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Abstract

To support the safe operation and technological promotion of existing line speed-up projects,
this paper presents an assessment method for pantograph—catenary contact performance
under the 200 km/h speed conditions, using the Guangzhou-Shenzhen Lines I and 1I
speed-up projects as representative case studies. Based on the ANCF method, a refined
pantograph—catenary coupling dynamic model is established to accurately characterize
the large deformation and geometric nonlinear behavior of the catenary system. Model
validation is achieved using actual measurement data from the CR400AF train. Based
on this model, systematic simulation analyses were conducted to evaluate the current
collection performance of four mainstream train models—CR300AF, CR400BF, CRH380A,
and CRH380B—under both single-unit and double-unit operation conditions. Results
indicate that dynamic contact force metrics for pantograph—catenary interactions meet
all limit requirements specified in the Technical Specifications for Dynamic Acceptance
of High-Speed Railway Projects under all operating conditions. This demonstrates that
the pantograph—catenary system on the analyzed Guangzhou-Shenzhen Line exhibits
excellent dynamic stability and safety under the targeted speed-up scheme, providing
simulation-based justification for implementing the speed enhancement project.

Keywords: pantograph—catenary system; finite element method; coupled dynamics;
current-carrying capacity; simulation validation

1. Introduction

Upgrading the operating speed of existing railway lines serves as a pivotal strategy
for enhancing the overall capacity and efficiency of railway networks. However, due to
the complexity of line conditions and the coupling dynamics between the pantograph
and catenary, successful implementation heavily relies on precise prediction and evalu-
ation of the current collection performance of the catenary and pantograph [1,2]. The
Guangzhou-Shenzhen Railway (Lines I and II), serving as a backbone intercity route in the
Guangdong-Hong Kong-Macao Greater Bay Area, has undergone multiple operational
speed adjustments. It began at 200 km/h in 2007 under CRH1 EMU conditions, then
was uniformly reduced to 160 km/h in 2022 due to safety considerations for mixed-type
train operations. This process vividly illustrates the practical challenges of upgrading
existing lines.
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Currently, with the large-scale deployment of new-generation EMUS, the proposal to
increase the maximum speed on the Guangzhou-Shenzhen Line to 200 km/h has gained
a new technological foundation. However, the core challenge in upgrading existing lines
lies in ensuring the dynamic stability of the pantograph—catenary system at higher speeds
under constrained track conditions. As a key indicator of current collection quality, the
fluctuation characteristics of the pantograph—catenary contact force are strongly influenced
by the nonlinear geometry of the catenary, structural damping, and the dynamic response
of the pantograph [3-6].

The ANCF method employs continuously varying shape functions to circumvent the
rotational degrees of freedom and geometric linearization assumptions inherent in tradi-
tional finite element approaches. This provides a rigorous theoretical framework for the
precise dynamic modeling of contact systems exhibiting large deformations and significant
rotations [7-9]. However, existing research has primarily focused on idealized lines or
single train types. For actual operational lines (such as the Guangzhou-Shenzhen Line),
there remains a significant gap in forward-looking assessments of speed-up performance
that systematically covers both single-unit and double-unit operation modes under mixed-
train scenarios. There is a particular lack of high-confidence simulation tools validated by
real-world data that can support speed increases from 160 km/h to 200 km/h, and further
to 220 km/h.

To this end, this paper constructs a refined pantograph—catenary coupling dynamic
model based on ANCF and conducts systematic simulation evaluations tailored to the
practical requirement of accelerating the Guangzhou-Shenzhen line to 200 km /h. The main
contributions of this study are:

(1) Byintegrating measured line parameters with pantograph test rig data, a nonlinear dy-
namic model of the catenary system based on ANCF beam and cable elements was es-
tablished. The pantograph was modeled as a three-dimensional mass—spring-damper
system, with dynamic coupling achieved through a penalty function approach.

(2) Using actual test data from EMUs on the Guangzhou-Shenzhen Line, the model
underwent multi-level validation to ensure its prediction errors consistently remained
below 10% across the target speed range, demonstrating engineering-grade reliability.

(38) Simulation analysis was conducted on the dynamic contact force between the pan-
tograph and catenary for four train models—CR300AF, CR400BF, CRH380A, and
CRH380B—across 12 operating conditions encompassing single-unit (200/220 km /h)
and double-unit (200 km/h) configurations. Standardized safety assessments were
performed in accordance with the TB 10761-2024 [10] specification.

(4) Through quantitative analysis, this study conclusively demonstrates the safety of
current collection under the existing track and pantograph—catenary system condi-
tions for the proposed speed-up plan on the Guangzhou-Shenzhen Line. It provides
simulation-based evidence for “train type-speed” matching decisions, thereby pre-
venting operational efficiency losses caused by rigid train-type restrictions.

