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Abstract: This paper presents the vibration characteristics of a pantograph–catenary interaction
in a rigid catenary system. Both computational simulation and laboratory tests are carried out to
evaluate the frequency contents of pantograph strips. Based on the observation that irregular wear is
characterized by the consistency between the pantograph strips’ wear pattern and the mode shape
of their dominant modal frequencies, it is deducted that resonance occurs at the pantograph strip
and the contact wire interface in the high frequency range. By applying damping treatment to the
pantograph strip, and hence improving its damping property, a reduction of 7 dB in the total vibration
level at the sliding contact can be achieved, as verified through field tests. It is also found that the
worse the initial condition of the pantograph–catenary system, the more prominent the damping
effects on the control of high-frequency vibration for irregular wear problems.

Keywords: pantograph strip; vibration characteristics; pantograph–catenary system; rigid catenary;
irregular wear; damping performance

1. Introduction
1.1. Pantograph–Catenary Interaction

In modern railway engineering, especially in urban rail transit systems, such as
the metro, the pantograph–catenary system, shown in Figure 1, provides the means of
electrification for train vehicles. Pantograph–catenary interaction is one of the two main
coupling problems in railway systems, the other being wheel–rail coupling. The interaction
between the pantograph and catenary is complex, featuring both mechanical and electrical
wear. Good contact quality of the pantograph–catenary system is crucial to power quality,
operational safety, and maintenance costs.
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1. Introduction 
1.1. Pantograph–Catenary Interaction 

In modern railway engineering, especially in urban rail transit systems, such as the 
metro, the pantograph–catenary system, shown in Figure 1, provides the means of elec-
trification for train vehicles. Pantograph–catenary interaction is one of the two main cou-
pling problems in railway systems, the other being wheel–rail coupling. The interaction 
between the pantograph and catenary is complex, featuring both mechanical and electri-
cal wear. Good contact quality of the pantograph–catenary system is crucial to power 
quality, operational safety, and maintenance costs. 

 
Figure 1. The pantograph–catenary system (traditional catenary system with suspension wires). 
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Figure 1. The pantograph–catenary system (traditional catenary system with suspension wires).

As early as the 1960s, a simple computational model was set up to study the dynamic
behaviour of the pantograph–catenary system by assessing some intrinsic properties of
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the system, such as tension in the wire and the damping of both the catenary wire and the
pantograph frame [1]. Experimental works using mainly wear machines were conducted
for the wear of the material of the contact wire and pantograph sliding strip [2–4]. Different
types of wear at the pantograph strip and catenary wire interface were closely examined. A
combined adhesive and abrasive wear regime was established, with intensifying effects on
the wear rate and the failure at the sliding interface highlighted [5].

As the train speed has increased, more researchers have applied computational sim-
ulations to study the interactive system. A simple single degree of freedom model was
constructed to examine the dynamic behaviour of the system. It was found that the dy-
namic stiffness of the catenary varies with train speed [6,7]. Nonlinearity in the coupled
system is accounted for by using partial differential equations and differential algebraic
equations [8]. A three-dimensional model, allowing lateral wind effects to be taken into
consideration, as well as incorporating the pantograph as an articulated multibody system,
was developed for a more realistic simulation [9]. A moving mesh algorithm, enabling the
contact between moving loads and cable structures, facilitated a much faster computation
with an equivalent accuracy [10]. The vibration characteristics of the rigid catenary with
different supporting lengths were examined; vibration characteristics of both the catenary
system and the pantograph were investigated in a low-frequency range of no more than
15 Hz [11].

Research works have been carried out on the optimization of the dynamic performance
of the coupled system. The dynamic behaviour of multiple pantographs on a tilted train,
to better represent the reality, was found to be critical to high-speed trains. Based on this,
various constructions of passive pantographs and proposals for active control concepts
have been introduced [12]. Similarly, active feedback control of the pantograph–catenary
system was achieved through evening out the catenary equivalent stiffness variation by
making the contact force equivalent to its constant reference [13]. The active control of
the pantograph was designed with two different configurations of actuator installation.
Pros and cons of the two installation configurations were discussed with regard to the
fluctuation of contact force and robustness against the controller time delay [14]. Parametric
studies of the stiffness and the damping of the pantograph, as well as the static force and
the tension of contact wire were carried out, based on which design parameters could be
optimized [15].

