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Abstract—The local dropper defect is the most common fault in 

the early service stage of the overhead contact line (OCL) system. 

The plastic deformation and loose of a dropper may cause the 

variation of the contact line height, which has a direct effect on the 

contact performance of the pantograph-OCL system. This paper 

proposes a methodology to model the OCL with local dropper 

defect using a nonlinear finite element approach. Employing a 

developed TCUD (Target Configuration under Dead Load) 

method, which takes the vertical defective dropper position in the 

contact line as additional constraints, the local dropper defect is 

exactly added in the initial configuration of the OCL model. 

Several simulations of pantograph-OCL interaction are run with 

different positions of the defective dropper. The effect of local 

dropper defect on the pantograph-OCL contact forces is analysed. 

The results show that the increase of the defect degree causes the 

increment of the contact force peak around the defective dropper 

point. The defect on the first or last dropper within a span is the 

most detrimental to the current collection quality, as it directly 

causes the increase of maximum contact force, which challenges 

the safe operation of the pantograph-OCL system, and should be 

strictly restricted. The PSD (Power Spectral Density) analysis of 

contact force indicates that the dropper defect distorts the 

frequency characteristics of the contact force. The energy of 

contact forces decreases at the dropper-interval related 

frequencies due to the presence of dropper defect. Similarly, a 

significant ‘break’ of the dropper-interval frequency component 

can be observed in the time-frequency representation of the 

contact force. This phenomenon has the potential to be used to 

identify and locate the defective dropper from the measured 

contact force. 

 
Index Terms—High-speed railway, Pantograph, Overhead 

Contact Line, Dropper defect, Contact force, Vibration, Dynamics 

I. INTRODUCTION 

n majority of electrified railways, the Overhead Contact Line 

(OCL) system is responsible for powering the electric train 

via a pantograph installed on the car body’s roof. Often it is the 

only source of power for electric trains [1]. As shown in Figure 
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component failure [8], and geometry distortion [9], resulting in 

the deterioration of the quality of current collection and the 

increase in the occurrence of incidents. Pantograph-OCL 

incidents are the major sources of traffic disruption and train 

delay. As is well known, the serious accidents that cause fatal 

consequences are generally developed from small early faults. 

If the early faults can be effectively coped with, the pantograph-

OCL performance can be maintained in a health condition, 

significantly reducing the occurrence of incidents [10], and the 

maintenance cost . 

 The local dropper defect is the most common fault in the 

early service stage of OCL system. The long-term service, 

mounting errors, contact incidents, climate change and poor 

maintenance may result in the plastic deformation, loose and 

even breakage of droppers, which represent the major source of 

the variation of the contact line height, as illustrated in Fig. 2, 

and affect the vertical contact quality of the pantograph and the 

OCL.  

 In a multitude of previous studies, the pantograph-OCL 

simulations are usually used to verify the rationality of the 

design data [11], [12]. It has been demonstrated that the contact 

force of pantograph-OCL is the direct reflection of the contact 

quality. The contact force should be kept steady to ensure good 

contact. An inadequate contact force may increase the 

occurrence of arcing [13], sparking and contact loss [14], while 

an excessive contact force may increase the wear of the strip 

[15] and the contact line [16]. Normally the mean value, the 

standard deviation, the maximum and minimum values of 

contact forces are used to evaluate the contact quality of the 

pantograph-OCL [17]. Compared to high-cost field test, 

numerical tools are the more effective measures to evaluate the 

contact force [18]. The simulation accuracy can be guaranteed 

by comparison with the test data [19], laboratory test [20], 

standard [21] and benchmark [22]. The statistics [23], 

frequency components [24], and the time-frequency 

representations [25] of the contact force are investigated to 

improve the understanding of the mechanism of contact force 

fluctuation. The traditional view is that the uneven elasticity of 

the contact line is the main cause of the contact force fluctuation 

[26]. With the increase of the train speed, the wave propagation 

in the contact line plays an ever-increasing role in affecting the 

contact force [27]. Some effective measures, such as parameter 

optimization [5], [28], [29] and active control strategies [30]–

[32] are proposed to ensure a good current collection quality. 

