedanalysed during the pantograph lowering process [15]. The arcing caused by the an ice layer covering the contact wire is concerned considered in [10], and its effect on the electrical transmission quality is studied [11]. The wear on the contact interface is inspected by computer vision [17], and the prediction model of the wear on the pantograph strip is proposed based on the experimental results [18]. Using the historical data from the Dutch railway network, the evolvementevolution of contact wire wear is investigated [19]. The development of the modern computer vision method provides more solutions for the identification of the defects of in catenary components, such as the distortion of the stagger value [20], fasteners on the support device [21], bird nests in the catenary [22] and cracks in insulators [23]. Considering the defects in the catenary, some methodologies are proposed to establish the catenary model with the tension loss [24] and the local sag defectdefects [25]. 
[bookmark: _Hlk32146362]	Apart from the above mentioned abovementioned disturbances, another common fault in the early service stage of the catenary is the CWI. The Llong-term service, mounting errors, contact incidents, and poor maintenance may result in plastic deformation, loosening and even breakage of droppers, which represents the major source for of variation of in the contact wire height, as illustrated in Fig. 2, and directly affects the vertical contact quality of the pantograph and the catenary. The significant deviation of the real contact wire height with respect to its design position has been acknowledged in [26]. ButHowever, in most previous studies, only the design data isare used to model the catenary. The CWI is firstlyfirst involved in the study of pantograph-catenary interaction in [27], in which the CWI is taken as the additional displacement of the contact wire to in the calculation ofe the contact force. In [28], the important implication of the contact wire pre-sag on the interaction performance of the pantograph-catenary is indicated through numerical simulations. An analytical model to evaluate the contribution of the catenary geometry to the contact force fluctuation is developed in [29]. In [30], a time-frequency representative is presented to locate and identify the CWI from the contact force based on the Zhao–Atlas–Marks time-frequency distribution (ZAMD). Based on this work, the concept of the structure wavelength of the catenary is proposed to quantify the negative effect of CWI [31]. As the development of the detection technique develops, field data are collected to study the impact of contact wire irregularities on the pantograph-catenary interaction [32]. However, there are still some significant shortcomings in the existing works on this research topic. FirstlyFirst, most works treat the CWI as additional displacements to in the calculation ofe the contact force. This assumption is unrealistic, as the CWI is normally caused by the plastic deformation of the catenary geometry, which should be described in the initial configuration of the catenary. SecondlySecond, the CWI is a random disturbance to the pantograph-catenary system. The stochastic representativerepresentation of the CWI should be discussed. In the research field of track irregularities, the Power Spectral Densitypower spectral density (PSD) function is normally used to represent the frequency distribution of the a random time series. Different standard PSD forms of track irregularities have been proposed for the networks in different countries, such as China [33], the United StateStates [34] and France [35]. Normally, the standard PSD of track irregularities can be used for two objectives. One objective is to generate the random history of track irregularities for the simulation of vehicle-track interaction, and the other is to set up a benchmark for the assessment of the health condition of the track.
This paper is the first to attempt to perform thea stochastic analysis of the pantograph-catenary interaction with random CWI. The measured CWI is collected from the China high-speed network, and its frequency distribution is analysed by power spectrum estimation. Through the EEMD (Ensemble Empirical Mode Decompositionensemble empirical mode decomposition), the CWI signal is reconstructed by eliminating the measurement errors and redundant information. Then, the CWI uUpper eEnvelope (CUE) is adopted to describe the positions of the dropper points in on the contact wire. The proper form of the CUE PSD is proposed, and the algorithm to for generatinge the history from the PSD is discussed. Using the vertical positions of the dropper points in on the contact wire, a nonlinear finite element approach is proposed to construct the catenary. The TCUD (tTarget cConfiguration uUnder dDead lLoad) method is used to precisely solve the initial configuration of the catenary with the random CWI. Using the proposed model, the contact forces at different speeds are evaluated. The probabilistic Probabilistic analysis is adopted to investigate the effect of random CWI on the contact force.
Analysis of measured CWI
[bookmark: OLE_LINK6]The measured CWI data used in this work are collected from the China high-speed network via an inspection vehicle whichthat runs regularly to monitor the static parameters of the catenary. By removing tThe nominal height of the contact wire is removed from the measured data, and the corresponding CWI is presented in Fig. 3. The global view in Fig. 3 (a) shows that there are some extremely biglarge peaks in the measurement data. Most of the peaksm are caused by the measurement errors. Some of the peaksm represent the overlap, which is a transition between two normal tensile sections of the catenary. Normally, the contact wire at the overlap is higher at an overlap than in the a normal section, but the pantograph runs at the same height, and the overlap does not contribute cause biglarge variations to in the contact wire height. The local view in Fig. 3. (b) shows the CWI from 2260 m to 2330 m. It is seen that the The CWI is mainly determined by the dropper positions on the contact wire. The contact wire sag between two adjacent droppers is purely caused by the gravity. However, some high-frequency measurement errors are significantly observed. The PSD analysis of this portion of CWI is presented in Fig. 4. It is seen that the The PSD peaks appear at the frequencies relevant to the span length, half-span length, double dropper interval and dropper interval. The frequency components of CWI higher than the dropper interval frequency are seemingly relevant to wear, measurement errors, and sag caused by the gravity. However, the detection of contact wire wear is out of the accuracy range of the measurement equipment, according to its specifications. The sag caused by the gravity is deterministic by the mechanical rules. The frequency components lower smaller than the span length are mostly relevant to the overlap sections. SoTherefore, the CWI is mainly determined by the vertical positions of dropper points in on the contact wire. In the next section, a pre-processingpreprocessing procedure is proposed to eliminate the redundant information of in the measured CWI based on EEMD. Then, the upper envelope of the measured CWI is extracted to represent the positions of the droppers in on the contact wire. Finally, a standardised formulation is presentpresented to fit the PSD of the CWI upper envelope (CUE).