The system dynamic behaviour in the medium-high frequency range was evaluated,
with the aim of optimizing line design and pantograph service conditions [16]. In this
direction, it was found in further studies that the arc intensity was correlated with the
vertical acceleration of the contact strip, and that the contact force was influenced by contact
wire irregularity [17,18].

Others have looked into some non-mechanical aspects, such as the tribological be-
haviour of the contacting material [19–21], the effect of arc discharge on wear rate [22], the
effect of temperature and arc discharge on friction, and wear behaviour [23].

So far, research works in the field mainly concern: (i) the traditional suspension wire
type of catenary, and (ii) system dynamic behaviour in a low-frequency range, i.e., no more
than 100 Hz. Few scholars have looked into the pantograph strip and contact wire interface
of a traditional suspension wire system; but the vibration effect and contact loss at the
sliding interface in the traditional suspension wire system are less prominent than those in
the rigid catenary system.

1.2. Irregular Wear

Compared to the traditional catenary system with suspension wires, the rigid catenary
system, as shown in Figure 2, has advantages such as a greater capacity of current carrying,
better reliability, maintainability and availability, and therefore overall lower life-cycle costs.
Rigid catenaries have been increasingly used in tunnel sections of metro systems in China,
South Korea, and Europe. That said, due to the lack of tension and the discontinuous layout
of the aluminium frames, the contact quality of these system is largely compromised.
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Figure 2. A rigid catenary system. (a) Discontinuous layout along the rigid catenary. (b) The
cross-section and key components of a rigid catenary system.

In plan view, the layout of a rigid catenary typically comprises a sine wave or Z-
shape in relation to the track centre-line. The catenary wire runs back and forth across
the pantograph strip to achieve an even wear transversely across the pantograph strip.
As the train vehicle runs at speeds through the catenary, defects, irregular profiles and
discontinuities along the rigid catenary wire, as well as external factors, cause high levels
of acceleration of the contact force, and even impact loads. This potentially introduces
contact loss and vibration at the sliding interface, together with adhesive and abrasive wear,
resembling the vibration-assisted drilling process, and hence excessive wear in the system.
Both mechanical wear and electrical wear contribute to the overall wear. Loss of contact at
the sliding interface intensifies electrical wear, even causes arc events. At this stage of the
study, only mechanical wear is considered.

Irregular wear of the pantograph–catenary system has been found in metro lines with
rigid catenaries in cities in China.

The design life of a standard pantograph stirp is approximately 100,000 km in China.
In the metro system, this corresponds to between 1 and 3 years of service life, depending on
the operational condition of a specific metro line, including the condition of the pantograph–
category system. Irregular wear, however, is featured with uneven and excessively high
wear depths taking place within very short periods of time, e.g., several days or weeks.
Figure 3 shows the daily average wear rate of pantograph strips, measured at the deepest
trough, on representative rail vehicles of the metro line 1 of S city. Comparing to the
normal carbon strip wear rate of 0.9–1.9 mm per 10,000 km, irregular wear increases the
pantograph strip wear rate to some 148.2 mm per 10,000 km. Representative pictures of
worn conditions of pantograph strips after a few days from new are shown in Figure 4.

In the attempt of addressing the irregular wear problem, practitioners in the industry
have tried using various modern technologies, such as AI cameras, high-precision scanning
devices, etc., for the health monitoring of the catenary system. Limited research works
have also been conducted, for instance, to study the influence of the layout of rigid catenary
systems [24]. However, the cause of irregular wear is yet to be found.
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Figure 4. Worn conditions of pantograph strips with irregular wear. (a) Pantograph strips with
two-groove wear. (b) Pantograph strips with three-groove wear.

2. Computational Simulation of the Pantograph–Catenary System
2.1. The Rigid Catenary Model

Figure 5 below is a schematic of a simplified anchor section of a rigid catenary system.
Each anchor section, which is typically 250 m in length, comprises a number of aluminium
sections with a typical section length L varying from 6 m to 12 m between two hanging
points. Usually, as the train speed increases, aluminium section length L decreases. The
model is simplified so that the aluminium profile and contact wire are treated together as
a simply supported beam, with two degrees of freedom in the vertical and longitudinal
(along the track) directions. The equation of motion of the simplified system is, therefore,
shown in Equation (1), with parameters defined in Table 1.
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Figure 5. A simplified schematic of the layout of the rigid catenary.

