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Abstract: The rigid catenary system is widely used in tunnels to power electric trains via contact
with a pantograph. Due to gravity, the contact wire normally has a sag that may affect the dynamic
interaction performance with a pantograph. To reduce the contact wire sag, the most efficient
measure is to improve the moment of inertia of the conductor rail, which is used to clamp the
contact wire. Six new types of conductor rail with large moments of inertia are developed based on a
conventional conductor rail. Then both the static and dynamic analyses are conducted to investigate
the performance of the new types of conductor rail with a big moment of inertia. The conductor
rail’s 3D solid finite element model is built using a finite element approach. The vertical deflection
and the stress distribution are comparatively analyzed among different types of conductor rail. The
analysis results indicate that the vertical deflection and maximum stress are significantly reduced
when using the conductor rail with a large moment of inertia. The best performance is observed when
the conductor rail of case 1 is used. The maximum sag is reduced by 28.37%, and the maximum stress
is decreased by 27.76% compared with the conventional conductor. Finally, a pantograph model is
included to evaluate the dynamic performance of the conductor rail with large moments of inertia.
The results indicate that contact force fluctuation is significantly reduced after the conductor rails
with large moments of inertia are presented. The conductor rail of case 1 shows the best performance,
which can reduce the contact force standard deviation by 32% and 27% at speeds of 160 km/h and
200 km/h.

Keywords: rigid catenary; pantograph; conductor rail; large moment of inertia; electrified railway

1. Introduction

In electric railways, the rigid catenary is widely adopted in tunnels to power the
train (Figure 1a). Compared with the traditional soft catenary, the rigid catenary is much
easier to mount on the tunnel’s roof. The rigid catenary normally comprises the contact
wire, conductor rail, and brackets (Figure 1b). Compared with the soft catenary, the rigid
catenary is simple, robust, easy to maintain, and has better resistance to environmental
disturbances, such as wind load. At present, the rigid catenary has been the mainstream
selection of the current collection solution in urban underground metro lines as the soft
catenary makes it difficult to satisfy the requirement of the lower installation height in
tunnels [1,2]. The static and dynamic behavior of the rigid catenary is beginning to attract
ever-increasing attention from academia and industry.

Energies 2023, 16, 1810. https://doi.org/10.3390/en16041810 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16041810
https://doi.org/10.3390/en16041810
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7699-5855
https://orcid.org/0000-0003-2584-7323
https://doi.org/10.3390/en16041810
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16041810?type=check_update&version=1


Energies 2023, 16, 1810 2 of 17
Energies 2023, 16, x FOR PEER REVIEW 2 of 17 
 

 

 

Rigid catenary

 
(a) (b) 

Figure 1. Schematics of a rigid catenary system. (a) presents an overall rigid catenary; (b) illustrates 

the main components of a rigid catenary system. 
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Figure 1. Schematics of a rigid catenary system. (a) presents an overall rigid catenary; (b) illustrates
the main components of a rigid catenary system.

1.1. Problem Description

The contact quality between the contact wire of the catenary and the pantograph
collector mainly determines the quality of the electric transformation to the train. For
traditional soft catenary, the main factor limiting train speed is the wave speed, which is
determined by the tension in the catenary [3]. This issue is overcome by the rigid catenary,
which has a much faster wave speed. However, the biggest issue for rigid catenary is
the geometry of the contact wire. When the stiffness increases, the irregularity and the
sag in the contact wire have a more noticeable effect on the interaction performance with
a pantograph. Due to gravity, the contact wire of the rigid catenary is not completely
horizontal, and a certain amount of sag is presented, which may have a negative effect
on the interaction performance with a pantograph. That is why the operating speed for
most rigid catenary systems is limited to lower than 160 km/h [4]. The smoothness of
the contact wire needs to be improved to satisfy a higher-speed operation requirement.
When constructing a rigid catenary, it is theoretically possible to reduce the sag by reducing
the span length, which often results in the roar of the economic cost. Therefore, it is
very promising to reduce the contact wire sag by changing the inherent properties of the
conductor rail itself. Therefore, a new type of conductor rail with a large moment of inertia
should be developed, and its performance deserves to be investigated.

