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Analysis of the abnormal wear
of the pantograph contact strip
through combined experimental
and simulation approaches
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Langtao Zhao?, Guanhua Huang? & Weihua Zhang?

The carbon contact strip of pantograph collects current from the overhead catenary to power the
train, inevitably causing wear to the contact surface. This paper addresses the abnormal wear of the
pantograph carbon contact strip, a challenged accident encountered in operation and maintenance.
This issue involves aspects of tribology, dynamics interaction, and electrical contact, making it
difficult to explain from a single perspective. Therefore, a comprehensive analysis was conducted
using field testing, laboratory experiments, and simulation, focusing on frequency matching, dynamic
interaction, and wear performance. The results revealed that during operation, a frequency mismatch
between the pantograph and the catenary led to the activation of the problem during dynamic
interactions. This instability resulted in a reduced contact area, increased contact stress, and a sharp
rise in current density, all of which contributed to higher wear rates and abnormal profiles of the
contact surface. Furthermore, these changes, along with the reduced environmental humidity, further
deteriorated the wear and dynamic performance of the system. Subsequent structural and parameter
adjustments can optimize this issue.
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The pantograph-catenary system (PCS) is the sole means of power supply for electrified trains and is one of
the critical subsystems for ensuring the safe and stable operation of trains. In contemporary electrified railway
systems, the primary forms of train power supply system include the overhead flexible catenary, the overhead
rigid catenary, and the third rail. Given the economic benefits and operational conditions of metro lines, the
overhead rigid catenary has become the preferred power supply system for urban rail transit'. The pantograph,
mounted on the roof of the train, collects current through sliding contact with the contact wire, which is
arranged in a sinusoidal pattern along the track centerline to prevent continuous friction at a certain location
on the carbon strip.

The dynamic interaction of PCS is highly complex under electric contact conditions of high relative sliding
velocity. Fluctuating loads can easily cause fatigue damage to components such as the suspension mechanism?-
and the framework®~/, jeopardizing operational safety. More critically, when contact is lost, severe offline
arcing may occur®’, significantly damaging the smoothness of the contact surface and leading to severe wear
of the contact pair. Recently, abnormal wear of PCS contact pair has become a serious issue in China!®12. This
phenomenon causes two main problems. Firstly, the wear rate increases dramatically, as shown in Fig. 1. This
data is sourced from a specific metro line, which uses a rigid suspension catenary system and has a maximum
operational speed of 120 km/h. Before December 10, the wear rate remained relatively stable at approximately
1.3 mm/10* km. However, due to abnormal matching performance and a sudden decrease in ambient humidity,
the wear rate surged after December 10, peaking at 43.59 mm/10* km, more than 40 times higher than normal,
resulting in significant damage to daily operations, including economic losses. This abnormal wear persisted
for about three weeks and returned to normal after corrective measures were taken. Secondly, during this
period, there were significant irregularities in the profiles of the carbon strip and contact wire, as shown in
Fig. 2. Specifically, the pantograph carbon strip exhibited groove abnormal wear on the right side of the upward
direction, between 200 and 240 mm (with the lowest point at 220 mm). Additionally, copper powder and copper
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Fig. 1. Wear thickness of strip during normal and abnormal wear.
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Fig. 2. Contact pair profile during normal and abnormal wear.

wire were found on some train roofs. Simultaneously, inspections of the catenary revealed abnormal wear at
certain rigid anchor sections, along with signs of scratches and arcing on the contact wire surface. These surface
anomalies were observed in areas with higher stagger values or higher current levels.

The issue of abnormal wear is complex and multifaceted. From a tribological perspective, the deterioration
in wear performance may be attributed to changes in operational parameters. As operating speed increases, the
vibration of the PCS contact pair inevitably intensifies, leading to an increase in dynamic contact force amplitude
and arcing energy, which subsequently raises the wear rate of the carbon strip!>!4. When the relative sliding
velocity exceeds 300 km/h, damage to the carbon strip morphology becomes more severe, with an increase in
wear debris, further accelerating the wear rate!®. Additionally, the static contact force of the PCS contact pair plays
a significant role in balancing electrical and mechanical wear!. Typically, the wear rate of the carbon strip shows
an initial decrease followed by an increase as normal force rises'®1°. Mishina and Hase? found that as adhesive
forces increase, the volume of element transfer also increases. More importantly, the impact of electrical current
is substantial, often leading to a several-fold increase in the wear rate. From a dynamic perspective, changes
in the structure and parameters of PCS significantly affect its dynamic characteristics?** and the geometric
relationship of the rods??, which further affects the dynamic interaction. A deterioration in parameters such
as compliance and frequency matching can severely degrade the current collection performance?!, potentially
leading to local resonance effects that cause violent shocks, resulting in direct damage to the carbon strip, such as
block detachment or pitting. From the perspective of electrical contact, the degradation of contact characteristics
is closely linked to factors such as current density?®, operational conditions?®, the distance over which offline
arcing occurs®’, and material properties?®-, as they significantly affect the contact resistance, arcing intensity
and duration. Specifically, the instantaneous high temperatures generated by the offline arcing, which influence
material properties and wear performance, should not be overlooked!*3!32,

