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Abstract

Purpose — Adding an appropriate pre-sag to the geometry of simple catenary systems for electric railways can
improve their performance in dynamic interaction with the pantographs of trains operating under them. The
value of pre-sag can be obtained by empirical approximation or computationally expensive optimisation. This
study aims to define a simple but accurate method to determine a suitable pre-sag without dynamic simulations
and to find its limitations.

Design/methodology/approach — A quasi-static method to determine the ideal value of pre-sag is described
based on elasticity variations. It considers variations of the static contact force. The limits of this method are
investigated by comparing it to a parametric dynamic simulation study. In the dynamic simulation, an optimal
level of pre-sag is identified for each contact force level. The influence of the speed in the dynamic simulation
results is expressed in two parameters: the quasi-static influence in the mean contact force and the dynamic
influence in the ratio between the vehicle speed and the wave propagation speed in the contact wire.
Findings — The comparison between the suggested method and the dynamic simulations shows a high
consistency up to a speed limit of around 40 % of the wave propagation speed. The best agreement with the
dynamic results is achieved by calculating the optimal pre-sag based on the absolute elasticity variation.
Practical implications — The simplified approach for determining the pre-sag is valid for low-speed
applications, such as suburban railway lines. For these cases, a highly suitable geometry can be obtained with the
suggested method, meaning a significantly reduced computational effort. As a case study for this work, the
results are applied to a Swedish suburban rail line upgrade case.

Originality/value — The static uplift force is added as a varied parameter in dynamic simulations. The shift in
system behaviour from low to high dynamics is described, and how the benefits from pre-sag are visible and then
disappear. The limit value of the low-dynamics regime is identified to be 40 %.

Keywords Pantograph, Overhead catenary line, Dynamic interaction, Energy supply infrastructure,
Wave propagation speed, Suburban rail
Paper type Research article

1. Introduction

When designing overhead catenary lines (OCLs) for electric railways, it is crucial to ensure
good dynamic interaction between the OCL and the trains operating in contact with them. A
well-adjusted contact force with limited dynamic variations should always be ensured to
guarantee an adequate power supply whilst avoiding excessive wear loads on the structure. For
making design choices, engineers rely on standardised design rules and empirical equations as
guidelines for design (Puschmann et al., 2024). In addition, the latest simulation tools allow
extensive parametric studies to be performed to find optimal designs (Bruni, Bucca,
Carnevale, Collina, & Facchinetti, 2018, 2025; Wu et al., 2022), and to ensure compliance
with international guidelines such as the European Technical Specifications for
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Interoperability (TST) (European Commission, 2014). The OCL systems for DC operation are
subject to higher demands than AC systems, as their low voltage and high currents in the power
transfer make them sensitive to contact quality. Therefore, higher static contact forces are used
in DC operation (European Commission, 2014).

Introducing a pre-sag, as shown in Figure 1, aims to compensate for the effects of the
varying elasticity between the stiffer support at the masts and the free mid-span of the OCL.
Adjusting the pre-sag to match the expected difference in uplift would ideally eliminate the
pantograph oscillations at the wavelength of one span. In practice, dynamic effects complicate
the interaction. Even though the general concept of pre-sag application is well established in
the literature, the application limits are not clearly defined. Adding stitch wires at the masts is a
common way of reducing elasticity variations (Puschmann et al., 2024). This study, however,
focuses on simple OCL system designs without stitch wires.