2. Finite Element Model of the Pantograph—Catenary System

To achieve precise prediction of complex dynamic interactions between the pantograph
and catenary under speed-upgrading operations on the Guangzhou-Shenzhen Line, this
paper establishes a multibody dynamics coupling simulation framework based on the
ANCEF and a reduced mass parameter model. This model comprehensively accounts for
the actual spatial geometry and nonlinear mechanical properties of the catenary. It ensures
consistency between the initial simulation state and the actual line configuration through
the target configuration under dead load (TCUD) based on measured configurations [11].
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2.1. Nonlinear Catenary Finite Element Model

The catenary system comprises key components such as the contact wire, messenger
wire, droppers, elastic suspension cable, and steady arms. The mechanical properties of
each component significantly influence the overall dynamic behavior of the pantograph—
catenary interaction [12,13]. This study employs a 12-degree-of-freedom three-dimensional
ANCEF beam element to discretize the contact wire, messenger wire, and elastic suspension
cable, precisely capturing their geometric nonlinear characteristics [14,15]. The droppers
are modeled using ANCEF cable elements subjected solely to tension, accurately reflecting
their unidirectional load-bearing characteristics [16-18]. Steady arms are simplified as
linear beam elements capable of rotation about support points. The masses at connection
points between components are treated as concentrated masses and integrated into the
system mass matrix [19]. The degree-of-freedom vectors for each element are defined as:

= 2o w g
where 1; and r; denote the position vectors of the element’s first and last nodes in the global
coordinate system, respectively. x € [0, Lo] represents the natural coordinates along the
element axis in the undeformed configuration, and Ly is the initial length of the element.
The shape function matrix S(x) constructed using cubic Hermite interpolation polynomials
ensures the continuity of the displacement field and its first derivatives within the element.
The position of any point within the element can be expressed as:

r=S-e. (2)

To accurately describe geometric nonlinear effects, the Green-Lagrange strain tensor
is employed to compute element deformation [20]. Axial strain and curvature are defined

_1(ocTar 1\ _1(,T9sTas
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respectively as:

(3)

= e

The strain energy U of the ANCF element consists of axial tensile energy and bending
strain energy:

1 ko 2 2
U= E/ (EA€ + EIx?)dy. )
0

where E represents the Young’s modulus of the material, A denotes the cross-sectional
area, and I signifies the sectional moment of inertia. Based on the variational principle,
performing the first-order variation in the degrees of freedom for the strain energy of the
ANCEF element yields the generalized elastic force vector:

T
o= (%) —Ke ®)

By performing a second-order variational analysis on the potential energy function,
the element tangent stiffness matrix K, can be obtained. This matrix fully characterizes
the stiffness properties of the element under any deformation state. Based on this, the
tangent stiffness matrix related to the node displacement increment Ae and the initial
length increment AL can be further derived:

AF = KTAe + KLALQ. (6)
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The cable element employs a similar modeling approach, but its constitutive rela-
tionship includes only a tensile stiffness term. When the unit is in a compressed state,
the axial stiffness automatically resets to zero. This characteristic accurately reflects the
unidirectional loading behavior of actual cables.

To obtain the initial equilibrium configuration of the catenary system under the com-
bined effects of self-weight and pretension, the target configuration under dead load
(TCUD) is introduced, in which the initial length of each element is incorporated into the
static equilibrium equations as an additional unknown. By systematically assembling the
matrices of all elements, the global incremental equilibrium equation of the catenary system

can be derived:
AFC = K§AUC + KS AL, 7)

where AFC represents the change in the overall unbalanced force of the catenary, while K§
and K& denote the overall stiffness matrices related to the node displacement change Al
and the initial length adjustment AL of the element, respectively.

Due to the non-square nature of matrix [K% KE |, the system possesses an infinite num-
ber of solutions. To ensure the uniqueness of the static equilibrium solution, appropriate
constraints must be introduced. Based on actual design parameters of the catenary, this
study applies the following three types of constraints:

(1) Vertical position constraints at suspension points along the contact wire to account for
reserved sag;

(2) Longitudinal direction constraints at each node to suppress undesirable longitudinal
movement;

(38) Tension constraints applied to the elastic suspension cable, messenger wire, and
contact wire endpoints.

The application of the aforementioned boundary conditions and constraints is illus-
trated in Figure 1, which clearly shows the vertical position constraints at the suspension
points of the contact wire, the longitudinal displacement constraints at each node, and the
tension constraints at the endpoints of critical components. These three types of constraints
work synergistically to reduce the dimensionality of the system stiffness matrix, thereby
uniquely determining the initial equilibrium configuration of the catenary system under
the combined effects of self-weight and pretension.

o s o o . o o s . N
A o A - A - A - A T A - A - 4 -
» Apply tension » Contact wire/catenary node e Key node
A Vertical constraint » < Longitudinal constraint

Figure 1. Schematic illustration of the application of boundary conditions in the catenary system.

It should be noted that the aforementioned boundary conditions and constraints are
activated only during the initial equilibrium solution phase of the system. Their purpose
is to ensure the uniqueness and physical plausibility of the static solution [21]. Once the
configuration of the catenary system under its own weight and prestress is determined,
these auxiliary constraints are immediately released. The system then regains its full
dynamic degrees of freedom to proceed with subsequent dynamic response analysis.
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After obtaining the initial configuration, the consistent mass matrix MZ and Rayleigh
damping matrix Cg are introduced to establish the complete dynamic equations for the
catenary system [22]:

MEUc(t) + CEUC(t) + KE(H)Uc(t) = FE(H). (8)

where KS represents the overall stiffness characteristics of the catenary system, while
Cg characterizes its energy dissipation mechanism. The system damping parameters are
identified based on measured vibration data from typical catenary sections of China’s
high-speed railways. The state vector Uc(t) fully encompasses the motion information of
all system nodes, whereas the excitation vector Uc(f) integrates the effects of pantograph
contact force and other external loads [23].