Fig. 5. IMFs extracted from measured CWI: (a-o) denote IMFs 1-15; (p) denotes residual 


Fig. 4. PSD of measured CWI



Fig. 3. Measured CWI: (a) Global view; (b) Local view

Construction of PSD for CWI
Based on the idea in the previous section, the standardised PSD for the CWI is presented in this section. A three-step procedure is proposed to construct the PSD function from the measured CWI. The first step is Pre-processingpreprocessing with EEMD. The second onestep is Extraction ofextraction of the upper envelopenvelope, and the last step is Curvecurve fitting of the CUE PSD. Furthermore, the algorithm to generate the history of the dropper positions from the PSD is also discussed.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Pre-processingPreprocessing with EEMD





[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK43][bookmark: OLE_LINK44]EMD is a data-driven algorithm that adaptively decomposes a signal into several IMF (intrinsic mode function) components. EMD has been widely used in various industrial backgrounds [36]. In pantograph-catenary interactioninteractions [31], the EMD has been proven to have good performance to identifyin identifying the structural wavelength from the contact force. Generally, EMD decomposes a given signal  into a number  of IMFs ,  and a residual , through an iterative procedure. The sum of all the IMFs and the residual precisely yields the original signal perfectly. However, the mode mixing problem is a well-known problem for the traditional EMD. This problem is normally caused by the signal intermittency, leading to frequency aliasing in the IMFs, which   mixes disparate signal oscillations into the IMFs and impairs the physical meaning of each IMF. To resolve this problem, EEMD is proposed based on the dyadic property of EMD when dealing with white noise [37]. It EEMD utilizesutilises additional white noise to ensure the full physical meaning of the IMFs.
[bookmark: _Hlk31715178]In this section, the EEMD is ultilisedutilised to decompose the measured CWI, and all the IMFs and the residual are shown in Fig. 5. It is seen that the (f) to through (i) IMFs show significant periodicities, which that contain the information of about the tensioning section and the span length. However, the extremely biglarge peaks are observed in the original signal are observed infor the first five IMFs (a)-(e). These components should be removed to eliminate the abnormal data caused by the redundant information. Through the summation of the sixth to seventeenth IMFs and the residual, the signal of the measured CWI is reconstructed as presented in Fig. 6 (a). Compared with Fig. 3 (a), it is seen that the EEMD method shows a good performance to removein removing the abnormal points from the original data without affecting others. But theHowever, overlaps are still observed. The overlap connecting two tensioning sections may impact the pantograph head and lead to thean increase in the contact force. ButHowever, the overlap does not directly contribute to the CWI. The overlaps are removed to construct the standard PSD of the CWI. The CWI without overlap is shown in Fig. 6 (b), which is only relevant to the dropper positions on the contact wire. [image: ]
Fig. 7. Extraction of upper envelope of CWI