Since the introduction of computational methods to evaluate the interaction between
pantograph and catenary systems, there have been approaches to verify or optimise the choice
of pre-sag in catenary designs by simulation (Gostling & Hobbs, 1983). Early studies have
been restricted to giving indications about a specific unfavourable case (Nordstrgm Jensen &
True, 1998) or picking the best out of a limited number of options (Zhang, Mei, & Zeng, 2002).
More extensive parametric studies have become feasible with increasing computational and
modelling capabilities. A typical approach for such a parametric study has been to simulate the
dynamic interaction for different pre-sag levels and a range of speeds (Cho, Lee, Park, Kang, &
Kim, 2010; Mei & Song, 2022). One study (Gregori, Tur, Nadal, & Fuenmayor, 2018) adopted
an algorithm to optimise the pre-sag geometry on an individual dropper level, including
adapting their longitudinal position to a specific speed and mean contact force. The results
show considerable possible improvements whilst indicating trade-off situations. Complex
optimised geometries, however, also increase the complexity of implementation. In (Gil et al.,
2024), an optimisation approach for application on a real railway line is described. All studies
have in common that a higher density of studied parameter constellations allows the detection
of patterns. Based on that, ranges of applicability or allowable operational parameters can be
identified. The consideration of operation with multiple pantographs and critical sections
further complicates the optimisation (Harell, Drugge, & Reijm, 2005; Liu, Jonsson, Stichel, &
Rgnnquist, 2016; Pombo, Antunes, & Ambrdsio, 2012; Xu, Song, & Liu, 2020; Yao, Yang,
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Figure 1. Lateral view of a simple catenary’s geometry with applied pre-sag. Source: Authors’ own work
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Wang, & Zhang, 2022, 2025). The recommendations in the literature can be generalised as a
range of pre-sag of below 0.5 to 2 %o of the span length. The recommended pre-sag for stitched
high-speed systems is low (Kwon, Cho, Lee, & Oh, 2016; Mei & Song, 2022). In contrast, the
performance of simple OCL systems can be improved considerably by adjusting the pre-sag,
especially for low speeds (Cho, 2008; Cho et al., 2010; Navik, Rgnnquist, & Stichel, 2016).
The applied pre-sag in currently implemented systems reflects many of the mentioned findings
(Puschmann et al., 2024; Vo Van, Massat, Laurent, & Balmes, 2014).

This work relates to the findings summarised above by defining a simple but specific
method for engineering adjustments based on well-known principles. Chapter 4 presents a
quasi-static calculation method based on the nonlinear contact force-dependent catenary
elasticity to calculate a suitable pre-sag value. The adjusted pre-sag can be applied to
standardised design geometries for low to medium-speed applications by changing the
maximum value along the pre-sag curve along the span. The results of the given case study are
presented in Chapter 5, together with a series of transient dynamic simulations to verify the
method and determine its validity range. The simulations include the static contact force as a
systematically varied parameter. This extends existing studies and enables the study of the
correlation of pre-sag and contact force for the ideal interaction between the pantograph and
the OCL system. The used simulation tool and the studied case for application are described in
chapters 2 and 3, respectively.

2. Simulation tool description

This study uses the finite element (FE)-based simulation tool CaPaSIM (Jonsson, Stichel, &
Nilsson, 2015). This tool successfully participated in the simulation benchmark 2015 (Bruni
etal., 2015), and its 3D version is continuously being developed and validated (Schick, Liu, &
Stichel, 2022). The tool uses the ANSY'S software for FE calculations and has been equipped
with automated parametric options that allow detailed adjustments in the model setup. For this
study, the messenger wire is modelled with link elements and the contact wire is modelled with
Euler —Bernoulli beam elements. The droppers are modelled as links with tension-only cable
characteristics. The model explicitly represents the steady arms as links between the contact
wire support points and a fixed boundary, as indicated in Figure 2. All catenary sections
included in this study are modelled with straight track alignment and the full lateral stagger.
The initial mesh geometry is calculated analytically using a linearised mechanical equilibrium,
including the intended pre-sag. The elements are scaled to a maximal length of 0.5 m in the
longitudinal direction. The importance of correct alignment of the catenary structure,
especially the contact wire for dynamic simulation, has been emphasised in literature and

1.5 \
‘\ ‘\\ /

—_ 1 N\ I\ /__ Messenger Wire

E I /

% . / Dropper

© 05 / -

T / Contact Wire
0 gy //Steady Arm

450
400

Width [m] - 250 300

Length [m]