2.2. Dynamic Model of the Pantograph

To accurately characterize the dynamic behavior of pantographs under high-speed op-
erating conditions, this paper establishes a three-degree-of-freedom pantograph dynamics
model based on linearized parameters [24,25]. This model employs a mass—spring—damper
system to simulate the pantograph’s key dynamic characteristics. Its structural design is
based on the physical configuration of the pantograph and its energy transfer pathways,
effectively capturing the pantograph—catenary coupled vibration characteristics within the
0-20 Hz frequency range, covering the primary dynamic response frequency band of the
pantograph—catenary system [26-28].

The model decomposes the pantograph system into three key dynamic components:
the pantograph head (m;), the upper frame (im;), and the lower frame (m3). Dynamic
coupling between subsystems is achieved through linear springs (ky, k, k3) representing
structural stiffness and linear dampers (cy, ¢2, c3) representing energy dissipation, forming
a complete series vibration system [29].

It should be noted that the three-degree-of-freedom reduced mass model established
in this paper is a standard modeling approach widely adopted in the study of pantograph-
catenary system dynamics [13,14,30,31]. The mass, stiffness, and damping parameters in
the model are directly measured and provided by pantograph manufacturers based on
physical bench tests. For analyzing pantograph—catenary coupling characteristics within
the target speed range of this study (200-220 km/h), the applicability and accuracy of this
model have been fully validated using measured data in Section 3.

2.3. Pantograph—Catenary Coupling and Numerical Solution

To accurately describe the dynamic contact behavior between the contact strips and
contact wire, this paper employs a contact force modeling method based on the penalty
function approach [32-34]. The contact force F. at the interface can be derived based on the
penetration displacement between the two contacting bodies.

ks-66>0
F. = .
3 {MSO ©)

where k; represents the contact stiffness, and the relative penetration J is defined as the
change in the normal distance between the contact strips and the contact wire at the point
of contact.

At the same time, to ensure both high accuracy and numerical stability in the dynamic
simulation results, this paper employs a systematic numerical control strategy. Regarding
the pantograph-catenary contact algorithm, the contact stiffness parameter is set to a large
value of 2 x 10° N/m. This magnitude effectively suppresses non-physical oscillations
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potentially triggered by abrupt changes in contact states, thereby ensuring the smoothness
of the contact force time history and stable convergence of the computational process.

For the time discretization strategy, the simulation employs a fixed-step integration
scheme with a sampling frequency set to 2000 Hz. This frequency significantly exceeds the
primary frequency range of the pantograph—catenary system’s dynamic response, satisfying
the Nyquist sampling theorem and thereby ensuring numerical stability during dynamic
simulation. To control errors introduced by finite element discretization, the contact wire
was meticulously meshed with uniform element sizes set at 0.25 m. This dimension main-
tains computational efficiency while keeping spatial discretization errors within acceptable
limits, significantly enhancing the accuracy of dynamic response solutions.

The dynamic behavior of the pantograph in the simulation is modeled using a three-
degree-of-freedom reduced mass model, as shown in Figure 2. The equivalent mass, stiff-
ness, and damping parameters were provided by the manufacturer to ensure consistency
between the model parameters and the physical characteristics. The specific parameter
configuration is detailed in Table 1.

Figure 2. Three-degree-of-freedom reduced mass model of the pantograph.

Table 1. Parameters related to the calculated mass model of pantographs mounted on different EMUs.

EMU Model CR300AF CR400AF CR400BF CRH380A CRH380B
Pantograph model DSA250 CX-GI030 CX-GI032  DSA380 CX-018
my/kg 8.02 5.96 5.96 7.63 5.3
my/kg 7 12.35 12.35 6 12
m3/kg 6.35 8.91 8.91 5.8 8.5
c1/(N-sm™1) 5441 6000 6000 9430 6000
c2/(N-sm™1) 6391 13,000 13,000 14,100 13,000
c3/(N-s-m~1) 80 10 10 0.1 10
ki/(N-m~1) 0 25 25 0 25
ky/(N-m™1) 0 15 15 0 15
k3/(N-m~1) 70 150 150 70 150
Pantograph distance/m 208.3 205.2 220 202.8 220

3. Validation and Calibration of Simulation Models
3.1. Experimental Overview

This study’s research data is based on comprehensive speed-upgrading tests conducted
on the Guangzhou-Shenzhen Railway Lines I and II. Utilizing field measurement results
from CR400AF EMUs operating on these lines, the refined simulation model established in
this paper underwent systematic validation and parameter refinement. The testing process
strictly adhered to engineering validation procedures, employing high-precision detection
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methods to obtain measured dynamic response data of pantograph—catenary interactions
under diverse operating conditions and across multiple dimensions. This provided an
authentic and reliable basis for constructing, validating, and refining the simulation model.