Inputting the boundary condition as per Equation (2) and the initial condition as per
Equation (3), the harmonics vibration equation as per Equation (4) and the mode shape
orthogonality as per Equation (5) all into Equation (1), together with the Rayleigh damping
model of Equation (6), the equation of motion of the rigid catenary system can be written
as Equation (7) below.
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ρA ∂2y(x,t)
∂t2 + EI ∂4(x,t)

∂x4 + ∑m
j=1 mc

∂2y(x,t)
∂t2 δ

(
x− xj

)
+ ∑n

k=1 mz
∂2y(x,t)

∂t2 δ(x− ak) + ∑m
j=1 kdcy(x, t)δ

(
x− xj

)
= fc(t− t0)δ(x− (x0 + v(t− t0)))− ρAg−mcg ∑m

j=1 δ
(

x− xj
)
−mzg ∑n

k=1 δ(x− ak)
(1)

y(0, t) = 0;
∂2

∂x2 y(x, t)|x=0 = 0; y(L, t) = 0;
∂2

∂x2 y(x, t)|x=L = 0. (2)

y(x, 0) = 0;
∂

∂t
y(x, t)|t=0 = 0 (3)

∅i(x) = A1 cos(ax) + A2 sin(ax) + A3 cosh(ax) + A4sinh(ax) (4)

y(x, t) = ∑N
i=1 ∅i(x)qi(t); ∅i(x) =

√
2

ρAL
sin
(

iπx
L

)
(5)

C∅ = αM∅ + βK∅ (6)

M∅
..
q∅ + C∅

.
q∅ + K∅q∅ = G∅ + Pmc∅ + Pmz∅ + Fc∅ (7)

Table 1. Definition of parameters of the rigid catenary model.

Parameter Definition

ρ Density of the simplified beam section
A Cross sectional area of the simplified beam section
E Young’s modulus of the simplified beam section
I Moment of inertia of the simplified beam section
L Length of the simplified beam section between supporting points
y Vertical displacement of the simplified beam section
Fc Contact force between the pantograph strip and contact wire

mcg Force on the supporting arm at the supporting point
mzg Force on the simplified section at the supporting point
x0 Initial position at the sliding interface between the pantograph strip and contact wire

t0
Initial timestep at the sliding interface between the pantograph strip and

contact wire
qk Cartesian coordinate
M Mass of the simplified beam section
C Damping coefficient of the simplified beam section
K Stiffness of the simplified beam section

2.2. The Pantograph Model

As a preliminary study for the vibration characteristics of the coupled system, the
pantograph model adopted in this computational simulation is a lumped mass model. As
shown in Figure 6, the simplified model consists of three levels of mass blocks and spring–
dashpots, which represent the pan-head, the upper arm and the lower arm, respectively.
The equation of motion of the pantograph can be written as Equations (8)–(10) with the
parameters defined in Table 2.

m1
..
y1 + c1

.
y1 + k1y1 − c1

.
y2 − k1y2 = −Fc(t) (8)

m2
..
y2 + (c1 + c2)

.
y2 + (k1 + k2)y2 − c1

.
y1 − c2

.
y3 − k1y1 − k2y3 = 0 (9)

m3
..
y3 + (c2 + c3)

.
y3 + (k2 + k3)y3 − c2

.
y2 − k2y2 = F0 (10)
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Table 2. Definition of parameters of the pantograph model.

Parameter Definition

y1 Vertical displacement of the pan-head
y2 Vertical displacement of the upper arm
y3 Vertical displacement of the lower arm
m1 Mass of the pan-head
m2 Mass of the upper arm
m3 Mass of the lower arm
c1 Damping coefficient between the pan-head and the upper arm
c2 Damping coefficient between the upper arm and the lower arm
c3 Damping coefficient between the lower arm and the roof of the rail vehicle
k1 Stiffness between the pan-head and the upper arm
k2 Stiffness between the upper arm and the lower arm
k3 Stiffness between the lower arm and the roof of the rail vehicle
F0 Static uplift force
Fc Contact force between the pantograph strip and contact wire