From the perspective of tribology, the study conducted still fails to address the underlying causes of abnormal
wear rate and abnormal wear profile due to the complexity and randomness of the PCS!231:32, Additionally,
based on the aforementioned research, the operating company had also made appropriate adjustments to certain
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parameters from different perspectives. However, the results appear to be limited, as this issue is likely not
caused by a single factor. Furthermore, this complex and critical problem involves the collaboration of multiple
disciplines and departments, including the vehicle, power supply, and engineering departments, making the
research particularly challenging. There is still a lack of a multidisciplinary analytical approach to investigate
this complex issue.

The remainder of this paper is organized as follows. Section "Multidisciplinary analysis methods on PCS
abnormal wear" elaborates on the logical structure of this study. Section "Analysis of PCS frequency matching"
reviews existing research on frequency matching, encompassing both static and dynamic modalities. Section
"Simulation and analysis of PCS dynamic interaction" provides a dynamic simulation analysis of PCS, exploring
the changes in dynamic performance after abnormal wear occurs in the contact surface and explaining the
development of this abnormal wear. Section "Wear test of PCS contact pair" investigates the evolution of contact
wear characteristics under the influence of current density, providing data support for this study. Section
"Comprehensive correlation analysis and further discussion of abnormal wear" provides a comprehensive
discussion on the correlation of the aforementioned works and summarizes the causes and deterioration process
of abnormal wear. The main conclusions are presented in Section "Comprehensive correlation analysis and
further discussion of abnormal wear".

Multidisciplinary analysis methods on PCS abnormal wear

Abnormal wear in PCS is a typical interdisciplinary challenge, with its causes and evolutionary mechanisms
involving the coupled effects of tribology, dynamics, electrical contacts, and materials science. Traditional
single-disciplinary theoretical frameworks are insufficient to fully reveal its complex nature. Therefore, this
paper systematically decomposes the issue into several key dimensions and adopts a multi-method research
strategy to progressively identify its underlying mechanisms. The specific research content and methodology
are illustrated in Fig. 3. Specifically, through field testing and modal testing, the dynamic performance and
frequency matching characteristics of PCS under the integration of multiple factors are examined. Simulation
analysis is then conducted to further investigate the relationship between dynamic interaction and wear profile
in PCS. Finally, tribological laboratory testing is employed to assess the wear performance of contact pair. Each
part supports the others, aiming to cross-verify from multiple angles and systematically identify the root causes
of abnormal wear in PCS.

Analysis of PCS frequency matching

This section analyzes the frequency matching between the two primary structures of PCS. The objective is to
determine whether frequency matching anomalies occur during actual railway operation. The investigation
comprises two parts: field test of the PCS dynamic interaction and static modal testing of PCS.

Field test of the PCS dynamic interaction

To investigate the vibration characteristics of the pantograph-catenary system, field tests were conducted,
which complied with the EN 50367 and EN 50119 standards. Given safety concerns and the need for accurate
measurements, the dynamic behavior of the pantograph was assessed by measuring the acceleration of the
contact strip. Based on previous studies, the primary characteristic frequencies of the pantograph are distributed
between 0 and 100 Hz>*2. A triaxial sensors were arranged at the suspension position of the pantograph collector
head, as shown in Fig. 4. The cables of sensor, which provided power and transmitted signals, were embedded
in insulated tubes on the frame of pantograph. The data acquisition system was installed on the pantograph’s
base frame, with appropriate insulation measures. Data were transmitted via optical fiber to the main data
acquisition system inside the train for real-time monitoring and subsequent data processing, as illustrated in
Fig. 4. Additionally, the collection of geometric parameters and other data is based on a non-contact multi-
source data acquisition system, as shown in Fig. 27 of Appendix 1.

During the field tests, the train operations mirrored actual operation conditions, including passenger load.
Therefore, each segment of the journey involved three phases: acceleration, constant speed, and deceleration to
a stop. The stagger values, speed, and current data were simultaneously collected from the onboard system. Data
were collected throughout an entire day, from the departure of train in the early morning to its return at night.
Each instance of train start and stop was treated as a separate data set for analysis, resulting in a large amount
of data, which facilitated the vibration characteristic analysis and the extraction of characteristic frequencies.
Figure 5 shows the time-history curve for a specific segment, where it is evident that the acceleration amplitude
increases with operating speed. Furthermore, during start and stop phases, the load current significantly
increases. Additionally, the vertical acceleration of the strip is slightly higher than the lateral acceleration. The
vibration data presented in Fig. 5 are the response data, while the remaining parameters—stagger, operating
speed, and current—are inputs recorded during actual operation.