According to the requirements of China’s Technical Specification for the Dynamic
Acceptance of High-Speed Railway Projects (TB 10761-2024) [10], the most critical parameter
describing the dynamic performance of the pantograph—catenary system is the contact
force between the pantograph and the catenary. This contact force can be measured
in accordance with the measurement standards specified in the TB 10761-2024 [10]. By
integrating contact force sensors, acceleration sensors, signal processing, and transmission
devices onto the test pantograph, the measurement signals are fed in real time to the data
acquisition system within the EMU for centralized processing. This enables the acquisition
of pantograph—catenary current collection performance parameters during EMU operation.
The arrangement of detection points on the test pantograph is shown in Figure 3.

Pressure sensor

High-voltage signal
processing cabinet

o
o ¥ Arc sensor
X3 g | \
! e ma— | 4T

e (e N
e (IR

i

| |
? [ ¥
9| |JEF

Accelerometer
Battery box

Pressure sensor

Figure 3. Schematic diagram of installation measurement point layout for pantograph.

Two pressure sensors are installed at the two support points of the pantograph to mea-
sure the force between the pantograph head and the framework. A vertical accelerometer
is mounted on the pantograph strips to measure the contribution of inertial forces from the
pantograph strips. The measured contact force can be expressed as:

e e = (fslp + fszp) + Mstrip - agtrip + facro- (10)

where fslp and Szp represent the output values of the two sets of pressure sensors beneath the

1
strip

strips, msuip signifies the equivalent mass of the pantograph strips, and facro indicates
the aerodynamic contribution to the contact force. According to the TB 10761-2024 [10],
the measured contact force shall use the statistical data of the contact force after 0-20 Hz

pantograph strips, a;, . denotes the output value of the accelerometer on the pantograph

filtering as the primary evaluation indicator to ensure good current collection quality.

The field tests were conducted on the section from K49+500 to K58+750 of the
Guangzhou-Shenzhen Line as the primary study area, as the catenary configuration in
this section is highly representative. To enable further refined simulation and compar-
ative analysis, two typical consecutive tensioning sections were identified within this
range as the specific modeling objects: the K54+400 to K56+724 tensioning section on
the Guangzhou-Shenzhen Line I, and the K54+172 to K56+518 tensioning section on the
Guangzhou-Shenzhen Line II.

The experimental operating conditions were comprehensively designed to cover
the requirements of the speed-upgrading performance evaluation, including single-unit
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operation at speeds of 200 km/h and 220 km/h, as well as double-unit operation at
200 km/h. For the double configuration, particular emphasis was placed on the current
collection characteristics of the trailing pantograph in order to assess the model’s capability
to predict dynamic responses under complex coupled excitations. All simulation input
parameters were derived from real engineering data, ensuring the accuracy and reliability
of the input conditions.

3.2. Single-Unit EMUs Model Verification

To validate the accuracy of the constructed pantograph—catenary coupling dynamic
model under conventional high-speed operating conditions, measured data from CR400AF
single-unit EMUs operating at 200 km/h on the Guangzhou-Shenzhen Lines I and II were
selected as the calibration benchmark. Figure 4 shows the comparison results between sim-
ulated and measured contact force time-history curves within the Guangzhou-Shenzhen I
and II Line sections.

250
i i i i i ——— Measured data
Z — Simulation data
g i
.é 200 :
g 3
= i
S 150
g ' W i ‘l W' | H * l‘l
8 h| | ‘l ' | | \ rl “ i ‘N k J“ \
$ | ( l
S 100 b s L A o
S
>
L
S i
o 50 | I | l l Il L L ‘\
54.8 55 55.2 55.4 55.6 55.8 56 56.2 56.4
Mileage [km]
(a)
250
— ; i ; I ! ! ——— Measured data
zZ i i i i
— ! ! ! ! — Simulation data
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S 200 e e - e
g | | | | |
= i i i i
S i il : i
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Mileage [km]
(b)

Figure 4. Comparison of pantograph—catenary contact force of the CR400AF EMU at 200 km/h:
(a) Guangzhou-Shenzhen Line I; (b) Guangzhou-Shenzhen Line I

As shown in Figure 4, within the focus section, the simulated contact force fluctuation
range between the single pantograph and the contact wire is consistent with the test data.
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To further quantitatively evaluate the model’s predictive accuracy and statistical properties,
Table 2 compares the simulated values with the measured values for four core statistical
indicators of the contact force.

Table 2. Comparison and validation of simulated and measured data for contact force indicators
between pantograph and catenary in single-unit operating conditions.

Line I Line IT Maximum Error
. 1 measured value 188 189 6.439
maximum vatue simulated value 200.9 187.8 e
. 1 measured value 77 83 9,499
minmum vatue simulated value 91.1 93.0 e
1 measured value 127.84 130.75 3189
mean value simulated value 132.04 132.01 o7
. measured value 13.79 16.13 o
standard deviation ;i 1oted value 12.16 1530 8.36%

As shown in Table 2, the simulated values of all statistical indicators closely match the
measured values. Specifically, for the maximum contact force indicator, the largest error
occurred under Line I operating conditions at 6.43%; the mean value error was controlled
within 3.2%; and the standard deviation error remained below 8.4%. The maximum error
for all statistical indicators did not exceed 10%. According to the TB 10761-2024 [10], for
dynamic simulation models of pantograph—catenary systems, the relative error between
simulation results and measured data for key statistical indicators (such as mean contact
force, standard deviation, maximum value, and minimum value) must be controlled within
10%. This is generally considered to indicate that the model possesses good engineering
credibility, sufficient to support performance evaluations for pantograph—catenary system
compatibility design, parameter optimization, and speed-upgrading retrofit schemes. These
comparison results demonstrate that the established simulation model exhibits excellent
predictive accuracy and reliability under 200 km/h single-unit operation conditions. It
accurately reflects the steady-state current-collection characteristics of the pantograph—
catenary system during actual operation, providing effective validation and theoretical
basis for subsequent simulation analyses under speed-upgrading conditions.