2.3. The Pantograph–Catenary Contact Model

The interactive model of the pantograph and rigid catenary system at the sliding
interface can be described as shown in Figure 7, with the parameters defined in Table 3.
When the contact line is in elastic contact with the pantograph strip, the contact area can
be simplified as a rectangle, as per the Hertz theory (Equation (11)). The contact stress
at the middle of the contact area is the largest, as shown in Equation (12). Normal and
principal shear stress on the symmetrical plane along the z-axis of the contact wire is shown
in Equations (13) and (14). The half of the contact width at the sliding interface is written
as Equation (15).

px =
2F

πa2L

√
a2 − x2 (11)

p0 =
2F

πaL

√
FE∗

πRL
; E∗ =

E
1− ν2 (12)
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σx = − p0

a

(
a2 + 2z2
√

a2 + z2
− 2z

)
; σz = −

p0a√
a2 + z2

; σy = ν(σx + σz) = 2νp0

(
z−
√

a2 + z2

a

)
(13)

τxy =
p0

a

(
z− z2
√

a2 − z2

)
; τyz = τzx = 0 (14)

a =

√
4FR

πE∗L
=

2p0R
E∗

(15)
Machines 2022, 10, 710 7 of 16 
 

 

 
Figure 7. The pantograph–catenary contact model. 

𝑝௫ = 2𝐹𝜋𝑎ଶ𝐿 ඥ𝑎ଶ − 𝑥ଶ (11)

𝑝଴ = 2𝐹𝜋𝑎𝐿 ඨ𝐹𝐸∗𝜋𝑅𝐿 ;     𝐸∗ = 𝐸1 − 𝜈ଶ (12)

𝜎௫ = − 𝑝଴𝑎 ቆ𝑎ଶ + 2𝑧ଶ√𝑎ଶ + 𝑧ଶ − 2𝑧ቇ ;    𝜎௭ = − 𝑝଴𝑎√𝑎ଶ + 𝑧ଶ ;    𝜎௬ = νሺ𝜎௫ + 𝜎௭ሻ = 2𝜈𝑝଴ ቆ𝑧 − √𝑎ଶ + 𝑧ଶ𝑎 ቇ (13)

𝜏௫௬ = 𝑝଴𝑎 ቆ𝑧 − 𝑧ଶ√𝑎ଶ − 𝑧ଶቇ ;    𝜏௬௭ = 𝜏௭௫ = 0 (14)

𝑎 = ඨ 4𝐹𝑅𝜋𝐸∗𝐿 = 2𝑝଴𝑅𝐸∗  (15)

Table 3. Definition of parameters of the pantograph–catenary contact model. 

Parameter Definition 𝐿 Length of the simplified beam section between supporting points 2𝑎 Width of the contact area between the pantograph strip and contact wire 𝑧 Distance along the z-axis from the origin of the Cartesian coordinate 𝑝 Distribution of the contact stress 𝐹 External load 𝑥 Radial distance from the contact point to the middle of the contact area 𝐸 Young’s Modulus 𝐸∗ Equivalent Young’s Modulus 𝜈 Poisson’s ratio 𝑅 Radius of the cylinder of the contact wire 𝜎 Normal stress on contact wire 𝜏 Shear stress on contact wire 

2.4. The Pantograph–Catenary Coupled Model 
A numerical model of the coupled pantograph–catenary system, shown in Figure 8, 

was established to analyze its vibration response. Model inputs are shown in Table 4 and 
Table 5. 

Figure 7. The pantograph–catenary contact model.

Table 3. Definition of parameters of the pantograph–catenary contact model.

Parameter Definition

L Length of the simplified beam section between supporting points
2a Width of the contact area between the pantograph strip and contact wire
z Distance along the z-axis from the origin of the Cartesian coordinate
p Distribution of the contact stress
F External load
x Radial distance from the contact point to the middle of the contact area
E Young’s Modulus
E∗ Equivalent Young’s Modulus
ν Poisson’s ratio
R Radius of the cylinder of the contact wire
σ Normal stress on contact wire
τ Shear stress on contact wire

2.4. The Pantograph–Catenary Coupled Model

A numerical model of the coupled pantograph–catenary system, shown in Figure 8,
was established to analyze its vibration response. Model inputs are shown in Tables 4 and 5.
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Table 4. Parameter input of the rigid catenary and the pantograph strip.

Components Material Young’s Modulus
(GPa)

Density
(kg/m3) Poisson’s Ratio

Rigid catenary Aluminium profile Aluminium alloy 72.0 2800 0.33
Contact Line Copper silver alloy 120 9183 0.3

Pantograph strip Support Aluminium alloy 72.0 2800 0.33
Carbon strip Carbon 12.7 2000 0.35

Table 5. Parameter input of the pantograph.