The effects of normal external disturbances such as the 

aerodynamics [33], locomotive excitation [34], wind load [35], 

[36] are included in the pantograph-OCL simulation to evaluate 

the contact forces under complex work conditions. However, 

most previous mathematical models of pantograph-OCL 

interaction do not involve the errors in the OCL system. So one 

of the significant development trends in this research area is to 

accurately model the defect in the pantograph-catenary OCL 

system, and evaluate its effect on the current collection quality. 

Most researchers focus on the detection of the OCL component 

faults by computer visions. The significant implication of 

contact line irregularities on the contact quality is firstly 

revealed in [37]. The OCL irregularities are mostly reproduced 

by ideal trigonometric functions [38]. The previous research 

result indicates that the variance of OCL height has a noticeable 

effect on the contact forces [39]. The advancement of the 

measurement technique facilitates the acquisition of realistic 

contact line heights [40], which exhibit a significant difference 

with respect to the design data [41]. The irregularity of the 

contact line presents a significant periodicity similar to the OCL 

structure [42], which are the main consequence of the loose and 

deformation of the droppers. However, the previous researches 

take this type of defect as the additional rigid displacement in 

calculating the contact force. This unrealistic assumption 

should be improved to include the dropper defect in the static 

configuration of the OCL. Pombo and Antunes [43] have 

acknowledged the importance to model the defective dropper in 

the OCL system three years ago. But the defective dropper has 

never been well modelled, and its effect on the contact force has 

never been studied in current literature. Addressing this 

shortcoming, this paper attempts to model the defective dropper 

and quantify its effect on the interaction performance of 

pantograph-OCL. 

 The research objective of this paper is the local dropper 

defect causing the variance of the contact line height in the early 

service stage of the OCL system. On the basis of a traditional 

FEM model of OCL, the local dropper defect is added in the 

shape-finding of the OCL through an advanced TCUD method.  

In order to understand the effect of local dropper defect on the 

contact forces, numerical results of the described OCL model 

interacted with a pantograph model, with different degrees and 

positions of dropper defect, are presented and analysed. 

Utilising the time-frequency representation of the contact forces, 

the potential identification method of the local dropper defect is 

explored. The full paper is organized by six sections. The 

introduction of background and the literature review are in 

Section I. The OCL formulations with dropper defect are 

described in Section II. The results of numerical simulation are 

presented and analysed in Section III. The identification method 

is discussed in Section IV. The further discussion of the results 

is presented in Section V. The conclusions are drawn in Section 

VI. 

II. MODELLING OF OCL WITH DROPPER DEFECT 

Due to the importance of the nonlinearity of the OCL, the finite 

element method is the most preferred to model the OCL. In this 

work, a nonlinear finite element approach is adopted to model 

the OCL with local dropper defect. As illustrated in Fig. 3, the 

explicit formulas of cable are used to model the 

messenger/contact line and the steady arm. The nonlinear truss 

element is used to model the dropper. The claws on clamps of 

droppers and steady arms are assumed as lumped masses. 

Considering the local variation of the contact line height caused 

by the dropper defect, the configuration of the OCL is 

calculated by the advanced TCUD method.  

A. Explicit formulas of nonlinear cable element 

Considering a cable element with two nodes as shown in Fig. 3, 

the relative distances between the two nodes can be expressed 

by the nodal forces as [44] 
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where, xl , yl , and zl  are the relative distances along the local 

x, y, and z-axis respectively, w is the self-weight and 0l  is the 

unstrained length. E and A are Young’s modulus and the cross-

sectional area respectively. 1 3~f f  and 4 6~f f  are the nodal 

forces at nodes I and J, respectively. The partial differentiation 

of both sides of Eq. (1) yields the following incremental 

relationships between the relative nodal distances and nodal 

forces.  
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Taking the inverse of the flexibility matrix in Eq. (2) yields the 

incremental equation of the cable element.  

 C C CL 0l∆
C

ΔF = K ΔU + K                       (3) 

in which, C
ΔF  is the incremental nodal force vector. C

K  is the 

stiffness matrix related to the nodal displacements, C
ΔU  is the 

incremental displacement vector and CL
K  is the stiffness 

matrix related to the unstrained length of the cable.  