Subsequently, a power spectral density (PSD) analysis was conducted to identify the dominant characteristic
frequencies. PSD analysis is a classical method for analyzing random vibrations and identifying structural
dynamic characteristics. Given the frequent starts, stops, and complex operational conditions during actual train
running, the PSD was estimated using Welch’s method. The results are presented in Fig. 6.

The vertical vibration signal at the test position of the strip exhibits a distinct peak at 58.59 Hz. In the PSD
results of the lateral vibration signal at the same position, a prominent peak is observed at 78.13 Hz. Most of
the other peaks also correspond to the structural frequencies of the PCS, which can be identified in subsequent
static modal testing in Section "Simulation and analysis of PCS dynamic interaction” and simulation results in
Appendix 1.
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Fig. 6. Power spectral density.

Static modal testing of PCS

This section presents the results of static modal testing on the pantograph and overhead catenary, utilized in the
actual line, to determine the natural frequencies and explore the corresponding vibration modes. These results
are then compared with the integrated vibration field test data of PCS from actual tracks to verify whether the
vehicle experiences local resonance due to the proximity of modal frequencies, leading to abnormal wear on the
contact pair.

Static modal testing of pantograph
Experimental modal analysis was employed in this section. A stable impact hammer excitation was applied
as the input signal to the system, while a data acquisition system was used to record the output response. The
frequency response function (FRF) was then derived from the input and output signals using an estimation
algorithm. Finally, the modal parameters of the system were identified by fitting the FRF data with a known
modal equation.

During the experiment, the frequency response function Hy(w), defined as the ratio of the response at point
i to the excitation applied at point j, is expressed as:

Hij(w) = 2 W)

where H,.= Hﬁ, {F}=[F,F, ... Fn]T, the obtained acceleration signal X,=[H,, H,, ... H, {F}, F,, ...Fn}T.
The FRFs Hij(w) between all response points and excitation points are arranged in a matrix to form the FRF

matrix:

Hq1 Hqo Hi,
H21 HQQ Hgn

Hij = . )
Hu Hay o oo Hu

Scientific Reports |

(2025) 15:45706 | https://doi.org/10.1038/541598-025-28380-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 7. Selection of pantograph modal testing points.
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Fig. 8. Modal testing flow chart.

For an N-degree-of-freedom system with proportional damping, the forced vibration response is given by:

B I e L2 ®

—w2m, + jwer

where ¢ is the mass-normalized mode shape vector for the mode, m » k » C, are the modal mass, stiffness, and
damping parameters for the rth mode, w is the excitation frequency.
Therefore, the frequency response function matrix can be expressed in modal coordinates as:

—w2m, + jwer

N T
[Hij] = Z T ter} Lo} 4)

As shown in the preceding equations, each row vector of the frequency response function (FRF) matrix contains
all the modal parameters of the tested system. Furthermore, the ratio of the frequency response functions for the
rth mode between any two row vectors directly yields the mode shape for that mode.

Consequently, modal testing was conducted on both the pantograph and the rigid catenary in this section.
The first step involves selecting the modal measurement points, ensuring that these points avoid modal frequency
aliasing and correspond to locations where the vibration modes are not at nodes. To accurately capture the
vibration modes of structure, 22 measurement points were placed on the pantograph frame, and 20 points were
positioned on the leaf spring and strip, as shown in Fig. 7. The modal test pantograph was consistent with the
pantograph actually used in the line and the testing process was shown in Fig. 8. Specifically, 22 points on the
pantograph frame were impacted vertically, and 18 points were impacted laterally. The suspension system and
strip had 20 vertical and 8 lateral impact points. Acceleration responses of the structure and force signals from
the impact hammer were recorded, and transfer functions were calculated to obtain the modal vibration modes.

The results of vibration modes are shown in Figs. 9, 10, 11, which are vertical of the pantograph collector
head, vertical and transverse of the upper frame, respectively.

The first six modes are as follows: the first bending mode of the leaf spring, the first reverse rotational mode
of the strip, the first forward bending mode of the strip, the first reverse bending mode of the strip, the second
forward bending mode of the strip, and the third forward bending mode of the strip.

The first six modes are as follows: the first forward bending mode, the local bending mode, the second
forward bending mode, the second reverse bending mode, the third and fourth bending mode.

The first six modes are as follows: the first reverse horizontal bending mode, the first forward horizontal
bending mode, the second reverse horizontal bending mode, the first forward horizontal bending mode, the
third forward horizontal bending mode, and the third reverse horizontal bending mode.
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Fig. 11. Lateral mode of pantograph upper frame.