Figure 2. 3D view of catenary geometry with the alignment of finite elements. Source: Authors’ own work



methods to ensure this are presented (Antunes, Ambrosio, & Pombo, 2016; Arnold & Simeon,
2000; Lopez-Garcia, Carnicero, & Torres, 2006; Song, Liu, Rgnnquist, Navik, & Liu, 2020;
Tur, Garcia, Baeza, & Fuenmayor, 2014). Before the dynamic simulation, CaPaSIM performs
a series of iterative static simulations for each catenary section, in which the geometry is
verified and adjusted similarly to (Cho et al., 2010). In addition to adjusting the dropper
lengths via the messenger wire nodes, this procedure includes adjusting the wire tensions by
setting an initial strain. It also adjusts the steady arm fixture locations to ensure the correct
alignment of the contact wire in vertical and lateral directions. When deviations are below a
predefined tolerance, the elasticity is calculated, and the corrected structure is used for the
dynamic simulations. The Newmark method is used for time integration with a time step of
2 ms. In this study, structural damping is applied with a relative damping ratio of 0.02, and a
numerical damping ratio of 0.005 is applied through the integration coefficients.

A lumped mass-spring representation of a pantograph type commonly used in Sweden is
used to model the pantograph. This model consists of two lumped mass layers, where a spring-
damper combination supports the upper layer, whereas the lower layer is supported by
damping and friction elements. The exact pantograph parameters can be found in Table 4 in the
Appendix. The contact between the pantograph and the catenary is modelled using the penalty
method with a contact stiffness of 50 kN/m.

3. Case study description

This study is performed in the context of an existing DC OCL system upgrade on the Swedish
suburban line Saltsjobanan. The system parameters are summarised in Tables 2 and 3 in the
Appendix. The objective of the upgrade is to fulfil the TSI norm for 1,5 kV DC systems
(European Commission, 2014), which necessitates a significant increase in static contact force
according to EN 50318 (CENELEC, 2018). The infrastructure owner aims to investigate
adjustments of the catenary structure parameters, including pre-sag geometry, for a new range
of mean contact forces and to retain as much of the existing wires and support structures as
possible. Sweden has no national standardised DC systems, as all main lines are electrified
with 15 kV AC systems. The geometry and characteristics of the original OCL infrastructure
are derived from the Swedish AC system type ST 7,1/7,1. The dynamic interaction quality is
quantified in the standard deviation of the contact force ¢ and its ratio to the mean contact force
F,, metrics follow EN 50367. The maximum uplift of the contact wire at the mast supported by
the steady arms should not exceed half of the possible uplift movement, as they do not have a
built-in uplift stop. For larger uplifts, there is a risk of collision. This maximal allowable uplift
Aysea is 83.5 mm in the given case. The TSI lift force requirement for 1,5 kV DC systems,
defining maximal static contact force F, of 140 N, can only be fulfilled if the tension force T
of the contact and messenger wire is increased above the original 7.1 kN. As the closest
reference, the existing Swedish AC OCL system type ST 9,8/9,8 was chosen as a basis for the
geometry and characteristics of the suggested upgrade. The existing infrastructure has alreadgf
been adapted to DC operation by using a heavier contact wire with a cross-section of 120 mm~,
which is reused. The actual span lengths vary significantly within each catenary section of the
actual catenary layout of the studied line. Therefore, a representative section of the track has
been modelled in addition to the ideal section with identical spans of maximal span length. The
representative section consists of 31 spans with a total length of 1340.2 m. The span lengths for
this section range from 24.7 to 58.4 m. The exact span length composition can be found in
Table 5 in the Appendix. The curve radii are not considered for the representative section, as
the catenary geometry is modelled straight. An essential characteristic of catenary systems in
curves is the variation of the elasticities at the masts from span to span, depending on the wire
angles at the steady arm. The model indirectly represents this effect due to the inconsistent
change of span lengths and the resulting variation of lateral drag force at the steady arms. The
elasticity of the catenary is affected by the ratio of the lateral and vertical forces acting on the
steady arm.
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4. Method

Two variants of a simplified calculation method for pre-sag adjustment are evaluated against
the results of a parametric simulation study. This calculation method is introduced in section
4.1 after re-stating the underlying empirical approximations as a baseline. The calculation
method is based on the variation of the elasticity of the catenary system obtained from static
simulations. A quasi-static perspective is taken by studying the expected speed-dependent
mean contact force, including aerodynamics and considering the nonlinear contact force-
dependent elasticity of the catenary system.

