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Modeling and analysis regarding
overhead catenary system based on a
dynamics method

Luo JiaNcuo?, Liu HANG?**, XU JINGDE?

Abstract. Based on the analytic form calculation methods of contact wire lifted displacement,
the index of dynamic characteristic of catenary system PoC (Property of Catenary) is proposed.
Through simulation calculation and formula deduce, not only the relationships between design
parameters of catenary system and the dynamic response of catenary system subjected to a pan-
tograph uplift force are analyzed, but also it is proved that PoC can demonstrate the dynamic
characteristic of catenary system. To deeply explore the methods of employing wave theory to
analyze the dynamic characteristic of catenary system, wave propagation model of catenary system
is proposed, according to which qualitative analysis of the influence of pantograph and droppers is
made.

Key words. High Speed Railway, Overhead Catenary System, Pantograph-Catenary System,
Dynamics, modeling.

1. Introduction

In order to realize appropriate contact force of the pantograph and sound quality
of the current collection, the mathematical simulation models of the catenary sys-
tem and the pantograph system have been established, which are with the aim of re-
searching their dynamics performance and interaction [1-3]. The literature [4] points
out that it is available to simulate required characteristics of the simulation system
model of the Pantograph-OCS (Overhead Catenary System) system. The literature
[5] indicates that the linear dynamical model of the time-varying stiffness coefficient
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of a single-degree-of-freedom belt has been used to simulate the catenary system.
On that basis, literature [6] shows that the contact model of the Pantograph-OCS
system has been simplified and it is more practical to simplify the Pantograph-OCS
system as a beam structure with moving force load and axial stress rather than a
cable structure with moving load. Literature [7] an analytical form equation has
been established for the beam model with moving force load and axial stress and
the solution of the equation had been found out. Literature [§] suggests that the
finite element model of OCS has been established, so that the motion differential
equation of the pantograph nonlinear model has been figured out. Literature [9] the
finite element model of Simple Catenary Equipment OCS and Pantograph/OCS ver-
tical coupled vibration model have been established, the changing situation of OCS
dynamic stress has been found out. As a result, to improve the design of the high-
speed electric railway, literature [10] suggests that a simulation model is supposed
to be established for the Pantograph-OCS system by the mixed method in tension
sections. Literature [11] indicates that the flexible contact line has been modeled
as the nonlinear continuous beam structure together with absolute coordinate, so
that the metamorphosis phenomenon of the contact line has been studied effectively.
Literature [12] the simulation model of the catenary system has been established by
the finite element computing method and by virtue of Euler-Bernoulli beam theory,
so that the static stress and the vibration model of the contact line have been figured
out.

2. Analysis regarding overhead catenary system
2.1. The dynamics model for overhead catenary system

The dynamics of the OCS differs from the static property, and the dynamics of
interactivity between the OCS and the lifting force of pantograph must be mani-
fested: firstly, the Overhead Contact Line (OCL) must demonstrate the property
of vibration caused by the lifting force; moreover, the dropper tension must change
along with the mobility of the lifting force.
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Fig. 1. The model for pantograph coupling system under operation conditions of
the single-arm pantograph
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The relations between the pantograph and OCL at a certain point of time is
shown in Figure 1. The Endpoint A and B represent two terminals of the OCL
vibration distortion. In fact, there are no points of support existing at A or B on
the OCL, furthermore, vibration distortion does not exist at other parts apart from
these two points on OCL. Thus, these two points are assumed as points of support,
and the displacement restraint can be realized in the model. 17 T5,...,Tn are the
dropper tension distributed between A and B on the OCL, and x1, z2, ..., TN
represent the positions of the dropper tension that are relative to the pantograph,
and N represents the amount of droppers between A and B. F represents the
lifting force of the pantograph, that moves along the OCL with a horizontal velocity
of V. §j is the horizontal tension of OCL. L represents the OCL length of the
vibration tension, Ly represents the pantograph position between A and B on the
OCL that could lead to vibration distortion. Let’s assume the movement distance of
pantograph with a velocity of V starting from A along the OCL Ly = Vt. According
to the wave equation of the catenary model, we can have
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where m; is the OCL weight in unit length, Iz and i1 are the distribution lengths of
the pantograph lifting force and dropper tension on the OCL respectively, u(x) rep-
resents the step function.According to the boundary condition y(0,t) = y(Lg,t) = 0,
the solution of Equation (1) can be expressed as

> krx
= Wk t)sin—— (2)
and the general solution for the wave equation of the catenary model is
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where By and C}, are undetermined coefficients.
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By substituting Cy and By to Equation (3), we can have

> kxlp , . kxVit 1% S; kxt
x,t) = Ag1 sin sin — sin(y | =% —
) k7rl (Vi + ;) 14 krx, ., | S; kmt
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. kway S; kmt . kmx
— sin I cos(,/m] LF)))sm Iy (6)

wherein, Lr and T; can be determined by the calculation result regarding the static
uplift of the pantograph lifting force.