B. Explicit formulas of nonlinear truss 

The equilibrium equation of the truss element in Fig. 3 is written 

as follows. 
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in which t1 t3~f f  are the nodal forces at node It. txl , tyl  and 

tzl  are the relative distances between two nodes along the 

local tx , ty  and tz  axis respectively. t0l  is the unstrained 

length. tE  and tA  are Young’s modulus and the cross-

sectional area respectively. Considering a nonlinear dropper, 

t tE A  equals to zero when the dropper works in compression. 

Similarly, the stiffness matrix of the truss element can be 

obtained as: 

 T T T TL t0l∆ΔF = K ΔU + K                     (5) 

in which, TΔF  is the incremental nodal force vector, TK  is the 

stiffness matrix related to the nodal displacements, and TΔU  is 

the incremental displacement vector. TLK  is the stiffness 

matrix related to the unstrained length of the truss. It should be 

noted that the terms related to 0l∆  and t0l∆  in Eqs. (3) and (5) 

respectively are used in the TCUD method to calculate the 

initial shape of the OCL. They vanish in the consequent 

dynamic simulations. 

C. TCUD method 

To reflect the defective dropper in the static OCL model, the 

shape-finding method should be employed to determine the 

undeformed configuration. As illustrated in Fig. 4, the 

deformed configuration is obtained by loading the undeformed 

configuration. However, in this problem, the knowns are the 

vertical dropper positons in the deformed configuration. The 

unknowns are the unstrained lengths of all the cables. In this 

paper, a developed TCUD method is adopted to solve this 

inverse problem in combination with a nonlinear finite element 

approach. The concept of the TCUD method is to take the 

unstrained length as unknown parameters, as seen in Eqs. (3) 

and (5), and formulate the stiffness matrix with nodal forces and 

unstrained length for each element [45]. In this way, more 

constraint conditions should be provided to eliminate the 

undesirable deformations of the OCL. Assembling Eqs. (3) and 

 
Fig. 3. OCL model with cable and truss elements 
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(5) by FEM, the global incremental equilibrium equation for the 

whole OCL can be obtained as follows. 

[ ]G L G L

 
=  

 

ΔU
ΔF = K ΔU + K ΔL K K

ΔL
         (6) 

where ΔF  is the unbalanced force vector. GK  and LK  are the 

global stiffness matrices related to the incremental nodal 

displacement vector ΔU  and the incremental unstrained length 

vector ΔL  respectively. Assume that the total number of 

degrees of freedom is n, and the number of elements is m. So, 

[ ]G LK K  is an ( )n m n× +  matrix. Since the total number of 

unknowns ( )m n+  in Eq. (6) exceeds the total number of 

equations n , Eq. (6) has infinite solutions. Hence, additional 

constraint conditions should be provided to control the solution 

of Eq. (6), according to the design specification and the health 

condition. For the present case of OCL, the following additional 

constraint conditions are defined: 

1) The vertical position of the defective dropper point in the 

contact line is taken as the constraint to model and control 

the local dropper defect. As shown in Fig. 5, the constraint 

condition can be defined as 

( )def 0 defi z z= −U                             (7) 

in which, defi  denotes the position of vertical defective 

dropper displacement in the vector U . 0z  is the initial 

vertical position of the dropper point. defz  is the distortion 

amount caused by the defective dropper.  

2) The second type of additional constraint condition is 

applied according to the design specification. As shown in 

Fig. 6, the additional constraint conditions are provided to 

guarantee that the deformed configuration satisfies the 

design requirement. Generally, there are two groups of 

constraints here. One is to suppress the undesired 

displacement: 

( )design designi z=U                            (8) 

in which, designi  denotes the position of all the controlled DOFs 

(degrees of freedom) in the vector U . designz  is the designed 

value of all the controlled DOFs. The other constraints are the 

tractions applied to the endpoints of messenger and contact 

lines. 