4.1 A quasi-static method for calculating a suitable pre-sag

Following the basic principle of compensating the difference in uplift along a span due to the
elasticity variation, the sag can be chosen based on the used Fy, on the pantographs of
the vehicle fleet. For a system with contact wire tension Ty and messenger wire tension Ty,
the elasticity at mid-span e,,;4 for a span of length I can be approximated by the empirical rule

l
K(Tew + Tuw)

where the constant factor k is approximated to 4 in simple catenary systems (Puschmann et al.,
2024). The desirable level of pre-sag S (in mm or S in %o of [) can then be based on the
difference in elasticity at the mast e,,.s. For this simplified approach, e,,q is commonly
approximated to be 30 to 50 % of e,;;; (Puschmann et al., 2024).

S = Fstat(emid - emast) (2)

(M

€mid =

Srel - Fs'tat (emid - emaxt)/l (3)

Sre Telates to the usual proportional definition of pre-sag. In Swedish span design regulations,
the applied pre-sag is always proportional to the span length. A more accurate representation of
the catenary elasticity can be obtained from static simulations performed with the FE model by
applying a point load in the vertical direction on the contact wire and then measuring the
resulting uplift Ay. The result obtained from such a study on the nonlinear elasticity of the OCL
structure is shown in Figure 3, considering contact force variations leading to dropper
unloading. The computational effort for such simulations is considerably lower than running
dynamic simulations. This example shows that the changes in the elasticity pattern are small
and most prominent in the region around the droppers next to the mast. Therefore, a small
number of simulations, such as three force steps of 50 N, are sufficient to capture them. The
expected error from not considering force dependence in the elasticity pattern will be
estimated in section 5.1.

The effect of changes to the pre-sag on elasticity has also been studied. For the same
dropper placement, the results in Figure 4 show that an increase in pre-sag leads to no notable
change to the elasticity pattern for low contact forces. However, the sensitivity to higher
contact force increases around the mast and decreases at the mid-span for a higher pre-sag.
This means that in a span with higher pre-sag, the elasticity increases slower for higher forces
at the mast and faster for higher forces at mid-span. This further decreases the effect of large
contact forces on the elasticity variation along one span. At this point, it can be assumed that it
is sufficient to run a single set of static simulations using a value of S as a geometry input that is
estimated based on Equations (1) and (2). This will be confirmed in section 5.1 as well.

To estimate the ideal pre-sag from a quasi-static perspective, the expected mean uplift
contact force F,, is calculated from Fg,, the aerodynamic lift coefficient a,. and the vehicle
speed v (in km/h) as
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Fn = Fyu+ aaevz- (4)

Based on EN 50367, values of F,, between 70 and 179 N can be expected for 1,5 kV DC
systems. The elasticity curve for each operation case can be obtained by interpolating between
the two curves from the static simulation with the closest forces to F,,. From the interpolated
elasticity at the expected F,, it is possible to determine the expected uplift variation.
Therefore, the recommended pre-sag can be calculated using Equation (2) but using F,, and the
exact values for e and e,;;o. Knowing the entire elasticity curve opens up for a second more
accurate option calculating a suitable pre-sag. This variant uses the maximal and the minimal
values of e along the span, which is also used for calculating the degree of elasticity uniformity
defined in the literature (Puschmann et al., 2024).

S= Fm(emax - emin) = FmAe (5)

5. Results

The results of the empirical and quasi-static approaches are presented and compared in section
5.1. Section 5.2 adds the dynamic simulation results to the comparison to study if the quasi-
static description is sufficient and at which speed the influence of dynamic effects becomes too
large. That is where the applicability limit of the quasi-static approach is reached. In section
5.3, the identified patterns in the dynamic simulation results are related to existing expressions
for optimal pre-sag considering dynamic effects.