Static modal testing of catenary
Due to experimental constraints, the modal testing on the rigid catenary system was conducted on a segment
with significant wear. This choice is representative because of the structural consistency. The span in this section
is 8 m, with a total of 17 measurement points arranged at 0.5-m intervals. The locations of the measurement
points and sensors are shown in Fig. 12. The test procedure follows the same protocol as depicted in Fig. 8.

The results of vibration modes are shown in Fig. 13. It is the first to sixth order vertical bending of this
section, respectively.

Modal frequency comparison of pantograph and catenary
Table 1 presents the modal characteristic frequencies of the pantograph head, frame, and catenary system.
The purpose is to compare whether modal overlap exists statically, which could lead to resonance effects.
Additionally, this data supports the characteristic frequencies presented in Section "Multidisciplinary analysis
methods on PCS abnormal wear".

The first vertical bending mode of the pantograph head strip (21.02Hz) is similar to the second vertical
bending mode of the catenary system (22.58Hz) , while the second frequency of the pantograph head strip
(42.08Hz) is close to the third vertical bending mode of the catenary system (41.38) . This overlap can induce
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Vertical of collector head (Hz) | Vertical of upper frame (Hz) | Lateral of upper frame (Hz) | Vertical of catenary (Hz)
21.02 61.52 57.72 11.16
42.08 192.46 75.18 22.58
53.10 201.21 143.78 41.38
56.92 237.24 193.12 73.38
117.42 397.36 281.59 143.13
192.36 677.37 366.63 178.20

Table 1. Characteristic frequency of pantograph and catenary.

local resonance effects, leading to instability in the PCS. Moreover, this frequency was observed in the dynamic
interaction field tests. Additionally, a prominent peak in the vertical vibration signal of the strip was found at
58.6 Hz, corresponding to the pantograph head strip the fourth natural frequency. The lateral frequency of
78.1 Hz observed in the dynamic field test acceleration corresponds to the first lateral bending mode of the frame
(75.18 Hz), indicating that this mode was excited during operation, leading to local resonance. This resonance is
responsible for abnormal contact conditions and instability in the friction system. Considering the results above,
it was found that the natural frequencies of other pantograph models on the same line did not match those of
the catenary system, and no severe abnormal wear was observed. Therefore, frequency mismatch is one of the
key factors contributing to abnormal wear. Adjustments to the pantograph-catenary structure are necessary to
prevent this issue.

Furthermore, Fig. 6 in Section "Multidisciplinary analysis methods on PCS abnormal wear" demonstrates
that certain frequency components were not excited during the modal testing. Therefore, a simulation analysis
was conducted to further investigate the complete mode shape characteristics, with the results presented in Fig.
28 of Appendix 1.
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Simulation and analysis of PCS dynamic interaction

This section discusses the evolution law of the dynamic performance of PCS with the abnormal profile of the
pantograph strip, which has shown in Fig. 2. This section can provide data support for the subsequent analysis
of wear performance.

The catenary model is established using the finite element method, while the pantograph model employs a
hybrid rigid-flexible model (the same model utilized in the actual line)!, with the sliding contact strip modeled
as a flexible body to better capture higher flexible frequencies and actual contact states (the grooves that conform
to the actual dimensions are manufactured through the finite element model). The corresponding theoretical
derivation can be found in Appendix 2. The contact algorithm utilizes a flexible surface contact model based
on the polygonal contact method (PCM)*. The contact force calculation follows a one-dimensional penalty
function model based on Hertzian contact theory®*, where the magnitude of the contact force is a function
of the penetration depth & and penetration velocity , as shown in Eq. (1), the total contact force is determined
by summing the normal forces calculated at each contact point®, as shown in Eq. (2). The verification of the
dynamic model is presented in Appendix 1.

— m 5 <. m2 om
5:k6i1+cﬁ|6l| o (5)
F=YF ©)

where k and c are the stiffness and damping coefficients, respectively. J is the penetration depth, and m My and
m, are the stiffness exponent, damping exponent, and indentation exponent, respectively.

The consideration of the strip profile grooves, with cross-sectional parameters identical to those of the actual
strip surface, are fabricated on the finite element method. The finite element model of the strip is then integrated
with the pantograph model. To better reflect dynamic characteristics, grooves are placed at the center of the strip
(at a stagger value of 0 mm) and at positions 220 mm on either side of the center (with a stagger value + 220 mm).
The groove width is set to 40 mm, and the depth ranges from 0 to 5 mm, as shown in Fig. 14. Figure 15 presents
a schematic diagram of the actual grooves in the strip, with groove widths approximately 40 mm.