3.3. Double-Unit EMUs Model Verification

Under double-unit train operation conditions, the catenary must withstand alternating
excitation and spatial coupling effects from both front and rear pantographs, exhibiting
significantly complex and strongly nonlinear dynamic behavior. This study focuses on
the CR400AF-CR400AF double-unit EMU, conducting systematic and rigorous validation
of the simulation model for the current collection performance of the trailing pantograph
during typical operating conditions at 200 km /h. The comparison results between the sim-
ulation outcomes of key pantograph—catenary current collection performance parameters
and field measurement data are shown in Figure 5.

As illustrated in Figure 5, the simulated pantograph—catenary contact force curve of
the trailing pantograph under double-unit operation at 200 km/h agrees well with the
experimental measurements from the speed-upgrading test. A more detailed quantita-
tive comparison of the statistical indicators of the contact force between simulation and
experiment for this specific working condition is presented in Table 3.

https://doi.org/10.3390/vehicles8050095


https://doi.org/10.3390/vehicles8050095

Vehicles 2026, 8, 95 10 of 20

300 T T T T T T
——— Measured data

250 - . . — Simulation data

200 -

T NTYITR TYTNINY FORTY "
- VAARA A M“H AR

Pantograph-catenary contact force [N]

54.8 55 55.2 55.4 55.6 55.8 56 56.2
Mileage [km]

(@)

300 T T

——— Measured data

250 i —— Simulation data

200 ; i

J "’)’\. 1 ’(;mt lm?,\.:

150

A Al 8 O
1) 1 ! 1‘[ ” "" I i “" 'f.'f |

100

e —

50

Pantograph-catenary contact force [N]

0 1 1 ; L
54.5 55 55.5 56

Mileage [km]
(b)

Figure 5. Comparison of pantograph contact force at 200 km/h for trailing pantograph: (a) Guangzhou
—Shenzhen Line [; (b) Guangzhou-Shenzhen Line II.

Table 3. Comparison and validation of simulated and measured data for pantograph—catenary
contact force in double-unit operation.

Linel LinelIl I-Line Error II-Line Error
. measured value 239 223
maximum value simulated value 248.62  226.06 3.87% 5.69%
. measured value 31 41 o o
minimum value simulated value  33.26 45.48 6.79% 9.85%
measured value  128.06 121.56
meanvalue G loted value 13217 132.10 0.31% 7.98%
standard measured value 22.44 22.02 o o
deviation simulated value  24.04 23.46 6.67% 6.14%

As shown in Table 3, under complex dynamic conditions of double-unit operation, this

model maintains exceptional accuracy in predicting key indicators of pantograph-catenary

contact force. The prediction error for the maximum contact force was only 3.87% and
5.69% on Lines I and 1II, respectively, indicating the model’s ability to effectively capture
peak dynamic loads under double-pantograph coupling. The standard deviation error
of the contact force was controlled within 6.67% and 6.14%, reflecting the model’s good
reliability in quantifying the system’s dynamic stability and current collection fluctuation
characteristics. Particularly noteworthy is the average contact force prediction error of
just 0.31% on Line I and below 8% on Line II, fully validating the model’s high fidelity
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in characterizing steady-state current-collection performance. Although the minimum
contact force error reached 9.85% on Line II, the absolute deviation between simulated and
measured values was only 4.48 N, which does not affect the overall assessment of system
contact loss risk and current collection safety.

In summary, under core operating conditions, the model developed in this study
exhibits prediction errors below 10% for the vast majority of key statistical indicators.
Furthermore, the mean and standard deviation of the errors in assessing current collec-
tion quality are generally lower. According to the requirements for pantograph—catenary
dynamic simulation specified in the TB 10761-2024 [10], the relative error between sim-
ulated and measured values for key statistical indicators must be controlled within 10%.
In this study, the maximum error for all key statistical indicators under all validated op-
erating conditions was better than this standard. This level of accuracy fully meets the
requirements for engineering evaluation of the dynamic performance of high-speed railway
pantograph—catenary systems.

4. Simulation Analysis of Pantograph—Catenary Current Collection
Performance Under Speed-Upgrading Conditions

This chapter conducts a systematic simulation analysis of the current collection per-
formance of four EMU types—CR300AF, CR400BF, CRH380A, and CRH380B—under
speed-upgrading operating conditions on the Guangzhou-Shenzhen Lines I and II, based
on a validated pantograph-catenary coupling dynamics model. The evaluated operating
conditions include single-unit operation at 200 km/h, single-unit operation at 220 km/h,
and double-unit operation at 200 km /h, covering key operational scenarios in the current
speed-upgrading retrofit project.