5.1 Estimation and quasi-static calculation

As a reference for comparison, the empirical approximation of the desirable pre-sag level is
calculated using Equation (1). Assuming a F,, of 140 N, we obtain the values in Table 1 for
the two systems studied in the case example. The lower sag values result from the assumption
of e,,qsc = 0.5 emiq, whereas the higher values result from e;,,qs, = 0.3 e ;4. The possible range of
values agrees with the general design principle of applying 0.5 to 2 %o of pre-sag on simple
catenary systems for low speed. A more specific design recommendation can be obtained from
the quasi-static calculation method described in section 4.1. Table 2 shows the resulting

Table 1. Approximated pre-sag levels are based on empirical rules

Approximation - S = Fu(€mid — €mast)

Pre-sag
Tension Estimated elasticity Pre-sag Srer in %o
T [kN] €mia [mm/N] S [mm)] of |
7.1/7.1 1.056 74-104 1.23-1.73
9.8/9.8 0.765 54-75 0.90-1.25
Source(s): Table created by authors
Table 2. Exact pre-sag levels are calculated using simulated elasticity curves
S= Fy (emid - emusl) S= F, (emax - emin)

Pre-sag Pre-sag
Tension Pre-sag Srer i Pre-sag Srer in
T [kN] S [mm] %o of | S [mm] %o of 1
7.1/7.1 96 1.69 118 1.96
9.8/9.8 58 0.96 79 1.32

Source(s): Table created by authors




pre-sag values for a F,, of 140 N. The values in the left-hand columns are calculated using e,,;4 Railway Sciences

and ep,qs, whereas the right-hand values are calculated using e;,,qx and e,,;,. Comparing those
results shows that the pre-sag values based on the absolute elasticity difference are even higher
than the upper end of the estimated range.

The calculations are extended to a broader range of values to study the effect of varying F,,,
as shown in Figure 5a). The results for ideal spans are calculated from a section of identical
60 m spans, whereas the results for mixed spans are a mean value based on the representative
catenary section mentioned in Section 3. The relative pre-sag is calculated individually per
span and then averaged for the entire section. For a F,,, of up to 150 N, there is a strictly linear
dependency between F,, and the pre-sag due to the unchanged elasticity. Around 150 N, the
nonlinear behaviour of the elasticity sets in, and the curves start to flatten out slightly. Again,
using the absolute elasticity difference along one span, as indicated with the dashed lines,
generally gives larger values of desirable pre-sag than using only the mast and mid-span
points. This becomes evident from local minima and maxima in elasticity along the span,
which increase the maximal difference, especially for low contact forces. The elasticity
variation would be slightly reduced for higher contact forces, resulting in a somewhat smaller
ideal pre-sag. Not considering this elasticity change due to the higher contact force leads to an
error that increases with the difference of contact force to the value used in the elasticity
simulation. Figure 5b) shows that the relative error can get as high as 16 % when calculating
the ideal pre-sag for homogeneous spans for an F,, of 179 N using the elasticity curve for 100
N. This error is significantly decreased again when considering the effect of a larger pre-sag on
the elasticity. Using the elasticity curve for the close-to-optimal pre-sag S of 70 mm instead of
the nominal 30 mm, the error at F,,, of 179 N is reduced to only 2 % when using the elasticity
curve for 100 N. A single elasticity curve is therefore sufficient.