In the simulation, the catenary was configured with a sinusoidal layout, with a stagger value ranging
from — 250 mm to + 250 mm. The operational speed was set to 60 km/h, and the static uplift force was 120 N. The
simulation results are presented in Fig. 16. During pantograph operation, when the contact point is at a groove
location, the contact force and acceleration exhibit significant fluctuations. Considering a periodic contact
phenomenon between the contact wire and the grooves on the strip surface, signifying a cyclical degradation
of the contact state. The contact force and acceleration exhibit significant fluctuations at the locations where the
grooves intersect with the strip. When the groove depth of the strip is between 0 and 2 mm, there is no noticeable
change in the contact force. However, the acceleration of the sliding plate increases when the wear depth reaches
2 mm. As the groove depth increases, the maximum contact force (me) rises from 131.88 N to 395.65 N, an
increase of more than three times. Additionally, the standard deviation of the contact force (F,,) increases from
14.39 N to 26.81 N, and the offline rate rises from 0% to 0.8%, indicating a sharp deterioration in the dynamic
interaction quality, as shown in Fig. 17. In Fig. 16b, the maximum acceleration increases from 0.43 m/s* to
7.43 m/s?, suggesting that the contact force and pantograph dynamics worsen with the increasing groove depth.
Furthermore, as shown in Fig. 17, when the groove depth exceeds 3 mm, the F, .. surpasses 300 N, exceeding

3

- _<dmm_,

\ Underframe

Track rod Lower frame

Fig. 14. Pantograph models considering strip grooves.
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Fig. 16. Dynamic simulation results of grooves with different depths.
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severity of offline occurrences increasing as the groove depth increases.

During the relative sliding electrical contact between the pantograph and catenary, wear of the contact
surfaces increases with the normal force. As the contact force at the grooves exceeds 300 N, it further deteriorates
current collection performance, leading to more severe wear. Additionally, with increasing groove depth, offline
arcing occurs, which causes erosion of the arcing. This results in both direct electrical wear, which is quite
severe, and the generation of high temperatures that degrade the contact surface, leading to increased wear
debris, as indicated by the wear model widely used at present, as shown in Eq. (3) 7. Consequently, adhesive and

'max 1HiS is accompanied by the appearance of offline, with the offline rate and the
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abrasive wear are exacerbated. Thus, the occurrence of arcing contributes to both electrical and mechanical wear,
a phenomenon that is particularly noticeable in low-humidity environments'2. This is one of the key factors
contributing to abnormal wear of the strip.

1 IN\"% (Fn\? Fn R.(Fy) - I? VoI
= —. e B (O B elim) ey Ly—c 7
NWh k1(2 (1+Io)) (Fo) g ey Utk g ()

where k| represents the mechanical wear coefficient, & denotes the dependency of mechanical wear on current
intensity, f8 indicates the dependency of mechanical wear on the normal force, k, is the current wear coefficient,
and k, is the arc ablation wear coefficient. F, (N) refers to the average normal force, F, (N) is the reference value
of the normal force, I is the nominal value of current intensity (A), I, (A) is the reference value of current, V
represents the sliding velocity (m/s), R (Q) is the contact resistance between the carbon strip and the contact
wire, u is the contact loss percentage, H (N/mm?) is the material hardness, H,, (J/kg) is the latent heat of fusion,
p (kg/m?) is the material density, V, (V) is the arc voltage.

Wear test of PCS contact pair

Section "Wear test of PCS contact pair" has discussed the changes in the dynamic performance of PCS when
grooves are present on the strip. These changes are characterized by increased fluctuations in contact force and
acceleration, as well as a rise in F___, which inevitably leads to an increase in contact stress and severe wear. On
the other hand, when the pantograph moves over the edges of the grooves, there is a noticeable reduction in
the generalized contact area between the contact surfaces. Additionally, the rapid vertical displacement at the
groove edges causes a loss of contact between the strip and contact wire, intensifying arcing and vibrations at
the pantograph collector head. Therefore, it is essential to conduct a detailed wear performance study to provide
meaningful insights into the issue of abnormal wear.

During the normal wear cycle, the contact area is characterized by surface-to-surface, as illustrated in Fig. 18.
When the friction system becomes unstable, the contact area significantly decreases (Fig. 18 a shows that lateral
eccentric wear leads to grooves, reducing the effective contact area, similar to Fig. 2. Figure 18b demonstrates
that longitudinal eccentric wear and pantograph head longitudinal rotation further reduce the effective contact
area, akin to Fig. 18a). Under a constant static lifting force, the normal load increases, and the wear volume rises
proportionally with the normal load?®3>%, On the other hand, as the contact area decreases, the current density
increases under the same electrical load. The wear rate increases exponentially with the current'®!”. To quantify
this issue, wear tests were conducted using strips made from the same material as the ones used in the field. The
test machine was a laboratory-built ring-block tester!?, with a normal load of 120 N, a sliding speed of 60 km/h,
and current densities ranging from 0 to 2.5x 10° A/m?(The actual is about 1.83 x 10°A/m?). Each experiment
involved sanding the contact wires and strips both longitudinally and transversely (relative to the direction of
rotation) with 800# and 1500# sandpaper in sequential order. After each sanding, the surfaces were rinsed and
wiped with 95% alcohol to remove any residual debris and foreign particles. Figure 19a,b show the schematic
diagram and data acquisition system of the machine, respectively.