4.1. Evaluation Indicators and Standards

In the assessment of dynamic coupling performance within the pantograph—catenary
system, contact pressure is widely regarded as the most critical evaluation metric. During
high-speed train operation, the dynamic interaction between the contact strips and the con-
tact wire is highly complex. The spatiotemporal evolution of contact force directly reflects
the stability, continuity, and reliability of energy transfer at the pantograph—catenary inter-
face, serving as the decisive factor in assessing current collection quality. To quantitatively
evaluate dynamic contact force, four core statistical characteristics are typically extracted:
mean, standard deviation, maximum value, and minimum value [35].

This study strictly adheres to the technical requirements of Clause 8.2.4 in the TB
10761-2024 [10]. This clause establishes dynamic performance evaluation criteria based
on statistical parameters of pantograph—catenary contact force, with the following specific
technical provisions:

The maximum and minimum contact forces (unit: N) must satisfy:

Fnax < Fm + 30,

11
Fmin > 20. (1)

This regulation aims to prevent abnormal contact wire wear or mechanical damage
to pantographs caused by extreme loads by imposing an upper limit on contact force.
Simultaneously, by establishing a lower limit for contact force, it prevents contact loss due to
insufficient contact force, thereby ensuring the continuity and stability of current collection.
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The average contact force Fn (unit: N) shall fall within the permissible range deter-
mined by the test speed v; (unit: km/h). Its upper limit Fin max and lower limit Fy, min are
defined by the following formula:

Finmax < 0.00047v7 +90(vj < 200km/h),
Finmax < 0.00097v7 + 97(v; > 200km/h), (12)
Finmin > 0.00047v7 + 60.

Contact force standard deviation ¢ (unit: N) is used to measure the intensity of
dynamic fluctuations in contact pressure, with its permissible upper limit correlated to the
average value:

o < 0.3 x Fy. (13)

This constraint ensures that the degree of dynamic contact force dispersion remains
within a controllable range, serving as a key indicator for evaluating the system’s opera-
tional stability and dynamic tracking performance.

4.2. Analysis of Current Collection Performance for Single-Unit EMUs

Based on two typical continuous anchor section catenary models constructed within
the K49+500 to K58+750 segment of the Guangzhou-Shenzhen Lines I and II, simulation
analysis was conducted on the pantograph-catenary contact performance of four single-unit
EMU models—CR300AF, CR400BF, CRH380A, and CRH380B—under speed-upgrading
conditions. Figure 6 presents the comparative results of statistical indicators for pantograph—
catenary contact forces at a running speed of 200 km /h for the aforementioned models.

Analysis of the pantograph—catenary contact force statistics for the four vehicle types
operating at 200 km /h in single-unit mode on the Guangzhou-Shenzhen Lines I and II (as
shown in Figure 6) indicates that all contact force metrics for every vehicle type meet the
standard limit requirements.

For the maximum contact force metric, the CR300AF recorded 172.8 N under Line
II operating conditions, representing only 75.4% of the limit value of 229.2 N. CRH380B
recorded 205.6 N under Line I conditions, representing 94.8% of the limit value of 216.8 N.
These results indicate that at 200 km/h operating speeds, the peak loads of the pantograph—
catenary system remain entirely within safe and controllable ranges. Excessive contact
forces will not cause abnormal wear on the catenary wire or damage to the contact strips.
Regarding minimum contact force, all simulated values significantly exceed the 20 N safety
threshold. Specifically, CR300AF achieves 93.0 N under Line II conditions—4.65 times the
threshold—while CRH380B reaches 85.2 N under Line I conditions—still 4.26 times the
threshold. This fully ensures continuity of pantograph—catenary contact and effectively
prevents contact loss risks.

Regarding contact force stability, the standard deviation simulation values for all
models ranged from just 11.2 N to 15.3 N, with none exceeding 40% of the specification
limit of 39.84 N. Taking the CRH380B under Line II operating conditions as an example,
its standard deviation was 11.2 N, representing only 28.1% of the limit; the CR300AF’s
standard deviation under Line II conditions was 15.3 N, representing just 38.4% of the
limit. These quantitative data demonstrate that the pantograph—catenary system exhibits
exceptional dynamic stability at 200 km/h, with minimal contact force fluctuations and a
smooth, reliable current collection process.

Comprehensive evaluations indicate that at operating speeds of 200 km/h, the existing
pantograph—catenary system demonstrates excellent dynamic compatibility with all types
of EMUs. All key performance indicators maintain ample safety margins, fully confirming
that the catenary systems on the Guangzhou-Shenzhen Lines I and II possess outstanding
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safety reserves and operational stability at current speed levels. This ensures robust support
for the continuous and reliable current collection of high-speed trains. To further evaluate
speed-upgrading potential, simulation analysis was conducted based on existing models to
assess pantograph—catenary current collection performance for the four single-unit EMU
types under 220 km/h speed-upgrading conditions. Figure 7 presents comparative results
for corresponding contact force statistical indicators.
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Figure 6. Comparison of statistical indices of pantograph—catenary contact force for single-unit EMUs
at 200 km/h: (a) maximum pantograph-catenary contact force; (b) minimum pantograph—catenary
contact force; and (c) standard deviation of pantograph—catenary contact force. The standard limits
shown in the figures are derived from the TB 10761-2024 [10].
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Figure 7. Comparison of statistical indices of pantograph—catenary contact force for single-unit EMUs
at 220 km/h: (a) maximum pantograph—catenary contact force; (b) minimum pantograph-catenary
contact force; and (c) standard deviation of pantograph—catenary contact force.