 
2 2 2

0 1 2 3T f f f= + +                              (9) 

From the above additional constraint conditions, it is seen that 

the local dropper defect is taken as the constraint imposed on 

the dropper point in the contact line. These constraint 

conditions can supply extra m equations to reduce the numbers 

of unknowns in Eq. (6). So, Eq. (6) is rewritten as 
U U S S

G G +
L

ΔF = K ΔU + K ΔU K ΔL                 (10) 

where UΔU  is the unknown displacement vector to be 

determined by shape-finding analysis, which is an (n-m)×1 

vector. SΔU  is the constrained displacement vector to prevent 

the undesired deformation of the OCL according to the reserved 

pre-sag and the local defect, which is an m×1 vector. 
U

GK  and 

S

GK  are the partitioned stiffness matrices corresponding to 
UΔU  and SΔU , respectively. Accordingly, the second term in 

the right-hand side of Eq. (8) vanishes, and Eq. (8) becomes 
U

U U U

G G

 
 + =   

 
L L

ΔUΔF = K ΔU K ΔL K K
ΔL

       (11) 

In this way, the equality between the numbers of equations and 

unknowns ensures the unique solution of the target 

configuration of the OCL. The converged nodal coordinates and 

unstrained lengths can be calculated iteratively by solving Eq. 

(11). 

D. Resulting configuration with defective dropper 

Without the loss of generality, the reference model in the 

benchmark is adopted to evaluate the effect of the defective 

dropper on the pantograph-catenary interaction. The general 

property of the OCL is presented in Tab. 1 [22]. Using the 

parameters of the reference model in the benchmark, an 18-span 

OCL model is built. Assuming that the local defect occurs on 

the last dropper (the ninth one) within the tenth span, the initial 

z

xo z0

zdef

 
Fig. 5. Description of shape-finding of OCL 

 
Fig. 6 Constraint conditions according to design data 

x
z
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Tab. 1. General property of OCL 

Material property 

Contact 

wire 

Line density: 1.35 kg/m; Tension: 22kN; Young’s module: 

1×1011 N/m2; Section: 150mm2 

Messenger 

wire 

Line density: 1.08 kg/m; Tension: 16kN; Young’s module: 

0.97×1011 N/m2; Section: 120mm2 

Dropper Line density: 0.117 kg/m; Tensile rigidity: 200 kN/m 

Geometrical property 

Encumbrance: 1.2m; Interval of droppers: 10m; Span: 55m; Number of 

droppers: 5; Stagger: ±200mm; Pre-sag: 1‰ 
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configurations of OCL with different degrees of dropper defect 

are shown in Fig. 7, in which d denotes the vertical deviation of 

the defective dropper point in the contact line with respect to its 

original position. From Fig. 7 (a) and (b), it is seen that the local 

dropper defect slightly changes the initial configuration around 

the defective dropper. From the local enlargement in Fig. 7 (c), 

it is seen that the increment of the defect degree causes the 

increase in the deviation of the contact line height at the 

defective dropper point from its design position. As the defect 

is on the last dropper (at 545.5 m) in the tenth span, the 

inclination of the steady arm (at 550 m) in the adjacent span is 

affected slightly by the defective dropper. The two adjacent 

droppers (at 539.75 m and 554.5 m) before and after the 

defective dropper are still in their original positions. Thus, the 

defective dropper position can be well set by the proposed 

methodology without affecting others. In order to demonstrate 

this conclusion, the resulting configurations of contact line 

around the defective droppers are presented in Fig. 8 (a-c), with 

the local defect on the third, fifth and seventh dropper in the 

tenth span, respectively. It is seen that the proposed 

methodology can well describe the local dropper defect without 

affecting others.  

III. DYNAMIC ANALYSIS 

A set of simulations are performed to explore the effect of the 

local dropper on the contact force. According to the benchmark, 

the corresponding lumped-mass model of the pantograph is 

built to interact with the OCL. In this section, the validation of 

the present model is performed against the benchmark results. 

Then the variation of the contact force peak caused by the local 

dropper defect is investigated. The frequency characteristics are 

also studied with the presence of dropper defect. 

A. Validation of present model 

The benchmark summarises the resulting contact forces 

calculated by ten participators from all over the world. The 

resulting contact forces are compared with the benchmark at 

320km/h, as presented in Fig. 9. It is seen that both of the 

mm d =-5mm
 

Fig. 7. Initial configuration of OCL: (a) global view; (b) side view; (c) local enlargement 

mm d =-5mm
 

Fig. 8. Configuration of contact line around defective dropper with local defect on (a) third dropper; (b) fifth dropper; (c) seventh dropper 
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Fig. 9. Validation of contact force against benchmark 

Tab. 2. Validation of geometry and elasticity against benchmark 

Dropper 

No. 