Mass Block No. m/kg k/(N/m) c/(N.s/m)

1 11 13,300 0
2 10 7540 0
3 12 3500 120

A sensitivity study on the appropriate length of the catenary section L was undertaken
for the shortest section length, which did not affect the simulation output, and for the
verification of the numerical model. A harmonic load of 120 N was applied vertically to
the rigid catenary model with different lengths (Figure 9). The vibration response of the
model, as per Figure 10, shows that little difference was found for section length from 18 m
and above, in terms of peak response and corresponding modal frequencies. Thus, the
catenary model with a section length of 18 m between supporting points was chosen for
subsequent simulations.
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2.5. Simulation Results

From the computational simulation, modal frequencies and mode shapes of the panto-
graph frame and those of the pantograph strip are plotted in Figures 11 and 12, respectively.
Pantograph strips move together with the pan-head; attributed to the low stiffness of the
pantograph frame, in general, the peak acceleration magnitude in the low-frequency range
of the pantograph strips is almost negligible compared to the peak acceleration magnitude
in the high-frequency range. Therefore, mode shapes corresponding to the free motion of
pantograph strips in the low-frequency range are not included herein.
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Figure 10. Vertical vibration response of the rigid catenary model with different section lengths.

Machines 2022, 10, 710 9 of 17 
 

 

 

Figure 10. Vertical vibration response of the rigid catenary model with different section lengths. 

2.5. Simulation Results 

From the computational simulation, modal frequencies and mode shapes of the pan-

tograph frame and those of the pantograph strip are plotted in Figure 11 and Figure 12, 

respectively. Pantograph strips move together with the pan-head; attributed to the low 

stiffness of the pantograph frame, in general, the peak acceleration magnitude in the low-

frequency range of the pantograph strips is almost negligible compared to the peak accel-

eration magnitude in the high-frequency range. Therefore, mode shapes corresponding to 

the free motion of pantograph strips in the low-frequency range are not included herein. 

  
(a) (b) 

  

(c) (d) 

 

 

Figure 11. Modal frequencies and mode shapes of a pantograph frame. (a) First mode, 2.0 Hz.
(b) Second mode, 3.6 Hz. (c) Third mode, 5.1 Hz. (d) Fourth mode, 9.4 Hz.
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Figure 12. Modal frequencies and mode shapes of pantograph strips (from simulation). (a) First 
vertical mode, 116 Hz. (b) Second vertical mode, 339 Hz. (c) Third vertical mode, 653 Hz. (d) 
Fourth vertical mode, 1005 Hz. (e) Fifth vertical mode, 1431 Hz. 

3. Laboratory Tests 
Test Set-Up 

A modal analysis was carried out on pantograph strips in the laboratory to investi-
gate the vibration characteristics of pantograph strips. As shown in Figure 13, with pan-
tograph strips in free and mounted conditions, two accelerometers measuring vertical and 
transverse vibration were located at point 4 and 9 along the pantograph strip. A point load 
was applied at 13 excitation points along the pantograph strip. 

 
Figure 13. Modal test set-up for pantograph strips. 

Figure 12. Modal frequencies and mode shapes of pantograph strips (from simulation). (a) First
vertical mode, 116 Hz. (b) Second vertical mode, 339 Hz. (c) Third vertical mode, 653 Hz. (d) Fourth
vertical mode, 1005 Hz. (e) Fifth vertical mode, 1431 Hz.

3. Laboratory Tests
Test Set-Up

A modal analysis was carried out on pantograph strips in the laboratory to investigate
the vibration characteristics of pantograph strips. As shown in Figure 13, with pantograph
strips in free and mounted conditions, two accelerometers measuring vertical and trans-
verse vibration were located at point 4 and 9 along the pantograph strip. A point load was
applied at 13 excitation points along the pantograph strip.
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Modal frequencies of the first five vertical modes from the laboratory test are summa-
rized below in Table 6, together with the modal frequencies obtained from the simulation.
The modal frequencies from both numerical simulation and from the laboratory test agreed
well, with a maximum error of 4.1%. The mode shapes of the five modes from the laboratory
tests were also consistent with the simulation outputs. The numerical model was, therefore,
successfully validated against the laboratory results.