5.2 Verification by dynamic simulation

A series of dynamic simulations is performed to verify the calculated ideal pre-sag levels. They
are performed on the OCL system variant with the higher wire tensions derived from the ST
9,8/9,8 system. The studied parameters are pre-sag level S in a range between 30 and 70 mm
with 10 mm steps, vehicle speed v between 50 and 180 km/h with 10 to 20 km/h steps and static
contact force Fq between 50 and 155 N with 15 N steps. All possible parameter combinations
are simulated, adding up to 400 simulation instances. The results are presented in terms of
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mean contact force F,, for consistency with the previous quasi-static analysis. In addition, the
dynamic contribution of the gradually increased speed is indicated in terms of the
dimensionless factor g, which describes the vehicle speed v proportion to the wave
propagation speed in the contact wire ccy: f is calculated as

fem e ©)
Cew TCW/ Pcw
where pcy indicates the mass per metre of the wire (Dahlberg, 2006). This approach aims to
introduce comparable metrics that allow the separation of the quasi-static and dynamic effects
and to evaluate how they affect the pantograph—catenary interaction concerning the applied
pre-sag S. The comparison is made to the dynamic results of the ideal section.

The results are plotted in layers representing the relative speed levels to visualise them in
one graph. Figure 6 shows the standard deviation ratio ¢/F,, dependent on F,,, where each
subfigure represents one value of S and each line shows a relative speed /5. As long as there is a
distinct minimum in ¢/F,, the corresponding value of F,, can be concluded to be the optimal
value for this S, and that the applied pre-sag has a beneficial effect on the dynamic interaction.
This beneficial effect is most pronounced at low speeds. It becomes less distinct towards a /5 of
0.35 and entirely disappears at 0.41. Another effect of the increased relative speed is that the
optimal range of F,, is slightly shifting with increased . This observation will be studied
further in the next section.

In Figure 7, the perspective is shifted, and a separate graph is plotted for each relative speed
level. This allows a comparison of the dynamic results to the calculated ideal quasi-static pre-
sag level from Figure 5. The comparison shows that the calculation approach based on e,;,,, and
emin fits well into the optimal range of o for  under 0.4. For the speeds resulting in a / above
0.4, the beneficial effects disappear and the linear relationship no longer matches the
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simulation results. Therefore, choosing the pre-sag S based on quasi-static calculations using
the expected range of F,, is reliable as long as the operational speeds are below the limit of 40
% of ccw. In the case study described here, the maximum relative speed £ is 0.26, so the quasi-
static method is suitable. The resulting S,.; from the quasi-static evaluation is not strictly
linearly dependent on the span length, as shown in Figure 5. Nevertheless, they are
summarised in relative terms here to give a general design guideline. The values for an
expected range of F,, between 70 and 148 N, based on a Fg,, of 70-140 N and speeds up to
90 km/h are 0.68 to 1.35 %o for the ideal spans and 0.82 to 1.62 %o for the mixed spans. Taking a
mean value of that, the recommended S,; is determined to be 1.12 %o, which corresponds to
67 mm for the nominal spans with a length I of 60 m. If the expected range of F,, could be
narrowed down, the recommended S,.; would change accordingly. It should, however, be
noted that the increase in pre-sag also makes the pantograph—OCL couple sensitive to too low
levels of F,,,, which implies high requirements on the proper calibration of F, and requires an
increase of F, for the existing vehicle fleet. As seen in the curves for low speed in Figure 6, a
higher S causes a substantial rise in ¢ over F,,,. Even though all values are below the limit of 0.3,
the most critical cases are those where a low F,, is combined with an excessive S.

The effect of the pre-sag S on the maximum uplift of the contact wire at the support
Aysia max 15 also investigated. Based on section 4.1, it is expected that Aysa max would slightly
decrease with the increase of S. This effect can be observed in the dynamic simulation results, it
is however comparatively small.
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5.3 Influence of speed on the optimal pre-sag

In this section, the shift in the optimal relation between S and F,, due to increased f will be
investigated in detail. The ultimate goal of such an analysis is to find a general expression,
including f. The influence of f could, for example, be estimated as an empirical dynamic
correction factor with coefficients k and a such as

den = Sstat + kﬂu (7)