Fig. 9. Generation of history from PSD: (a) history; (b) comparison of PSDs



Fig. 6. Reconstructed CWI (a) with overlap; (b) without overlap

Extraction of the upper envelope
As the sag between two adjacent dropper points is purely caused by the gravity, the CWI is dominantly determined by the dropper position in on the contact wire. SoTherefore, the upper envelope of the CWI is extracted asbecause it contains all the information of the vertical position of the dropper point in the contact wire. For the catenary taken as the analysis object, the nominal interval between two adjacent droppers is 8.25m. So a lightly25 m. Therefore, a slightly smaller window of 7m7 m is chosen to extract the upper envelope of the CWI. As shown in Fig. 7, almost all the local peaks (dropper points) are included in the upper envelope.
Curve fitting of CUE PSD
Employing the Yule-Walker method, the PSD of the CWI upper envelope is calculated and is presented in Fig. 8. Introducing Tthe PSD function of track irregularity for the China high-speed network is introduced [33], and the form in Eq. (1) is adopted to fit the curve of the CUE PSD. 

                                      (1)

Fig. 8. Curve fitting of CUE PSD
[bookmark: _Hlk31728523]Table 1. Fitting coefficients

f ≤ 0.04 m-1
0.04 m-1 < f < 0.08 m-1
0.08 m-1 ≤ f 
a
6.135×10-7
4.494×10-15
2.084×10-13
b
1.54
7.358
5.84
SSE
896.8
1.771×10-2
1.071×10-5
R-Square
0.6633
0.979
0.3895
AR-square
0.662
0.9789
0.3874
RMSE
1.879
8.237×10-3
1.909×10-4



[bookmark: _Hlk31728556]in which,  is the CUE PSD. a and b are the fitting coefficients, which are determined by the nonlinear least square method combined with the Trust-Region algorithm. The fitting curve is shown inas the red line in Fig. 8. The corresponding fitting coefficients are shown in Table 1. These coefficients are obtained with 95% confidence bounds. The statistics to evaluate the goodness of fit, namely, SSE (The sSum of sSquares due to eError), R-square, AR-square (aAdjusted R-square) and RMSE (rRoot mMean sSquare eError), are also presented in Table 1.







The history can be generated from the PSD by the inverse Fourier Transformtransform. The frequency spectrum.  is obtained by discrete sampling from the standard spectral density . The sample length is . The real and imaginary parts of  have both of the even and odd symmetries with respect to . Hence, the frequency spectrum  is determined by:

 (2) 


where  is the phase angle and obeys the uniform distribution of . Then, the history is calculated using the inverse Fourier Transformtransform as follows:

 (3)[image: ]
Fig. 7. Extraction of upper envelope of CWI

The generated history is presented in Fig. 9 (a). The generated PSD is compared with the original onePSD in Fig. 9 (b). The good consistenceconsistency shows the validity of the present method to for generatinge the history from the PSD.
Modelling of catenary with CWI
 In section III, a standardised PSD function for the CWI is founded established using the measured CWI. The next work task is to evaluate the effect of the random CWI on the pantograph-catenary interaction performance. The flow chart of the stochastic analysis is presented in Fig. 10. In the first step, the random sample is generated using the standardised PSD function. The algorithm is illustrated in the previous section. This section presents the modelling method of for the a catenary with the random CWI. In section V, several numerical simulations of pantograph-catenary interaction are performed to evaluate the effect of random CWI on the contact force.[image: ]
Fig. 11. Extraction of dropper points


Fig. 10. Flow chart of stochastic analysis of pantograph-catenary interaction performance with random CWI