2.2. Analysis and calculations regarding the overhead cate-
nary system reflection and dropper phenomenon

It can be illustrated from the OCL vibration displacement Equation (6) that
the OCL vibration can be categorized into vibrations caused by the pantograph
lifting force and the dropper tension. The OCL vibration displacement Equation
(6) directly conduct linear superposition regarding the aforementioned two types
of vibrations. The relations among the lifting force of pantograph, changes of the
dropper tension, the incident wave, and the reflected wave are demonstrated in
Figure 2.

i Structural model of the OCS
Lifting force of Changes in the
pantograph N g dropper tension
Wave equation Wave equation

Incident wave - » Reflected wave

Reflection coefficient 7

Fig. 2. Relations between the wave and reflection in OCS

Thus, the reflected coefficient is

N . kn(Vt+ ;) . kxlp
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It can be observed from Equation (7) that the reflected coefficient of OCL is
correlated to the dropper tension, therefore the reflected coefficient of OCL differs
at different positions, and a variety of design parameters of the OCS have impacts on
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the reflected coefficient. If the differences in distribution lengths between the lifting
force of pantograph and dropper tension are negligible, namely we assume lp = [p.
Additionally, we replace Zfil T; sin w by the maximum value of the dropper

tension changes max[AT], then the reflected coefficient can be simplified as

N max[AT]
TR ——— (8)

Due to the restriction of droppers to the OCL vibration, the counterforce F.,
of the dropper reflective wave will deteriorate the contact conditions of the panto-
graph: during the process of upward vibration of the OCL, the maximum vibration
displacement of the OCL decreases, the contact force of pantograph increases which
is F' — F}; during the process of downward vibration of the OCL, the minimum
vibration displacement of the OCL decreases, the contact force of pantograph de-
creases which is F' + F,.. Therefore, according to Equation (1), the OCL motion
differential equation is available, after considering the influences from the dropper
reflected wave.
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Equation (10) demonstrates: changes in the pantograph contact force obtained
from reductions of OCS reflection and Doppler Phenomenon can be used to calculate
the vibration displacement of the OCS.

3. Simulation regarding the influence of vibration on various
design parameters of the OCS

After deriving Equation (10), which is the OCL vibration displacement at the
position of pantograph, further analysis regarding the influence of various design
parameters of OCS on the OCL vibration displacement is conducted based on pre-
vious findings.For convenience of calculation and comparison of results, the paper
proposed an index representing the dynamic property of OCS based on Equation
(11) regarding the COL vibration, which is called the Property of Catenary (PoC):

_ L%(1 — max[AT]/F)
PoC = (Sj/mj —V2)-my;

(12)

This index has reflected the value of vibration amplitude of the OCS under the
effect of pantograph lifting force F. According to Equation (8), it can be known
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that max[AT]/F is the estimated value of OCS reflection coefficient r. According
to the aforementioned assumption, Lr is the OCL length lifted by the pantograph
lifting force, which can be more precisely described as the OCL length where reside
droppers with tension changes larger than 0.1 N. The simulation will calculate the
dynamic property index-PoC at the suspension point and midspan of the Single
Catenary System and Stitched Catenary System, and use Equation (10) to calculate
the OCL vibration displacement as well as the maximum vibration displacement
Yiax, minimum vibration Yy, the standard deviation of the vibration displacement
Yitq, and the average vibration displacement Y;,. The pantograph lifting force in
all simulative calculations is 116 N, the OCL tension S; is 25kN, the unit quality
of OCL mj is 1.1kg/m, and the pantograph lifting force moves with the velocity of
250km /h.

3.1. Influence of OCL tension S; on OCL vibration

When the OCL tension S; increases, the OCL uplift y; decreases, the changes
of dropper tension AT; reduce, therefore max[AT] also decreases. Moreover, since
> T; = F, Ly increases. These two factors will make the PoC increase. However, the
increase of the OCL tension S; will enlarge the fluctuation velocity and decrease the
PoC. Therefore, the determination regarding changes in the dynamic property index
PoC requires detailed calculations of the OCS design parameters. In general, the
outcome associated with the increase of OCL tension S; will decrease the dynamic
property index PoC, as well as the OCL vibration. The simulation results are shown
in Table 1.

Table 1. Influences of the OCL tension on OCL vibration

Single Catenary OCL Tension S; Stitched Catenary OCL Tension S;
System 15KN | 20kN | 25 kN System 15kN | 20kN | 25kN
Lp (m) |212.8 2128|2128 Lp (m) |207.6 | 207.6 | 207.6
Midspan | max[T]/F [0.2731|0.2286|0.1954| Midspan | max[T]|/F |0.3249|0.2812|0.2472
PoC (m/N) [3.3953|2.3771| 1.8500 PoC (m/N) [3.00092.1082|1.6473
Suspension|_LF (M) | 175.6 | 200.0 | 2128 | o | Lp (m) | 2076 | 207.6 | 2076
Point | max[T]/F [0.9772|0.9034(0.8459| Point | maz[T]/F |0.8695]0.7852|0.7201
PoC (m/N) [0.0725[0.2628| 0.3544 PoC (m/N) [0.5803[0.6300|0.6125
Ymax (m) 0.0702(0.0524| 0.0445 Ymax (m) 0.07590.0579| 0.0488
Ymin (m) 0.0176/0.0166| 0.0149 Ymin (m) 0.05790.0456| 0.0394
Yaa (m) 0.0180/0.01320.0105 Yia (m) 0.0045|0.0031 | 0.0027
Ym (m) 0.0459(0.0356| 0.0308 Ym (m) 0.0671{0.0525( 0.0438