1.2. Literature Review

Recently, many scholars have devoted attention and effort to studying pantograph-
catenary interaction performance, as it is an essential part of traction power systems [5].
However, most focus on the traditional soft catenary system as it is the main power source
for electric trains. The finite element approach is the most popular method to represent
the mechanical behaviors of catenary systems [6,7]. The pantograph is often assumed
to be a lumped mass [8] or a multibody model [9,10]. Several approaches [11,12] have
been developed to co-simulate the pantograph and the catenary system. To accurately
reproduce the pantograph-catenary behavior, hardware-in-the-loop tests comprised of a
realistic pantograph and a mimic catenary are developed [13,14]. To ensure numerical
accuracy, the measured response of the pantograph-catenary from field tests is used to
validate numerical models [15]. Due to the complex working environment of the rail-
way system [16,17], various types of disturbances to the pantograph-catenary have been
considered in recent studies. The impacts of catenary defects [18–21], contact wire irregu-
larities [22–25], wave disturbances [26–30], vehicle-track perturbations [31–33], pantograph
aerodynamics [34–37], and wind load [38–41] in harsh working environments are properly
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modeled and involved in the numerical simulation of the pantograph-catenary interaction
to quantify their effects on the contact quality.

Regarding the rigid catenary, only a few works have been carried out. As the rigid
catenary has a similar geometry to the traditional soft one, some methods already used for
studying the soft catenary can be introduced to study the rigid catenary. For example, the
finite element approach is also the most popular one to model the rigid catenary. In [42], a
finite element model of the rigid catenary is developed based on commercial software. This
work also indicates that the cross-sectional area’s horizontal moment directly affects contact
quality. Using beam elements, a rigid catenary model is developed, and the numerical
simulation with a pantograph model is carried out [43]. Unlike the soft catenary, the rigid
one is stiffer and has a relatively greater bending stiffness. The contact wire irregularity
presents the main source of deterioration of the interaction performance for the rigid
catenary-pantograph system. The distant effect of the irregularity on the contact quality has
been acknowledged in [44]. For rigid catenary, Shimizu et al. [45] studied the evolvement
of the wear on T-type conductor rail. They discovered that the contact loss and wear rates
significantly increase with undulating wear. Apart from the wear, the geometry distortion
also has an important effect on the contact quality, as demonstrated in [20]. For the rigid
catenary, the most significant geometry distortion is the sag of the contact wire caused
by gravity. But no measures have been taken to reduce the sag for a better interaction
performance of the rigid catenary-pantograph system.

1.3. Contribution of This Paper

The above literature review points out the need to reduce the contact wire sag to im-
prove the interaction performance of the rigid catenary-pantograph. However, no studies
have been done to tackle this issue before. The reduction of span length is not always feasi-
ble due to the considerable increase in economic cost. Based on a conventional conductor
rail, this paper develops six new types of conductor rail with large moment of inertia. Both
the static and dynamic analyses are conducted to investigate the performance of these
new types of conductor rail with big moments of inertia. Using the 3D solid element, a
model of the conductor rail is built. The vertical deflection and the stress distribution
are comparatively analyzed among different types of conductor rail. Introducing a pan-
tograph model, the dynamic behavior of the rigid catenary-pantograph is analyzed to
check the potential of using a conductor rail with a large moment of inertia to improve
dynamic performance.

2. Modelling of Conductor Rail Model
2.1. Description of Conductor Rail Model

Rigid catenary conductor rail generally has two types, π-type and T-type. At present,
the π-type conductor rail model is mainly used in China. This paper focuses on the existing
common one and proposes six new types of large moment of inertia for better performance.
The π-shaped conductor rail is extruded from 6101B-T6. As shown in Figure 2, there is
a clamp at the bottom, which can be elastically opened to embed the contact wire, and
the pressure generated by elasticity clamps the contact wire. The rigid catenary system is
modeled in the commercial finite element software Ansys, in which a detailed conductor
rail is modeled with 3D solid elements. Figure 2 presents a conventional cross-sectional
shape of the conductor rail and the contact wire.
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Figure 2. Schematics of conductor rail (a) and contact wire (b). Figure 2. Schematics of conductor rail (a) and contact wire (b).

In Solidworks, the conductor rail and contact wire are modeled according to their
realistic geometry (Figure 3). The total length is modeled as 12,000 mm with a span length
of 8 m. The material properties, including the conductor rail’s density and elastic modulus,
are set to aluminum alloy. According to EN AW 6101B, aluminum accounts for more
than 95%, and the material properties are mainly affected by aluminum. The density is
2.7 g/cm3, and the elastic modulus is 72 Gpa. The contact wire material is set to copper
alloy. The density is 8.9 g/cm3, and the modulus of elasticity is 120 Gpa. After loading
the model in Anasys, a 4-node planar element, the solid 182 unit is used to mesh the rigid
catenary, as shown in Figure 4a. The grid at the conductor rail is evenly divided. The mesh
of the contact wire and the connection surface between the contact wire and the clamp is
finer to ensure numerical accuracy. For the case of analysis, the total number of elements
used to mesh the conductor rail is 1379, and the number of nodes is 1672; the number
of 110-height busbar units is 1289, and the number of nodes is 1564. The constraints are
applied as demonstrated in Figure 4b, in which the support is added at an interval of 8 m.
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Figure 4. Finite element model of rigid catenary. (a) Presents a local view of the mesh on the
cross-section; (b) Presents a global view to show the constraint of each support.