Figure 20 presents the experimental results along with the corresponding fitting equations. Based on the wear
prediction model proposed in'®, which is derived from energy dissipation, the wear rate is a quadratic function
of the current. Therefore, a quadratic fitting function is applied to model the wear rate, and the same approach
is used for the arcing energy. Figure 20d shows a linear relationship. The key conclusion drawn is that, as the
contact area decreases and the relative current density increases, the wear rate increases exponentially. When
the current density reaches 2.5x 10® A/m?, the wear rate increases by a factor of 957.14 compared to the non-
current-carrying state, and by a factor of 8.58 under low-load current density conditions. As a result, the increase

(a) Contact with the grooves of the strip Contact wire

I's Contact strip
I'4

Front view

Contact area (Abnormal)

Top view

Contact area (Normal) Untouched area

(b) Contact with the longitudinal eccentric wear of the strip

Contact wire
¥ Contact area (Normal)

Contact strip

L -

Lateral view Front view

Contact area
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Untouched area

Fig. 18. Diagram of normal and abnormal contact areas.
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in current density leads to higher arcing energy, which significantly amplifies the adhesive effects at the contact
surface, intensifying material transfer and causing severe wear.

To further validate this conclusion, the central area of the post-experiment samples was selected for
microstructural and elemental composition analysis, as shown in Figs. 21, 22, 23. Figure 21 presents the
microstructure of the strip sample after testing under experimental conditions of 2.5x10° A/m? Figure 21a
shows the macroscopic morphology of the sample after testing, where traces of arcing ablation are clearly
visible. SEM analysis of the central area reveals significant damage from arcing ablation on the surface, as well
as some debris, as shown in Fig. 21b,c. Elemental composition analysis of Fig. 21d reveals key insights into the
wear mechanism and elemental distribution, as shown in Figs. 22 and 23. C is the most abundant element,
accounting for 53.4%, followed by O and copper Cu. Additionally, comparing Figs. 21d and Fig. 23c show that
the distribution of splattered material on the surface closely matches the distribution of O. Notably, there is
significant overlap between O and C in the surrounding area, suggesting that the surrounding block-like and
filamentous materials are oxides of carbon. In contrast, O and Cu exhibit overlap in the central area, where the
spherical particles are identified as copper oxides. These findings suggest that the splatter resulting from arcing
ablation is primarily due to the interaction between Cu and O, or C and O. The splattered material adheres to
the surface of the strip, increasing surface roughness and thereby enhancing mechanical wear. Additionally, the
low electrical conductivity of copper oxide hinders current transmission, reducing the actual contact area of
micro-protrusions that would typically make contact. This may lead to the formation of an arcing breakdown
gap, increasing the likelihood of arcing formation and further intensifying both mechanical and electrical wear
on the strip. This phenomenon intensifies with increasing current density.

Comprehensive correlation analysis and further discussion of abnormal wear

The issue of current-carrying frictional wear in PCS involves multiple factors, including mechanical structure,
dynamics, thermodynamics, and tribology, making it highly complex. Therefore, a multifactorial approach must
be adopted during the analysis process. This study conducted an analysis of the abnormal wear of the pantograph
contact strip through combined simulation and experimental approaches from frequency matching, dynamic
interaction and wear performance, respectively. The analysis primarily addresses two key issues: abnormal wear
profiles and the sudden increase in wear rate.

The first step is to analyze the causes of abnormal wear profiles. Due to the frictional system formed by the
strip and contact wire, relative sliding friction exists both longitudinally (along the direction of train operation)
and laterally. As a result, the eccentric wear phenomenon, specifically the formation of grooves, should be
explained by decomposing the contact zone of the pantograph strip in the lateral direction for further analysis,
as shown in Fig. 24. Previous studies'®!® have demonstrated that the contact force and wear volume differ across
various sections, as determined through simulations or numerical calculations. To more accurately reflect the
wear and force conditions in each section, this study utilizes statistical analysis based on data collected from the
actual operation in Section "Multidisciplinary analysis methods on PCS abnormal wear", as shown in Fig. 25. It
is evident that at stagger values of 200 ~ 240 mm as indicated by larger standard deviations in acceleration and
higher average acceleration values. In addition, the average current is also higher. When the system operates
under these conditions over time, localized excessive wear occurs in these sections, leading to the formation of
grooves. The specific cause is the presence of abnormal vibrations in this area, which indicates an intensification
of coupled vibrations. This, in turn, increases the quantity of debris and the likelihood of crack formation,
thereby accelerating mechanical wear. On the other hand, the intensification of coupled vibrations leads to
abnormal contact states in the contact pairs, resulting in fluctuations in contact resistance. An increase in
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Fig. 20. Test results of PCS contact pair.