As noted in the previous section, there are optimal values of F,,, which give a minimal ¢/F,, for
respective S. The change of these values with the increase of f is plotted in Figure 8. The
minimum o/F,, values are derived from spline interpolation of the curves shown in Figure 6. It
can be observed that the optimal values decrease or remain constant. A decrease implies that
for a given F,,, the optimal S, increases with increasing . This can be associated with a
dynamic amplification of the uplift effect but stands in direct conflict with findings in other
research (Cho et al., 2010; Mei & Song, 2022; Puschmann et al., 2024), which generally
indicate that the optimal sag for high speeds is small to non-existent. However, the trend curves
do not show any optimal values for higher f. This leads to the assumption that the optimal
values for the higher speeds either lie outside the parametric range studied here or that there is
an abrupt shift from the static to the dynamic regime around f = 0.4 and that no explicit trend
can be drawn between these two regimes. An extension of the studied parametric range could
shed further light on this assumption.

5.4 Discussion
As mentioned above, there has been an attempt in (Cho et al., 2010) to derive a general
equation that considers the speed for calculating an ideal pre-sag level S,,,,. This equation was,
however, based on a simplified model representation of the catenary, and its primary purpose
was to show the influence of differen‘izparameters on Sy, In that equation, it was suggested
that Sgy,, is inversely proportional to v°. Comparing the equation in (Cho et al., 2010) to the
dynamic simulation results presented here, it can be noted that this proportionality cannot
replicate the observed patterns. Values of S, calculated with that equation agree well with the
optima found by simulation in this study at speeds around 70 to 80 km/h. For higher speeds,
those calculated values decrease however much faster than the ones found by simulation here.
The generality of the good agreement between calculation and simulation in the quasi-static
regime should be further verified by assessing the sensitivity to the specific characteristics of
the pantograph and catenary type couple, especially regarding the definition of a speed limit
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for the applicability of the quasi-static regime. A systematic study on the implications of the
operation with multiple pantographs would also be a good addition to the present results to
ensure that a beneficial effect of the pre-sag even is maintained, even though it would be
uncommon in the studied line. For application in suburban lines with small track radii, is
important to ensure that the effects of the curve and stagger variations on elasticity are properly
taken into consideration. This should include compensation of rail cant effects by sag
adjustment.

6. Conclusions

This work presented a quasi-static method for calculating a suitable pre-sag for simple
catenary systems based on their nonlinear elasticity and the mean contact force. A high
consistency was found between the quasi-static approximation using the difference between
maximal and minimal elasticity Ae and transient dynamic simulations within a specific speed
range. Therefore, this approach is a suitable option with low computation effort for cases
within the quasi-static regime. Based on the presented results, the quasi-static approach can be
assumed to be applicable up to 40 % of the wave propagation speed in the contact wire ccyz
This percentage is commonly exceeded in mainline traffic, but is applicable for suburban
railways.

Based on the observed patterns in the dynamic simulation results, trend lines for optimal
constellations considering the relative speed were studied. They show that none of the
equations proposed so far can fully capture the patterns and that further studies are required.
For these studies, the parametric range should be extended to higher speeds and lower pre-sag
values. Then, an extension of the validity above 40 % of the wave propagation speed and an
application on high-speed operation could be possible. An application of the same calculation
method on catenaries with stitch wires is possible; its accuracy should be proven in a
separate study.

For the presented case study with low speeds and high contact force, it was observed that
contact force dynamics are not the limiting factor in such conditions. Instead, the choice of
parameters must fulfil the limitation of the maximal allowable uplift Ays:s max. This means that
the maximal acceptable static contact force Fyyq, is purely defined by uplift compatibility,
which should be verified by field measurements. Adding pre-sag to the catenary geometry can
improve contact dynamics but only slightly reduce Ays;4 max. Therefore, it should be seen as a
means to improve operational characteristics within a feasible setup, not a solution to use an
otherwise inadequate setup.

It was also shown that determining an optimal level of pre-sag S is prone to overfitting when
optimising for a too-narrow scope of parameter values. Sensitivities and possible deviations in
the operational parameters should be considered for the choice of S to ensure the beneficial
effects of the adjustments in the system. The assembly and maintenance tolerances should, for
example, be set within the width of the beneficial ranges of S.

Supplementary material
The supplementary material for this article can be found online.
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