Pre-sag Elasticity 

Benchmark 

(mm) 

Present 

(mm) 

Error 

(%) 

Benchmark 

(mm/N) 

Present 

(mm/N) 

Error 

(%) 

Sup 0 0 0 0.206 0.2066 0.29 

1 0 0 0 0.165 0.1698 2.91 

2 24 24.00 0 0.273 0.2868 5.05 

3 41 41.00 0 0.345 0.3541 2.64 

4 52 52.00 0 0.388 0.4003 3.17 

5 55 55.00 0 0.4 0.4085 2.12 

6 52 52.00 0 0.388 0.3978 2.53 

7 41 41.00 0 0.345 0.3491 1.19 

8 24 24.00 0 0.273 0.2794 2.34 

9 0 0 0 0.165 0.1652 0.12 

Sup 0 0 0 0.206 0.2066 0.29 
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waveform and fluctuation range of the contact forces are 

consistent with all the participators in the benchmark. Tab. 2 

shows the validation of the elasticity and the pre-sag at the 

dropper and steady arm points in the contact line against the 

benchmark results. Due to the excellent performance of the 

TCUD method, the pre-sag of each dropper point is perfectly 

consistent with the benchmark. The largest error of the 

elasticity is only 5.05%, lower than the required threshold of 

±10%. 

B. Temporal analysis 

In the simulation, the train speed is 320km/h, and the sampling 

frequency is 200Hz according to the benchmark. The frequency 

of interest is set to 0~20Hz. Normally the maximum contact 

force appears at the first or the last dropper point within each 

span, which may cause large contact line uplift and damage the 

OCL [46]. Considering a defect on the first dropper in the tenth 

span, the resulting contact forces are presented in Fig. 10 at 

different defect degrees. In Fig. 10 (a), it is seen that the local 

dropper defect cannot change the overall waveform of the 

contact forces. The contact force standard deviation only 

increases from 54.27N to 54.37 N by 0.18%, with the increase 

of d from 0 to -10mm. The most significant effect of the local 

dropper defect is to cause the increment of the local contact 

force peaks. It is seen from Fig. 7 (b) that the local maximum 

value increases from 300.17N to 330.61N by 10.14%, with the 

increase of d from 0 to -10mm. The excessive contact force 

peaks can cause additional wear of the contact surface of 

pantograph-OCL, and may even damage the OCL system. 

It is also seen that from 480m, the contact force starts to 

receive the impact of the dropper defect, peaks when it is close 

to the defect point, and almost return to normal after 520m. The 

frequency of contact forces in front of the peak is distorted by 

the defect, which is investigated further in the following section. 

Then the simulations are run with different positions of 

defective droppers. The resulting contact forces around each 

defective dropper are presented in Fig. 11. It is seen that for 

each defective dropper, the contact force peak appears a bit in 

300 400 500 600 700

Distance [m]

50

100

150

200

250

300

350
C

o
n

ta
ct

 f
o

rc
e 

[N
]

475 480 485 490 495 500 505 510 515 520 525

Distance [m]

50

100

150

200

250

300

350

C
o

n
ta

ct
 f

o
rc

e 
[N

]

d

d
d=0mm

Local peaks

Distortion of frequency

(b)

mm

m

=-2mm

=-7mm d

d =-1mm

=-6mm

 
Fig. 10. Resulting contact forces with first dropper defect in tenth span: (a) global view; (b) local enlargement 

502.5 503 503.5 504 504.5 505 505.5

Distance [m]

220

230

240

250

260

270

280

C
o

n
ta

ct
 f

o
rc

e 
[N

]

508 508.5 509 509.5 510 510.5

Distance [m]

110

120

130

140

150

160

170

C
o

n
ta

ct
 f

o
rc

e 
[N

]

514.5 515 515.5 516 516.5 517 517.5

Distance [m]

110

120

130

140

150

160

C
o

n
ta

ct
 f

o
rc

e 
[N

]
521 521.5 522 522.5 523 523.5 524

Distance [m]

100

120

140

160

180

C
o

n
ta

ct
 f

o
rc

e 
[N

]

525 526 527 528 529

Distance [m]

100

120

140

160

180

C
o

n
ta

ct
 f

o
rc

e 
[N

]

530 531 532 533 534 535

Distance [m]

100

150

200

C
o

n
ta

ct
 f

o
rc

e 
[N

]

537.5 538 538.5 539 539.5 540

Distance [m]

160

165

170

175

180

185

190

C
o

n
ta

ct
 f

o
rc

e 
[N

]

541 542 543 544 545 546

Distance [m]

220

240

260

280

300

C
o

n
ta

ct
 f

o
rc

e 
[N

]

(h)

mm d =0mm

Fig. 11. Resulting contact forces around defective dropper with local defect on (a) second dropper; (b) third dropper; (c) forth dropper; (d) fifth dropper; (e) sixth 

dropper; (f) seventh dropper; (g) eighth dropper; (h) ninth dropper 

1 2 3 4 5 6 7 8 9

Dopper No.