contact resistance causes a sharp rise in Joule heating and the potential for increased arcing, further exacerbating
electrical wear. This is particularly pronounced because the current in this area is significantly higher than in
other areas. Consequently, more severe wear occurs here, with some areas further developing into grooves.
Based on the simulation results in Section "Wear test of PCS contact pair”, the presence of grooves further
deteriorates dynamic performance, intensifying fluctuations in contact force and acceleration. Additionally, the
increased vibration results in more wear debris, exacerbating mechanical wear. Furthermore, according to the
wear prediction model as shown in Eq. (3) !¢, an increase in force and current causes a rise in wear rate in
these sections, while intensified vibrations further contribute to the accumulation of wear debris, worsening
mechanical wear. Consequently, the grooves progressively deepen. Particularly when the groove depth exceeds
2 mm, the increase in F, , and arcing exacerbates the deterioration of the grooves.

The second aspect investigates the causes of abnormal wear rate. Based on the overall analysis results and
collected data, three key factors can be identified as potential contributors: frequency matching, dynamic
interaction, and wear performance. Frequency matching analysis, including tests on the dynamic interaction
of PCS field test, as well as the static modal testing on the pantograph and the catenary, reveals that the natural
frequency of the pantograph is close to the second and third natural frequencies of the catenary, which are also
manifested during operation, leading to local resonance effects and the deterioration of matching performance.
On one hand, abnormal contact conditions result in changes to the actual contact area, causing increased
fluctuations in local contact stress and a sharp rise in current density, significantly increasing the wear rate. On
the other hand, intensified coupling vibrations lead to high-frequency oscillations, which, due to factors such as
microcrack propagation and thermal stress effects, notably increase the wear rate. Furthermore, as the contact
point approaches the groove position on the strip, a sudden increase in contact force and vibration occurs, further
exacerbated by arcing discharge, resulting in a deterioration of dynamic interaction. Ultimately, the combined
effects of frequency matching anomalies and dynamic interaction degradation destabilize the friction system,
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Fig. 22. EDS of PCS contact strip.

leading to the formation of an abnormal contact profile. This, in turn, increases both mechanical and electrical
weatr. If, during this period, there is a decrease in environmental humidity'?, highly likely to be the “trigger” that
triggers abnormal wear, or degradation in PCS structure and parameters, the resulting damage from mechanical
and electrical wear is further intensified. Consequently, these processes feedback into the system, causing further
deterioration of dynamic and wear performance, and leading to abnormal wear of the pantograph contact strip,
characterized by increased wear rates and profile abnormalities, as shown in Fig. 26.

These findings effectively explain the sudden increase in wear rate and the abnormal contact strip wear
profile observed in Figs. 1 and 2, which are provided from the perspectives of frequency matching, dynamic and
performance. This analysis provides a robust foundation for preventing and mitigating abnormal wear in future
applications.

Scientific Reports|  (2025) 15:45706 | https://doi.org/10.1038/s41598-025-28380-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

CK (b) The distribution of C -3
Bokx o
SK o
PK
KK @
Mn K
FeK o
Bk
(b) Distribution of C elements
(¢) The distribution of O (d) The distribution of Cu -

(c) Distribution of O elements (d) Distribution of Cu elements

Fig. 23. Element distribution of PCS contact strip.

Total length of carbon skateboard L

T 1 ]
S T T T ! P

11 11 (!

Fig. 24. Lateral sections of contact strip.

4.5

3.0

Acceleration (g)

—— Abnormal area

" o

-200 -100

Stagger value (mm)

Current (A)

Fig. 25. The lateral distribution of operation parameter statistics.

(2025) 15:45706 | https://doi.org/10.1038/541598-025-28380-0 nature portfolio

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Frequency match

Dynamic performance

Underframe

Natural frequency
of pantograph
Collector head

Natural frequency of
a certain section
rigid catenary

Pantograph dynamic
response frequency
during field test

Contact force
excessive
fluctuation

Vibration
acceleration
deterioration

Offline arcing of
the contact pair
occurred

Local resonance due

Wear

performance

Dynamic performance

to similar frequencies

deterioration

Deterioration of PCS
structure and parameters

Strip profile during abnormal wear period

The ambient humidity

- az is lower than the

| Abnormal contact pair profile & Unstable friction system |
}

critical value [12].

¥

!

‘ 4 3 ==
‘ Electrical wear 1 ‘ Mechanical wear 1 l =1) 1 -
4 | | —
1 ] " B
| Dynamic performance; ‘ | Wear performance : | ey A =l g )

The stagger value does not
match the design parameters

v
Abnormal wear of the pantograph contact strip

Fig. 26. Flow chart of contact pair abnormal wear.