Description of shape-finding of catenary
As the history generated from the PSD function contains all the information of regarding the dropper positions in on the contact wire, the dropper points are extracted by the interpolation according to the spatial distribution of droppers. Fig. 11 gives an example to of extracting the dropper points from the history. Then, the extracted vertical dropper positions are used to model the catenary.
	To reflect the CWI in the static catenary model, the shape-finding method is employed to determine the undeformed configuration of the catenary. As illustrated in Fig. 12, the deformed configuration is obtained by loading the undeformed configuration. However, in this problem, the knowns are the vertical dropper positions in the deformed configuration. The unknowns are the unstrained lengths of all the cables. Normally, this inverse problem can be solved by the manual iteration [38], analytic equations [39], optimizationoptimisation methodologies [25], iterative numeric procedures [40] and some other complex technicstechniques. In this paper, in combination with a nonlinear finite element approach, an iterative numeric procedure, called the TCUD (Target Configuration Under Dead Load) method is adopted to iteratively initialise the catenary iteratively. .
Nonlinear finite element approach

Fig. 13. Catenary model with cable and truss elements
[image: ]
Fig. 12. Description of shape-finding

The catenary exhibits significant nonlinearity (including the contact loss, geometrical nonlinearity and dropper slackness) under the impact of the pantograph and some other external disturbances. SoTherefore, the finite element approach is the most preferred method to model the catenary, compared with some other traditional methods, such as the finite difference and modal superposition methods. In this work, a nonlinear finite element approach is adopted to model the a catenary with CWI. As illustrated in Fig. 13, the messenger/contact wires are modelled by the nonlinear cable element. The dropper is modelled by the truss element with a nonlinear stiffness. The steady arm is modelled by the linear truss element. The claws on the clamps of the droppers and steady arms are assumed to asbe lumped masses. The following gives derivations of the stiffness matrices of the cable and truss elements.
	Considering a cable element with two nodes, as shown in Fig. 13, the relative distances between the two nodes can be expressed by the nodal forces as

	     (4a)

		    (4b)

		                (4c)






where, , , and  are the relative distances along the local x-, y-, and z-axisaxes, respectively. w is the self-weight and  is the unstrained length. E and A are Young’s modulus and the cross-sectional area, respectively. and  are the nodal forces at nodenodes I and J, respectively. The partial differentiation of both sides of Eq. (4) yields the incremental relationships between the relative nodal distances and nodal forces as follows:

          (5)
Taking the inverse of the flexibility matrix in Eq. (5) yields the incremental equation of the cable element. 

		                      (6)




in which,  is the incremental nodal force vector.  is the stiffness matrix related to the nodal displacements.  is the incremental displacement vector, and  is the stiffness matrix related to the unstrained length of the cable.
The equilibrium equation of the truss element in Fig. 13 is written as follows.

                   (7a)

                   (7b)

                   (7c)[image: ]
Fig. 14. Schematics of additional constraints












[bookmark: OLE_LINK24][bookmark: OLE_LINK23]in which  are the nodal forces at node It. ,  and  are the relative distances between two nodes along the local ,  and  axisaxes, respectively.  is the unstrained length.  and  are Young’s modulus and the cross-sectional area, respectively. To model the slackness of the dropper,  equals to zero when the dropper works in compression. Similarly, the stiffness matrix of the truss element can be obtained as:

		                   (8)






in which,  is the incremental nodal force vector,  is the stiffness matrix related to the nodal displacements, and is the incremental displacement vector.  is the stiffness matrix related to the unstrained length of the truss. It should be noted that the terms related to  and  in Eqs. (6) and (8), respectively, are only used in the TCUD method to calculate the initial shape of the catenary. These termsy vanish in the dynamic simulations.
TCUD method


The TCUD method is to take takes the unstrained lengths  and  in Eqs. (6) and (8) as unknowns, and formulates the stiffness matrix with nodal forces and unstrained lengths for each element. Assembling Eqs. (6) and (8) by FEM yields the global incremental equilibrium equation for the whole catenary as follows:

            (9)









where  is the unbalanced force vector.  and  are the global stiffness matrices related to the incremental nodal displacement vector  and the incremental unstrained length vector , respectively. Assume that the total number of degrees of freedom is n, and the number of elements is m. SoTherefore,  is an  matrix. Since the total number of unknowns  in Eq. (9) exceeds the total number of equations , Eq. (9) has infinite solutions. Hence, additional constraint conditions should be provided to suppress the undesired displacement, according to the design specifications and the CWI. For the catenary in the analysis, the following additional constraint conditions are defined, as shown in Fig. 14.