150

200

250

300

350

C
o
n
ta

ct
 f

o
rc

e 
[N

]

Original Defect4.24%

2.34%

12.98%

4.98%
4.52%

6.67%

6.01%

17.45%

9.14%

 
Fig. 12. Local peak of contact force around defective dropper 

 



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. , NO. , 2019 7 

front of the defective dropper when the pantograph is 

approaching. The increase of d causes the significant increment 

of the local peak of the contact forces around the defective 

dropper. Some defective droppers, such as the ninth one, 

change the position where the local peak appears. This is also a 

demonstration that the dropper defect changes the frequency 

characteristics of the contact forces. Fig. 12 summarises the 

contact force peaks at around different defective droppers with 

d = 0 and d = -5mm. It is seen that the biggest contact force 

peaks appear at around the first and last dropper points. The 

defect on the last dropper causes the largest increase of the 

contact force peak. In this case, the contact force peak at around 

the last dropper increases from 253.94N to 298.27N by 17.45% 

with the increase of d from  0mm to -5mm. The defects on other 

droppers except for the first and last ones, slightly increase the 

local peaks of contact forces, but not affect the global maximum 

contact force. Therefore, more attention should be paid to the 

health condition of the first and last droppers within a span.  

C. Frequency analysis 

In order to analyse the frequency characteristics of the contact 

force with local dropper defect, the power spectral estimation is 

performed for the global contact force in Fig. 10 (a), and the 

local contact force in Fig. 10 (b). The corresponding PSDs are 

presented in Fig. 13 (a) and (b) respectively. It is seen that the 

PSD peaks appear at the spatial frequencies relevant to the span 

length and the dropper intervals. The local dropper defect 

cannot affect the PSD of the global contact forces. However, 

from the PSD of local contact forces (shown in Fig. 13 (b)) 

around the defective dropper, it is seen that the presence of local 

dropper defect makes the PSD peaks at the dropper-interval 

related frequency become inconspicuous. It is concluded that 

the local dropper defect changes the frequency characteristics 

of local contact forces around the defective dropper, and 

decreases the PSD at the dropper-interval related frequencies. 

This phenomenon may be utilised to identify the local dropper 

defect from the contact force signal. The potential of the 

identification method is discussed in the following section.  

IV. POTENTIAL IDENTIFICATION METHOD 

The frequency characteristics of local contact forces around the 

defective dropper have the potential to be utilised to detect and 

locate the defect. In this section, the time-frequency 

representation of contact forces is presented, and the time-

frequency characteristics of contact forces with the local 

dropper defect are analysed. 

A. Time-frequency representation 

The generalized quadratic time-frequency representation 

( , ; )C t ω φ  of the contact forces series ( )f t  with the kernel 

( , )tφ ν  is defined as [47] 
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where the 
*f  denotes complex conjugation of f . t  and ω  

are the instantaneous time and angular frequency. u . τ  and ν  

are the running position, time and frequency variables in the 

integration respectively. The quadratic time-frequency 

representation is obtained through a triple integral including 

dual Fourier transform in time ( )t u−  and τ  with the 

autocorrelation of contact force ( )f t . Essentially ( , ; )C t ω φ  

describes the signal energy distribution of contact forces in the 

time-frequency domain. When the kernel ( , ) 1tφ ν = , 

( , ; )C t ω φ  is a WVD (Wigner-Ville Distribution), which is the 

basic form of the quadratic class. The author’s previous work 

[25] demonstrates that this basic form does not have good 

performance to describe the time-frequency characteristics of 

contact forces, as the WVD’s variants suffer from severe 

interference of cross-term. In this paper, the smoothed pseudo-  

WVD (SPWD) is employed to reduce the interference of cross-

term. The kernel of this typical quadratic time-frequency 

representation is expressed as follows: 

( , ) ( ) *( ) ( )
2 2

t G
τ τφ ν η η ν= −                      (13) 

where ( )η τ  is the time window. ( )G ν  is a frequency window. 