Conclusions

In summary, this study investigates the causes of abnormal wear in the pantograph contact strip through a
combination of simulation and experimental approaches. Initially, field tests were conducted to characterize the
dynamic interaction of PCS, as well as to identify the contributing characteristic frequencies. Static modal tests
on the pantograph and the cateanry were performed to facilitate frequency matching analysis. Subsequently,
laboratory experiments were carried out to assess the effects of different current densities under operational
conditions. A PCS dynamic simulation was then performed, taking into account the actual damage to the strip
in the field. Finally, all of the aforementioned work was synthesized to provide a comprehensive analysis of
the causes behind the abnormal wear profile and increased wear rate. The key conclusions are summarized as
follows:

1. The dynamic performance deteriorates after the strip experiences groove damage. When the groove depth
exceeds 3 mm, the F, . exceeds 300 N, and the offline arcing occurs. At a groove depth of 5 mm, the F..
increases by more than three times.

2. As the current density increases, the wear rate of the strip exhibits an exponential increase. Compared to
the non-conductive state, the wear rate increased by a factor of 957.14, and under low-load current density
conditions, it increased by 8.58 times. The increased arcing energy significantly enhances the adhesive effect
at the contact surface, thereby exacerbating material transfer.

3. The abnormal wear profile of the strip is primarily due to increased pantograph collector head vibration and
higher current density near the 220 mm lateral stagger value, which causes an elevated wear rate in this sec-
tion, leading to the initial formation of grooves. Further deterioration in dynamic interaction and an increase
in arcing energy contribute to the deepening of the grooves.

4. The abnormal wear rate of the strip is primarily due to the mismatch between the pantograph and catenary
frequency (both static and dynamic), which induces localized resonance effects. When combined with the
abnormal wear profile, this results in the deterioration of dynamic performance. Together, these factors cause
instability in the friction system, leading to increased electrical and mechanical wear. The overall result is a
significant degradation of both dynamic and wear performance, ultimately causing a sharp increase in wear
rate, with a multiple-fold wear volume in sliding electrical contact process.

X

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Appendix 1

According to the dynamic interaction verification standard EN50318, the simulation data is compared with
actual measurement data from the rail line to validate the accuracy of the dynamic model. Table 2 presents a
comparison between the measurement and simulation PCS contact force statistics from dynamic interaction
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Favz Fmax Fmin Fstd
Measurement (N) | 119.7 | 161.8 | 63.9 | 11.5
Simulation (N) 122.3 | 162.3 | 74.5 | 11.0

Relative error (%) 2.2 031|174 | 43

Table 2. Comparison of measurement and simulation contact force.
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Fig. 27. Non-contact multi-source data acquisition system.

tests on a subway line in Shenzhen and the simulation data, demonstrating compliance with the EN50318 stand-
ard (Figs. 27, 28).

Appendix 2

The dynamic equilibrium equation for the pantograph head is established as follows:

{ mith + fi—F1 =0 )
mafe + fo —F> =0

where F, and F, are the support reaction forces on the head springs, calculated as:Fig. R

Fi =c1(Pa —91) + k1(Ya — v1) 9
F> = c2(Ya — 92) + k2(Yya — y2) (10)

Furthermore, the dynamic equilibrium equation for the head’s rotation is expressed as:
. l
J0+(f17f2)§cos(9:0 (11)

where f, and f, are the contact forces between the front and rear strips and the contact wire; 6 is the rotation angle
of the head about the balance arm; J is the equivalent moment of inertia of the head, which is a function of 6; and
d is the distance between the front and rear strips.

The equivalent moment of inertia J is calculated as follows

lcos®
2

J = Jor + Joz + (m1 + ma)( )? (12)

where ], and J, are the moments of inertia of m, and m, about their respective centers of mass. As the influence
of the mass on the moment of inertia is negligible during the head’s rotation, it is omitted from the calculation
of J.

For the frame, which possesses only one independent rotational degree of freedom a, the dynamic equilibrium
equation can be conveniently formulated, as shown in Eq. (13),

fi(@)a + fa(a)a® + fa()d + fa(a,6) =0 (13)

where f,(a) is a function of a.
The rigid-flexible coupled model of the pantograph accounts for the flexibility of specific components. The
head strips are modeled as flexible bodies, while the remaining parts are treated as rigid. These bodies are
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connected via fixed joints to establish the coupled dynamic model. The contact region between the strips and
the catenary is discretized using solid finite elements. The rest of the pantograph is modeled as rigid bodies,
coupled with the flexible finite element body through fixed nodes.

The overall dynamic equilibrium equation of the pantograph can be written as,

[Mp] {ip} + [Cp] {up} + [Kp] {up} = {ff(t)} (14)

where M_ is the mass matrix, C_ is the damping matrix, K_ is the stiffness matrix, u is the nodal displacement
vector, and ff (#) is the load vector. For the parts modeled as rigid bodies, the dynamic equilibrium equations
share the same form as those in the multi-body rigid pantograph model.
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