In actual operation, the sag of the conductor rail caused by gravity directly impacts
the static and dynamic characteristics of the rigid catenary-pantograph interaction. In
the construction phase, it is theoretically possible to reduce the sag by reducing the span,
though this may increase the economic cost. Therefore, reducing the rigid network sag
by changing the inherent properties of the conductor rail itself is very promising. Under
the premise of the requirement of the standard, a total of 6 new types of conductor rail
are designed here, referred to as “large moment of inertia conductor rails”, as shown in
Figure 5. Compared with the conventional conductor rails, the large moment of inertia
increases the vertical height, thereby increasing the sheer moment of inertia, which has a
better capability to resist vertical bending. It should be noted that the increase in vertical
height may result in marginally lowering the pantograph or increasing the tunnel cost. The
latter measure may offset the reduction in rigid conductor rail cost and deserves a further
trade-off study. The subsequent analysis will investigate the performance of these six new
types under static and dynamic load through three-dimensional finite element analysis.
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where E  is elastic modulus, A  is area of section, 
yI  is moment of inertia in y direction, zI  is 
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The whole suspension structure is adopted by the spring-damper element and the 

lumped mass element. The spring-damper element has longitudinal or torsional capabil-

ity in 1-D, 2-D, or 3-D applications, and the lumped mass element has six degrees of free-

dom. The element matrix is written as equations 2 and 3. 

Figure 5. Six new types of conductor rail with large moment of inertia denoted as No. 1–6, and the
conventional one denoted as No. 7.

2.2. Finite Element Model of Conductor Rail Model

In this paper, the Timoshenko beam element is mainly adopted to model the conductor
rail and contact wire. The stiffness element matrix of the Timoshenko beam element is
written as Equation (1).
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The whole suspension structure is adopted by the spring-damper element and the 
lumped mass element. The spring-damper element has longitudinal or torsional capabil-
ity in 1-D, 2-D, or 3-D applications, and the lumped mass element has six degrees of free-
dom. The element matrix is written as equations 2 and 3. 

where E is elastic modulus, A is area of section, Iy is moment of inertia in y direction, Iz

is the moment of inertia in z direction, l is the length of the beam, φy = 12EIz
GAy l2 (Ay is the

shear area in the y direction), φz =
12EIy
GAz l2 (Az is the shear area in the z direction), G is

shear modulus.
The whole suspension structure is adopted by the spring-damper element and the

lumped mass element. The spring-damper element has longitudinal or torsional capability
in 1-D, 2-D, or 3-D applications, and the lumped mass element has six degrees of freedom.
The element matrix is written as Equations (2) and (3).

Ke = k
[

1 −1
−1 1

]
, Ce = Cv

[
1 −1
−1 1

]
(2)

where k is stiffness, Cv is damping coefficient, obtained from Cv = Cv1 +Cv2, Cv1 is constant
damping coefficient, Cv2 is linear damping coefficient, v is relative velocity.

Me =



a 0 0 0 0 0
0 b 0 0 0 0
0 0 c 0 0 0
0 0 0 d 0 0
0 0 0 0 f 0
0 0 0 0 0 g

 (3)

where a, b, c, d, e, f is used for masses and moment of inertia.
The equation of rigid catenary can be described as follows based on FEM.

Mc
··

Uc + Cc
·

Uc + KcUc = Gc + Fc (4)

where Mc and Kc are the mass matrix and stiffness matrix. Cc is the Rayleigh damping
matrix, a combination of mass matrix and stiffness matrix. Uc is the displacement vector of
the rigid catenary. Gc is the gravity matrix, and Fc is the contact force matrix.
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3. Static Analysis

This section investigates the deflection and clamping stress of these new types of
conductor rail with realistic constraints and gravity. According to the Chinese industrial
standard for overhead conductor rail, TB/T 3252 [46], the deflection of the conductor rail
should be checked with a specified length of 12 m, which is conducted in Section 3.1. Then
the deflection of conductor rail with multi-spans under realistic constraints and gravity is
analyzed in Section 3.2. Finally, the clamping stress with a contact wire in realistic working
conditions is investigated.