Analysis of the data presented in Figure 7 shows that after the speed was increased to
220 km/h, the pantograph—catenary contact performance of all models continues to fully
meet specification requirements while maintaining a significant safety margin. Regarding
maximum contact force, the CR400BF achieved its peak value of 226.1 N under Line II
operating conditions, representing only 94.9% of the limit value of 238.2 N. CR300AF
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recorded 196.3 N under Line II conditions, representing only 84.7% of the standard limit of
231.8 N. The minimum contact force metric also demonstrated robust performance, with all
simulated values far exceeding the 20 N safety threshold. Among these, CR400BF achieved
91.2 N under Line II conditions—4.56 times the safety threshold; even under CR400BF’s
Line I operating condition with a lower minimum value (58.7 N), it still reached 2.94 times
the safety threshold, fully ensuring the continuity of pantograph—catenary contact.

Regarding dynamic stability, the standard deviation simulation values for all models
ranged between 17.51 N and 19.91 N, all significantly below the specification limits. The
CRH380B exhibited the lowest standard deviation under Line II conditions at 17.51 N,
representing only 44.0% of the corresponding limit of 39.84 N. CRH380A exhibited the
highest standard deviation of 19.91 N under Line I conditions, representing only 46.8% of
the limit (42.54 N). These results demonstrate that even at speeds elevated to 220 km /h, the
dynamic interaction between the pantograph and catenary remains stable and controllable,
with contact force fluctuations maintained within an ideal range.

A comprehensive analysis demonstrates that under the operating condition of speed
increase to 220 km/h, the pantograph—catenary system of the Guangzhou-Shenzhen Rail-
way Line and various EMU types maintain excellent dynamic compatibility. The control of
contact force extremes remains effective, with stable fluctuation characteristics and all key
performance indicators retaining sufficient safety margins. From a quantitative perspective,
this study substantiates the technical feasibility of increasing the operational speed of
single EMUs on the Guangzhou-Shenzhen Line to 220 km/h, providing robust data-driven
support for operational decision-making.

4.3. Analysis of Current Collection Performance for Double-Unit EMUs

The operation of double-unit EMUs is a key method for enhancing railway trans-
portation capacity, but their pantograph—catenary interaction conditions are more complex
than those of single-unit operations. With double pantographs operating simultaneously
within the same anchor section, a multi-input-multi-output coupled dynamic system is
formed. The trailing pantograph not only undergoes self-excitation but also experiences
the superimposed effects of residual vibrations transmitted from the front pantograph
through the rear catenary, resulting in the most severe operating conditions. Therefore,
simulation analysis focuses on the current collection performance of the trailing pantograph.
To comprehensively evaluate the current collection safety of coupled EMUs under high-
speed conditions, this study simulates the current collection performance of the trailing
pantograph for the four aforementioned EMU models operating coupled at 200 km/h on
the Guangzhou-Shenzhen Lines I and II. The statistical results are shown in Figure 8.

Analysis of the contact force simulation data for the trailing pantograph of the four
types of double-unit EMUs operating at 200 km/h in Figure 8 reveals that under complex
double-unit operation conditions, the pantograph—catenary interaction exhibits certain
characteristic changes. However, all key performance indicators continue to fully meet
regulatory requirements.

The contact force exhibits a pronounced double-pantograph coupling effect, with max-
imum values generally approaching but not exceeding the safety threshold. Specifically,
the CR300AF-CR300AF configuration reached 238.0 N under Line II conditions, repre-
senting 97.5% of the corresponding limit of 244.2 N, thus maintaining the required safety
margin. Regarding minimum contact force, all simulated values significantly exceeded the
20 N safety threshold. CR300AF-CR300AF recorded a minimum of 25.5 N under Line II
conditions—27.5% above the safety threshold—while CRH380B-CRH380B reached 51.1 N
under Line II conditions, equivalent to 2.56 times the safety threshold, ensuring sustained
stability of pantograph—catenary contact.
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Figure 8. Comparative analysis of statistical indices of pantograph—catenary contact force for double-
unit EMUs at 200 km/h: (a) maximum pantograph—catenary contact force; (b) minimum pantograph-—
catenary contact force; and (c) standard deviation of pantograph—catenary contact force.

Regarding dynamic stability characteristics, the standard deviation simulation values
for all models ranged from 23.74 N to 27.71 N, representing a significant increase com-
pared to single-unit operation conditions. Detailed analysis indicates that the CRH380A~
CRH380A model achieved a standard deviation of 27.71 N under Line II conditions, equiv-
alent to 69.6% of the regulatory limit of 39.84 N. The CRH380B-CRH380B model recorded
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a standard deviation of 23.74 N under Line II conditions, representing 59.6% of the limit.
These quantitative results directly reflect the dynamic impact of contact wire vibrations
induced by front pantograph excitation on the operational state of the trailing pantograph,
though the fluctuation amplitude remains entirely within controllable limits.