Fig. 15. Initial configuration of catenary: (a) full geometry; (b) contact wire height

· The vertical positions of the dropper point in the contact wire are restricted to describe the CWI.
· The longitudinal direction of each node is restricted to eliminate the longitudinal movement.
· The following equation is applied to the messenger and contact wires to impose the tractions.

                             (10)
The above constraint conditions can supply extra m equations to reduce the numbers of unknowns in Eq. (9). SoTherefore, Eq. (9) is rewritten as

                  (11)






where  is the unknown incremental displacement to be determined by the shape-finding, which is an (n-m)×1 vector.  is the constrained displacement vector to prevent the undesired deformation of the catenary, which is an m×1 vector.  and  are the partitioned stiffness matrices corresponding to  and , respectively. Accordingly, the second term inon the right-hand side of Eq. (9) vanishes, and Eq. (9) becomes

         (12)


[bookmark: _GoBack]Fig. 17. Maximum contact force at normal speed: (a) Boxplot; (b) PDF



Fig. 16. Standard deviation of contact force at normal speed: (a) Boxplot; (b) PDF

In this way, the equality between the numbers of equations and unknowns ensures the unique solution of the target configuration of the catenary. The converged nodal coordinates and unstrained lengths are calculated iteratively by solving Eq. (12). 
	Using the dropper positions extracted from Fig. 11, the resultant static configuration of the catenary is presented in Fig. 15. It is seen from the full geometry presented in Fig. 15 (a) that the catenary model has both the mid spans and the overlaps. ButHowever, the CWI is only included in the mid spans. The contact wire height shown in Fig. 15 (b) shows good agreement with the distribution of the dropper points extracted from Fig. 11, which demonstrates the validity of the present shape-finding method.
Stochastic analysis with CWI



The present modelling method of for the catenary has been validated against the European standard [41], benchmark [42] and measuredment data in [43] and [44] data, respectively. Using the updated catenary model with random CWI and a lumped mass model of for the pantograph, the stochastic analysis is performed to reveal the effect of random CWI on the contact force, which is of great importance for the current collection quality. According to the technical criteria for the pantograph-catenary interaction [45], the contact force standard deviation , which is filtered within 0-20Hz20 Hz, is the most important index to indicatinge the fluctuation of the contact force with respect to its mean value. The maximum contact force  is strictly limited to prevent damage ofto the catenary from the pantograph. To facilitate the comparison in the following analysis, the mean contact force in each simulation is tuned to fulfil the maximum , according to the standard [45], namely:


Fig. 20. Standard deviation of contact force with speed upgrade: (a) Boxplot; (b) PDF



Fig. 18. Statistical maximum contact force at normal speed: (a) Boxplot; (b) PDF

 
Fig. 19. Statistical minimum contact force at normal speed: (a) Boxplot; (b) PDF


                           (13)


in which, where v is the train speed. Normally, the statistical maximum and minimum contact forces and  are also the important indicators for evaluating the dynamic performance of the pantograph-catenary system. These parametersy are defined as follows: 

                                (14a)


Fig. 22. Statistical maximum contact force with speed upgrade: (a) Boxplot; (b) PDF



Fig. 21. Maximum contact force with speed upgrade: (a) Boxplot; (b) PDF


                                (14b)
Based on the idea of the Monte Carlo method, a total of 500 numerical simulations are performed to describe the stochastics of the CWI at each speed. The results with normal speed v=300km/hv=300 km/h are analysed firstlyfirst. Then, the results with speed upgradeupgrades are evaluated.
Statistical analysis with normal speed





The contact force statistics of 500 simulations are displayed in two ways. The first one is the boxplot, which illustrates the dispersion and fluctuation of the results. The other one is the PDF, which describes the probability of the appearance of each value appearing. To facilitate the comparison, the ideal results without CWI are denoted by red dash-dotdashed-dotted lines in each figure. The results of for the contact force standard deviation  are shown in Fig. 16. The ideal  without CWI is 31.13 N. The presence of CWI causes the dispersion of . The biggestlargest  reaches 35.15 N, and the smallest value is only 30.33 N, which is even better than the ideal onevalue. It is also seen that 87% of the resultant  with CWI are worse than the ideal onecase, while 14% of the results are better.