3.1. Analysis of Deflection with the Standard Specification

TB/T 3252 stipulates that the maximum sag allowance of the simply supported con-
ductor rail with a length of 12 m should be ≤70 mm. In this section, the models of conductor
rail for six new types and the conventional one with a single span are built. After applying
gravity, the static deflection can be extracted, as demonstrated in Figure 6. It can be seen
from Figure 6 that the sag of the conductor rail with a large moment of inertia is greatly
reduced compared with the conventional one. To facilitate the comparison, Table 1 collects
the resulting maximum deflection of all cases. It is observed that the sag of the conventional
conductor rail is the largest, which is 67.519 mm. After the conductor rail with a large
conductor rail is used, the maximum sag is significantly reduced. The best performance
can be observed in case 1, in which the maximum sag only reaches 48.58 mm, while the
others are generally at the same level of around 50 mm.

Table 1. Maximum sag of the conductor rail with standard specification.

Type Maximum [mm]

Conductor rail 1 48.580
Conductor rail 2 50.865
Conductor rail 3 50.831
Conductor rail 4 50.990
Conductor rail 5 51.398
Conductor rail 6 50.323
Conductor rail 7 67.519

3.2. Analysis of Deflection with Multi Spans

This section uses a multi-span model of conductor rail with a span length of 8 m to
check the conductor rail deflection under realistic conditions. The diagrams of the resulting
deflection are presented in Figure 7. Each span has a similar deflection shape due to the
periodicity, but the sags in the side spans are higher due to the boundary constraint effect.
Normally, only the central spans are taken as the analysis object to avoid the effect from the
boundary effect [47]. It is seen in Figure 7 that the sags of the conductor rails with large
moments of inertia are smaller than the conventional ones. Table 2 collects the resulting
maximum deflection of all cases. The sag of the conventional conductor rail is the largest at
2.7120 mm. After the conductor rail with a large conductor rail is used, the maximum sag is
significantly reduced. The best performance can be observed in case 1, where the maximum
sag is reduced to 1.9426 mm by 28.37% compared with the conventional conductor. For
others, the mid-span sags are generally reduced to around 2 mm.
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denoted as No. 7.
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conductor rail with large moment of inertia, and the result of the conventional one is denoted as No. 7.
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Table 2. Maximum sag of the multi-span conductor rail.

Type Maximum [mm]

Conductor rail 1 1.9426
Conductor rail 2 2.0339
Conductor rail 3 2.0325
Conductor rail 4 2.0391
Conductor rail 5 2.0574
Conductor rail 6 2.0142
Conductor rail 7 2.7120

3.3. Analysis of Clamp Stress

According to TB/T 3252, the jaw on the conductor rail should be open to 2.5 mm to
represent the presence of the contact wire and check the clamping stress. In this work, the
horizontal load is applied to the jaws of the two dovetail grooves of the conductor rail in a
uniform distribution to ensure that each side of the jaw opens 2.5 mm. The setting process
is shown in Figure 8. The diagrams of the resulting stress distribution are presented in
Figure 9. It is seen that the maximum stress appears on the side surface of the conductor
rail. To facilitate the comparison, Table 3 collects the maximum stress and the maximum
clamping force in the conductor rail. It is observed that the maximum clamping force and
the stress of the No. 1 conductor rail are the largest among all cases, which reaches 4560 N
and 80.92 Mpa, respectively. After the conductor rail with a large moment of inertia is used,
the clamping force is significantly reduced. However, regarding the maximum stress, not
all the new types of conductor rail with large moments of inertia perform better than the
conventional one. Only the first one exhibits a significant reduction in the maximum stress
from 112.02 Mpa to 80.92 Mpa by 27.76%.
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Table 3. Maximum clamping force and stress of conductor rails.

Type Maximum Clamping Force [N] Maximum Stress [MPa]

Conductor rail 1 4560 80.920
Conductor rail 2 6780 111.88
Conductor rail 3 7080 119.11
Conductor rail 4 6840 114.19
Conductor rail 5 6380 109.56
Conductor rail 6 7260 119.78
Conductor rail 7 7600 112.02

4. Dynamic Analysis

In this section, a pantograph framework model is included to check the dynamic
performance of the rigid catenary with different types of conductor rail. Considering the
considerable computational cost of the 3D solid finite element model, the conductor rail and
the contact wire are simplified to Timoshenko beam elements in the dynamic simulation.
Some essential parameters of the beam element, including the cross-sectional area and the
moment of inertia, are determined by the solid model of the rigid catenary, as described
above. The key parameters of rigid catenary are collected in Table 4. The pantograph-
rigid catenary dynamic model is visualized in Figure 10. Here the pantograph is modeled
as a lumped mass representation as described in [48]. The parameters of the DSA250
pantograph are shown in Table 5. The dynamic simulation is performed at 160 km/h
and 200 km/h. The former is the maximum speed for most commercial lines using rigid
catenary systems worldwide, while the latter is the target of speed upgrade for the next
generation of the rigid catenary system.