Table 6. Modal frequencies of the pantograph strip.

Vibration Mode Simulation (Hz) Laboratory (Hz) % Error

1 116 121 4.1%
2 339 334 1.5%
3 653 659 0.9%
4 1005 1016 1.1%
5 1431 1450 1.3%

The frequency response function of the pantograph strip tested is plotted in Figure 14
below. Peak accelerations happened at the second and the third vertical mode, with
acceleration magnitudes of 139.6 dB and 148.5 dB, respectively.
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Figure 14. Frequency response function of the pantograph strip.

It was found that the wear pattern of the pantograph strips with two-groove wear
closely resembled the mode shape of the second vertical mode of the pantograph strip,
as shown in Figure 15. Likewise, the three-groove wear pattern was similar to the mode
shape of the third vertical mode of the pantograph strip. The higher the acceleration
magnitude, the greater the dynamic contact force and thus the greater the friction force,
leading to greater wear. The position of the peak acceleration magnitude along the strip
corresponds to the deepest wear position. It was also deducted that the irregular wear of
the pantograph–catenary system was due to the resonance at the pantograph strip and
catenary wire sliding interface in the high-frequency range.
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Figure 15. Relationship between the wear pattern and the dominant mode shapes of the pantograph 
strip. (a) Irregular wear with two grooves. (b) Irregular wear with three grooves. (c) Mode shape of 
the 2nd vertical mode. (d) Mode shape of the 3rd vertical mode. (e) Two-grooves wear pattern vs. 
mode shape of the 2nd vertical mode. (f) Three-groove wear pattern vs. mode shape of the 3rd ver-
tical mode. 

4. Improvement in the Damping Property of the Pantograph Strip 
Improvement in damping property is one of the most effective means for a system 

undergoing resonance. A parametric study of the damping property of the pantograph 
strip was carried out using the numerical model in Section 2. Based on the preliminary 
study, three types of damping treatment, namely, damping schemes A, B, and C were ap-
plied to standard pantograph strips for the control of high-frequency vibration at the slid-
ing contact. Damping ratios at the second and the third vertical mode of pantograph strips 
using different treatments were compared against those of the original pantograph strip 
shown in Table 7. Frequency response functions of the four pantograph strips are plotted 
in Figure 16. Amongst the three damping options, scheme C shows the best damping per-
formance, giving an increase in damping ratio from 0.39% to 7.7% at the third vertical 
mode, corresponding to three-groove irregular wear. The modal frequency of the third 
vertical mode shifted from 659 Hz down to 644 Hz, with a significant vibration reduction 
of 22 dB. Therefore, the scheme C damping treatment of the pantograph strips was further 
examined with trains running in the field. 

Table 7. Comparison of the damping ratio of pantograph strips. 

Vibration Mode 
Original Scheme A Scheme B Scheme C 

F (Hz) ζ F (Hz) ζ F (Hz) ζ F (Hz) ζ 
2nd vertical mode 334 1.05% 315 1.69% 314 0.96% 299 1.99% 
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Figure 15. Relationship between the wear pattern and the dominant mode shapes of the pantograph
strip. (a) Irregular wear with two grooves. (b) Irregular wear with three grooves. (c) Mode shape
of the 2nd vertical mode. (d) Mode shape of the 3rd vertical mode. (e) Two-grooves wear pattern
vs. mode shape of the 2nd vertical mode. (f) Three-groove wear pattern vs. mode shape of the 3rd
vertical mode.

4. Improvement in the Damping Property of the Pantograph Strip

Improvement in damping property is one of the most effective means for a system
undergoing resonance. A parametric study of the damping property of the pantograph strip
was carried out using the numerical model in Section 2. Based on the preliminary study,
three types of damping treatment, namely, damping schemes A, B, and C were ap-plied
to standard pantograph strips for the control of high-frequency vibration at the sliding
contact. Damping ratios at the second and the third vertical mode of pantograph strips
using different treatments were compared against those of the original pantograph strip
shown in Table 7. Frequency response functions of the four pantograph strips are plotted
in Figure 16. Amongst the three damping options, scheme C shows the best damping
performance, giving an increase in damping ratio from 0.39% to 7.7% at the third vertical
mode, corresponding to three-groove irregular wear. The modal frequency of the third
vertical mode shifted from 659 Hz down to 644 Hz, with a significant vibration reduction
of 22 dB. Therefore, the scheme C damping treatment of the pantograph strips was further
examined with trains running in the field.