It is noteworthy that the standard deviation of trailing pantograph contact force varies
significantly across different train combinations. Taking the Guangzhou-Shenzhen Line II
as an example, the CRH380A-CRH380A combination exhibits a standard deviation of 27.71
N, approximately 4 N higher than that of the CRH380B—CRH380B combination (23.74 N).

This disparity primarily stems from differing dynamic characteristics of the pan-
tographs. As indicated by the pantograph equivalent mass model parameters in Table 1,
the pantograph head mass (m; = 7.63 kg) of the DSA380 pantograph assigned to CRH380A
is greater than that of the CX-018 pantograph (m; = 5.3 kg) assigned to CRH380B. Ac-
cording to existing research [36,37], a heavier pantograph head reduces the quality of
current collection. The fundamental reason for this is that when the pantograph head
is heavier, a more pronounced inertial impact occurs at the moment of contact, thereby
inducing stronger residual vibrations in the catenary system and leading to an increase in
the standard deviation of the contact force for the trailing pantograph. Nevertheless, the
fluctuation amplitude for all combinations remained within standard limits, validating the
safety and reliability of the existing system under the accelerated speed objectives.

Overall, under 200 km /h operating conditions on the Guangzhou-Shenzhen I and II
lines, all contact force metrics between the trailing pantograph and contact wire of the four
heavy-duty EMU sets met standard limits, with key indicators consistently maintaining
significant safety margins. No instances of contact force amplitude exceeding limits or
contact loss occurred across all models, with operational stability metrics also remaining
well below permissible upper bounds. Results confirm that all four double-unit trains
possess safe and stable current collection capabilities under current line conditions, with
pantograph—catenary system compatibility meeting high-speed operational requirements.
This provides dynamic validation of the technical feasibility of the Guangzhou-Shenzhen
Line’s catenary system to support double-unit train operations at 200 km/h.

5. Conclusions

This study addresses critical issues concerning pantograph-catenary contact safety in
speed-upgrading projects. It establishes a refined pantograph-catenary coupling simulation
system integrating a nonlinear dynamic catenary model based on absolute node coordi-
nates with a three-lumped-masses pantograph model. The model underwent systematic
validation and parameter refinement using actual measurement data from CR400AF trains
operating in both single-unit and double-unit configurations, confirming its predictive
accuracy. Based on this foundation, the system comprehensively evaluated the pantograph—
catenary current collection performance of four train types—CR300AF, CR400BF, CRH3804,
and CRH380B—under speed-upgrading conditions. Key findings are as follows:

(1) Model validation results demonstrate that the simulated and measured contact force
curves exhibit high consistency in waveform trends, fluctuation amplitudes, and
characteristic peaks. Among statistical metrics, the maximum error for single-unit
operation at 200 km/h is 9.49%, while the maximum error for double-unit operation
at 200 km/h is 9.85%. All errors remain below 10%, confirming the model’s high
engineering credibility and adaptability to operational conditions.

(2) Simulation analysis of single-unit operation conditions shows that for all four vehi-
cle types, the maximum, minimum, and standard deviation values of pantograph—
catenary contact force at speeds of 200 km/h and 220 km/h all meet the standard
requirements. The maximum contact force values were 205.6 N and 226.1 N, respec-

https:/ /doi.org/10.3390/vehicles8050095


https://doi.org/10.3390/vehicles8050095

Vehicles 2026, 8, 95

18 of 20

tively, both below the corresponding speed-level standard requirements of 216.8 N
and 238.2 N. Additionally, the maximum contact force standard deviations of 15.30 N
and 19.91 N were significantly below the established standards of 39.84 N and 42.54 N.
(3) Simulation analysis of double-unit operation conditions indicates that at 200 km/h,
the pantograph—catenary contact force metrics for the trailing pantographs of all
train formations meet specification requirements. The maximum contact force was
238.0 N, below the standard requirement of 244.2 N. The maximum contact force
standard deviation was 27.71 N, significantly lower than the standard requirement
of 39.84 N. This verifies that the pantograph—catenary system maintains excellent
dynamic stability and current collection safety during double-unit operation.

It should be noted that although this study has achieved systematic progress in the
simulation-based evaluation of pantograph-catenary current collection performance under
speed-upgrading conditions, several limitations remain. The present work primarily
focuses on compliance verification of the dynamic contact force, without extending to the
long-term effects of contact wire and strips wear prediction and fatigue life assessment,
or the investigation of electromechanical coupling characteristics within the pantograph—
catenary system. In addition, the model validation data are mainly derived from a single
train type (CR400AF), and its general applicability under multi-train mixed operation
scenarios and a broader speed range still requires further verification. Future research
may further incorporate the Archard wear model and Miner fatigue criterion to establish
correlations between dynamic contact forces and wear evolution, as well as fatigue life.
Concurrently, electromagnetic and thermal field analyses should be coupled to investigate
electromechanical coupling characteristics. The model’s universality should be validated
through simulations and experimental comparisons across multiple vehicle types and
higher speeds.
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