Compared to the basic WVD kernel, the SPWD kernel acts as a 

filter of the WVD for the purpose to suppress the cross-term. 

The SPWD applies window functions independently on both 

the time and frequency domain of the WVD, which strongly 

depends on the prior information of the target signal to suppress 

the cross-terms correctly. 

B. Identification of local defect 

Employing the methodology illustrated above, the time-

frequency representation of the contact forces without defective 

droppers is depicted in Fig. 14 (a). The resulting time-frequency 

representation shows high time-frequency resolution, and the 

most important frequency components relevant to the span 
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length and dropper interval can be significantly observed in the 

time-frequency plane. Both of these dominant frequencies are 

continuous along the track length. The time-frequency 

representation of the contact forces with the defect on the third 

dropper is depicted in Fig. 14 (b). The third dropper locates at 

the 511 m. It can be seen that a significant ‘break’ of the 

dropper-interval related frequency appears in front of the 

defective dropper. This phenomenon is consistent with the 

results of frequency analysis in Section III. The local dropper 

defect decreases the energy of contact forces at the dropper-

interval related frequency. The similar phenomenon can also be 

observed from the time-frequency representations of the contact 

force with the defect on the fifth and ninth droppers, as 

presented in Fig. 14 (c) and (d), respectively. So the change of 

contact force frequency characteristics caused by the defective 

dropper can be utilized to identify and locate the defect 

potentially. 

V. FURTHER DISCUSSIONS 

The local dropper defect discussed in this paper is manifested 

in the excessive sag of the contact line at the defective dropper 

point. This type of defect is normally caused by the plastic 

deformation and loose of the dropper. But sometimes, reverse 

sag may be caused by complex work conditions e.g. 

temperature variation. This section discusses the effect of 

reverse sag of the contact line on the contact forces. 

Considering the defect on the first dropper in the tenth span, the 

contact forces around the defective dropper with reverse sags 

are depicted in Fig. 15. It is seen that the contact force peaks are 

reduced by the reverse sags. On this particular point, this type 

of defect can reduce the maximum contact force, and improve 

the safety of operation and the current collection quality. 

However, reverse sag may cause some other reliability issues, 

which deserve further detailed investigations.  

 The other issue is regarding the dropper defect existing in the 

long-term service network. This paper only models the single 

dropper defect and analyses its effect on the contact forces. The 

analysis result can improve the understanding of the variation 

of contact force peaks caused by the dropper defect. However, 

in a long-term service network, the OCL irregularities are the 

consequence of multiple dropper defects, which exhibit 

significant randomness. Fig. 16 presents realistic OCL 

irregularities measured from a China high-speed network. The 

stochastic distribution of irregularities along the track length 

may have a complicated effect on the dynamic performance of 
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Fig. 16. Measured OCL irregularities from high-speed network 
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pantograph-OCL interaction. The advanced stochastic analysis 

will be performed to evaluate the pantograph-OCL contact 

forces with realistic irregularities.  

VI. CONCLUSIONS 

The local dropper defect is the normal fault in the early 

service stage of OCL system. In this paper, the modelling 

method, the effect on contact forces, and the potential detection 

approach of local dropper defect are studied. The main 

conclusions are drawn as follows: 

1) A methodology to model the railway overhead contact 

line with local dropper defect is developed based on the TCUD 

method. The local dropper defect can be exactly described in 

the OCL configuration. 

2) The local dropper defect causes the increment of the 

contact force peak around the defective dropper. The most 

harmful defect appears at the first or last droppers within a span, 

which directly increases the maximum contact force. The 

dropper defect degree should be restricted to limit the maximum 

contact force. 

3) The dropper defect causes the reduction of the energy at 

the dropper-interval related frequencies. A significant ‘break’ 

of the dropper-interval frequency component can be observed 

in the time-frequency representation of contact forces due to the 

presence of the local dropper defect. This phenomenon can be 

used to identify the local dropper defect through the time-

frequency representation of contact forces. 
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