Table 4. Key parameters of rigid catenary.

Quantity Value Unit

Moment of inertia of conductor rail 5.7277 × 10−6 m4

The density of conductor rail 2700 Kg/m3

Conductor rail Yough’s modulus 72 Gpa
Contact wire density 8900 Kg/m3

Contact wire Yough’s modulus 120 Gpa
Number of spans 30 -
Span length 8 m
Support stiffness 6.7 × 107 N/m
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Table 5. Parameters of DSA250 pantograph.

Parameter Value Unit

m1 7.51 Kg
m2 5.855 Kg
m3 4.645 Kg
k1 8380 N/m
k2 6200 N/m
k3 80 N/m
c1 0 Ns/m
c2 0 Ns/m
c3 70 Ns/m

According to the European standard En 50367 [3], the contact force between the
pantograph and the catenary is the most direct reflection of the contact quality. Normally,
the contact force is expected to be stable without a big fluctuation. Therefore, contact force
statistics are often used to evaluate interaction performance. The contact force standard
deviation is expected to be decreased to reduce the fluctuation in contact force. Reduction
of the maximum contact force is desired, while the minimum contact force is expected
to increase. Figure 11a,b present the contact force standard deviation, maximum contact
force, and minimum contact force, respectively. The total length of the conductor rail is
240 m, and the contact forces collected from the central 150 m are taken in the statistical
analysis. It is seen from Figure 11a that the conventional conductor rail (with case 7) leads
to the biggest contact force standard deviation among all cases. The standard deviation
is significantly reduced when the conductor rail with a large moment of inertia is used.
Figure 11b demonstrates that the conventional conductor rail leads to the biggest maximum
contact force. The maximum contact force is reduced using the developed conductor rail
with a large moment of inertia, resulting in safer operation. Figure 11c shows that the
minimum contact force experiences a significant increase when the developed conductor
rails with large moments of inertia are used. Generally, the conductor rails of cases 1 and
6 show the best performance in terms of the contact force standard deviation and the
minimum contact force. The contact force standard deviations are reduced by over 32%
and 27% at 160 km/h and 200 km/h, respectively, while the minimum contact forces are
reduced by over 14% and 24% at these two speeds. As for the maximum contact force, the
conductor rail of case 1 shows better performance than case 6. In case 1, the maximum
contact forces are reduced by 4.43% and 5.8% at 160 km/h and 200 km/h, respectively.
Therefore, the conductor rail of case 1 generally shows the best performance in improving
the interaction performance of the pantograph-rigid catenary.
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Case 7 denotes the result with the previous conventional conductor rail.

5. Conclusions

The main contributions and conclusions in this work have been listed as follows:

(1) To improve both the static and dynamic performance of the rigid catenary system,
six new types of conductor rail with large moment of inertia are developed in this
paper. The comparative analysis indicates that the vertical deflection and stress
distribution are significantly improved when using the conductor rail with a large
moment of inertia.

(2) Regarding the deflection assessment with the standard specification, cases 1–6 can
generally reduce the maximum sag from 67.519 mm, close to the safety threshold of
around 50 mm. Among these cases, the best performance is observed in Case 1. Case
1 also outperforms the assessment of stress and dynamic behavior. Compared with
other cases, the conductor rail with case 1 can provide a bigger moment of inertia with
the specific cross-sectional height. In case 1, the maximum sag is reduced by 28.37%
compared with the conventional conductor, while the maximum stress is decreased
by 27.76%.

(3) The contact force fluctuation is significantly reduced after using the conductor rails
with large moments of inertia. The conductor rail of case 1 shows the best performance
in improving the dynamic interaction performance.

This study has numerically demonstrated the potential value of improving the moment
of inertia for conductor rails of rigid catenary. The next step is implementing the developed
conductor rail with a large moment of inertia in a field test to further validate the current
collection quality and service safety. This conductor rail with a big moment of inertia
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may be a potential solution for the high-speed rigid catenary system in mountainous
areas. Another issue this work separately assesses is the static and dynamic performance
of the conductor rail. A comprehensive indicator may be preferred to be developed in
future works.
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