Table 7. Comparison of the damping ratio of pantograph strips.

Vibration Mode
Original Scheme A Scheme B Scheme C

F (Hz) ζ F (Hz) ζ F (Hz) ζ F (Hz) ζ

2nd vertical mode 334 1.05% 315 1.69% 314 0.96% 299 1.99%
3rd vertical mode 659 0.39% 625 2.81% 651 4.86% 644 7.70%
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Figure 16. Frequency response function of pantograph strips under vertical excitation at point 9
in Figure 13.

To further verify the effectiveness of damping treatment scheme C, field tests were
performed between two stops of Metro Line 1 of city X (Figure 17). The test section
contained both a traditional catenary with suspension wires and a rigid catenary system,
and thus was chosen for the test. The distance between the two stops, stop L and stop X,
was 1988 m, with 1044 m of rigid catenary underground and 944 m of traditional catenary
on the viaduct. The test route included both straight and curved tracks.
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Figure 17. Layout of the field test route.

A brand-new pantograph strip without damping treatment, named PS A, and one
with scheme C damping treatment, named PS B, were installed on the pantograph of an
engineering train. Accelerometers were set up as per Figure 18. Accelerometers 1, 2, 5 and 6
were at the middle of PS A and PS B, respectively. Accelerometers 3, 4, 7, and 8 were at the
quarter position of PS A and PS B, respectively. Accelerometers 9 and 10 were at the base of
the pantograph frame. Accelerometers 11 and 12 were fixed on the roof of the engineering
train. Accelerometers 1, 3, 5, 7, and 9 measured vertical vibration. Accelerometer 2, 4, 6, 8,
10, and 12 measured transverse vibration.
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Figure 18. Field test set-up.

The new pantograph strip PS A was first tested. Data were collected with the train
running at 20 km/h both ways between the two stops, and then at 48 km/h. Damping-
treated pantograph strip PS B was then tested under the same conditions. All tests were
conducted without the rail vehicle being electrified to examine only the mechanical aspects
of irregular wear. All tests were carried out during planned possession time at night for
minimum external uncertainties.

Test results in terms of reduction in vibration acceleration comparing the total vibration
level from PS A and from PS B are summarized in Table 8. Damping scheme C could achieve
up to 7 dB of reduction. In addition, vibration acceleration reduction in the rigid catenary
section was generally higher than that found in the traditional catenary section, indicating
that the damping effect was more prominent in the rigid catenary system. The higher the
train speed, the more reduction in vibration acceleration using damping treatment. In
other words, the worse the initial condition of the pantograph–catenary system, the more
prominent the damping effects on the control of high-frequency vibration.

Table 8. Reduction in vibration acceleration of pantograph strips.

Train Speed (km/h) Accelerometer
Position

Reduction in Vibration Acceleration (dB)

Rigid Catenary Traditional Catenary with
Suspension Wires

Upline Downline Upline Downline

A B A B A B A B

20
Middle 6.6 2.8 2.8 2.4 5.7 2.2 1.4 3.1

1/4 position 3.8 2.2 5.4 1.9 1.1 2.0 2.4 1.9

48
Middle 5.9 7.0 5.5 1.5 1.9 2.0 1.0 2.6

1/4 position 4.9 5.0 1.9 1.8 2.1 2.0 2.1 0.7

5. Conclusions

This ongoing research work tries to understand the damage mechanism leading to the
irregular wear problem in pantograph–catenary coupled systems.

Through computational simulation and laboratory tests, vibration characteristics of the
coupled system, especially in the rigid catenary system, were investigated. The following
key findings can be concluded:
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1. The irregular wear problem is characterized by the consistency between the wear
pattern and the mode shape of dominant modal frequencies of pantograph strips, not
the pantograph as a whole. Furthermore, this is due to resonance at the pantograph
strip and contact wire sliding interface in the high-frequency range;

2. Improvement of damping performance is one of the most effective means to control
the high-frequency vibration of the pantograph strip. Damping-treated pantograph
strips can reduce vibration acceleration up to 7 dB;

3. By comparing damping performance between traditional and rigid catenary system,
and with varying train speeds, it was found that the worse the initial condition of the
pantograph–catenary system, the more prominent the damping effects on the control
of high-frequency vibration in the irregular wear problem.
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