3.2. Influences of the catenary tension S. on OCL vibration

When the catenary tension S, increases, the OCL uplift y; decreases, the dropper
tension changes on both sides of the uplift AT; decreases, therefore the max[AT)
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increases at the point of lifting forces. Moreover, since Y AT; = F, Lr decreases.
Thus the dynamic property index PoC decreases. The simulation results are shown
in Table 2.

Table 2. Influences of the catenary tension S. on the OCL vibration

Single Catenary Catenary Tension S¢ Stitched Catenary Catenary Tension S¢
System 15kN [ 20kN | 25kN System 15kN [ 20kN | 25kN

Lp (m) 212.8 | 212.8 | 212.8 Lp (m) 207.6 | 207.6 | 207.6

Midspan | max[T]/F |0.1954|0.2385|0.2731| Midspan | max[T]/F |0.2065|0.2472{0.2801
PoC (m/N) | 1.850 |1.7509|1.6714 PoC (m/N) |1.7363|1.6473| 1.5753
Suspension Lp (m) 212.8 | 200.0 | 175.6 Suspension Lp (m) 250.0 | 207.6 | 207.6
Point max|T]/F |0.8459|0.9201|0.9772 Point maz[T]/F |0.6318]0.7201|0.7863
PoC (m/N) |0.3544|0.1623| 0.0357 PoC (m/N) |1.1684|0.6125| 0.4676

Ymax (m) 0.0455(0.0386| 0.0357 Ymax (m) 0.0579(0.0488| 0.0423

Ymin (m) 0.0149{0.0119 0.0089 Ymin (m) 0.0477{0.0394| 0.0339

Yita (m) 0.0105| 0.0095| 0.0087 Ysta (m) 0.0034|0.0027| 0.0023

Y (m) 0.03080.0259 0.0225 Y (m) 0.0520(0.0438| 0.0382

3.3. Influences of the span length L and dropper distribution
on OCL vibration

Table 3. Influences of the catenary tension S. on the OCL vibration

Single Catenary Span L Stitched Catenary Span L
System 40m | 50m | 60m System 40m | 50m | 60m
Lp (m) |170.24| 212.8 | 255.36 Lp (m) |166.08] 207.6 |249.12
Midspan | max[T]/F [0.1954|0.1954|0.1954| Midspan | max[T]|/F |0.2472|0.2472|0.2472
PoC (m/N) [1.1840(1.8500] 2.6641 PoC (m/N) [1.0543|1.6473|2.3722
Suspension Lp (m) 170.24| 212.8 | 255.36 Suspension Lp (m) 166.08| 207.6 |249.12
Point | max[T]/F [0.8459]0.8459(0.8459| Point | max[T]/F |0.7201]0.72010.7201
PoC (m/N) |0.2268]0.3544]0.5103 PoC (m/N) [0.39200.6125]0.8820
Ymax (m) 0.03530.0445| 0.0536 Ymax (m) 0.0389(0.0488| 0.0586
Ymin (m) 0.0117(0.0149|0.0181 Ymin (m) 0.0314(0.0394|0.0474
Yaa (m) 0.00840.0105| 0.0125 Ystd (m) 0.0022|0.0027| 0.0034
Ym (m) 0.0243{0.0308 0.0368 Ym (m) 0.03500.0438( 0.0530

Since changes in the span length will inevitably cause changes in dripper distri-
bution, a more detailed discussion is needed regarding the structural changes. The
spaces between droppers expands pro rata, the amount of droppers remains con-
stant, and the span L expands . As the spaces change in a pro rata manner, the
force conditions of OCS remain constant, namely the dropper tension change AT;
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remains still, therefore max[AT] remains still. However, due to the increase of the
span L, Lp increases accordingly. Thus, the dynamic property index PoC increases,
so does the OCL vibration. The simulation results are shown in Table 3.

4. Conclusion

Based on the wave theory, an equation derivation method with an analytical form
is adopted to establish the OCS model, and build the nonlinear relations between
the travelling wave parameter and the contact force of the pantograph, thereafter
qualitatively analyze the influences of the non-uniform qualities and concentrated
forces on wave propagation, reflection and transmission. The dynamic property
model of the OCS is proposed by combining the catenary structural force model
and the mode superposition theory, which can effectively manifest the influences of
various design parameters of the OCS on the dynamic property of the OCS.
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