	The results of for the maximum contact force  are shown in Fig. 17. When the CWI is presented, 93% of resultant  are worse than the ideal onecase. The biggestlargest  reaches 266.06 N, which is 14% biggerlarger than the ideal onevalue. The statistical maximum contact force  is shown in Fig. 18. When the CWI is presented, 87% of the resultant  are biggerlarger than the ideal onevalue. The biggestlargest  reaches 262.41 N, which is 5% biggerlarger than the ideal onevalue. The statistical minimum contact force  is shown in Fig. 19. Similar to , 87% of resultant  with CWI are worse than the ideal onecase. The smallest  is 52.2 N, which is 22% smaller than the ideal onevalue.


Fig. 23. Statistical minimum contact force with speed upgrade: (a) Boxplot; (b) PDF

Statistical analysis with speed upgrade














In order to To analyse the effect of random CWI on the pantograph-catenary interaction at higher operating speedspeeds, a number of simulations are performed for three different speeds, which are 330km/h, 350km/h and 370km/h: 330 km/h, 350 km/h and 370 km/h. Similar to the above analysis, the boxplot and the PDF are utilised to display the statistics. The dash-dotdashed-dotted lines denote the ideal results without CWI. The results of for , ,  and  are shown in Figs. 20-23, respectively. At each speed, the random CWI causes the significant dispersions of , ,  and . Over 70% of the resultant ,  and  with CWI are biggerlarger than the ideal values at the corresponding speeds. Accordingly, over 70% of the resultant  with CWI are smaller than the ideal values at the corresponding speeds. Particularly at 370km/h370 km/h, 1.6% of the resultant  and 51% of the resultant  exceed the safety criteria of 350 N, which may damage the catenary and cause severe accidents. In the current standard, the random effect of CWI is not included in the assessment of the current collection quality, which may result in up to 20% errors in evaluating the contact force statistics with respect to the a realistic value.
Conclusions
The contact wire irregularity (CWI) portrays a realistic and common disturbance to the stable operation of the a pantograph-catenary system. In this paper, a procedure is proposed to construct the standardised PSD function for the CWI based on the measurement data from the China high-speed network. Through the frequency analysis of the realistic CWI, it is found that the CWI is dominantly determined by the vertical position of each dropper point in on the contact wire. The sag between two adjacent droppers is purely caused by the gravity. The upper envelope of the CWI is extracted to describe the vertical dropper points in the contact wire. The form of the standardised PSD for the CWI upper envelope is constructed. Then, employing the TCUD method, a catenary model with the real CWI considered is established, in which the vertical position of the dropper and steady- arm, in the contact wire, are correctly placed according to history generated from the PSD. The effect of the random CWI on the pantograph-catenary interaction is studied through a number of numerical simulations. The results indicate that the CWI is responsible for a higher greater dispersion of in the contact force statistics, including the standard deviation, maximum value, statistical maximum and minimum values. Mostly, the CWI has a negative effect on the contact quality of the a pantograph-catenary system. Especially at 370 km/h, the CWI makes causes the maximum contact force to exceed the safety criteria. It is suggested that the CWI should be included in the numerical tools to assess the pantograph-catenary interaction performance.
	It should be pointed out that the CWI analysed in this paper is the geometric irregularity caused by the structural distortion, which has a long wavelength and directly affectaffects the low-frequency interaction performance. However, another type of CWI is the short-wavelength irregularity, which is mainly caused by the contact wire wear, local cantcants, and defective clawclaws or clampclamps. This type of CWI may affect the high-frequency interaction performance of the a pantograph-catenary, and cause the a local increase in contact force. More measurement data of for the short-wavelength CWI will be collected and analysed in the future.
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