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In response to the escalating demand for rail transport, the concept of Virtual Coupling (VC) train
operations is progressively gaining ground within the railway sector. The concept of VC aims at
reducing safe train separation to less than the absolute braking distance by letting trains move
synchronously in radio-connected convoys. One of the major concerns associated with VC is
ensuring safe train separation considering realistic risk factors, such as heterogeneous train
braking performances and varying track conditions. To address such a safe train separation
problem under VC, this paper proposes a novel train control model based on the Artificial Po-
tential Field (APF) method to safely supervise the complete braking process of trains moving in a
VC convoy. The proposed model uses a homogeneous strip representation of train length and a
Dynamic Safety Margin (DSM) to take into account accurate train dynamics as well as potential
risk factors, due to different train acceleration/braking rates, communication delays, unexpected
emergency train braking applications, and position measurement errors. The method has been
applied to the case of a high-speed line in China. Results show that the APF-based control method
can effectively adapt to real-time variations in train dynamics and the operational environment to
safely supervise the complete train braking process and avoid collisions even in the case of un-
planned emergency braking applications. The proposed APF-based approach shows promising
real-time performance which can further contribute to advancing the state of the art on safe train
control under VC signalling.

1. Introduction

The increase in the rail transport demand poses a challenge for infrastructure managers to increase the capacity of existing railway
networks while keeping or even improving train service performance. To address this challenge, the railway industry is exploring next-
generation signalling systems like Moving Block (MB) (Basile et al., 2022) and Virtual Coupling (VC) (Aoun et al., 2023), which
migrate vital track-side equipment to the onboard of trains to reduce safe train separation. In MB, the safe train separation is reduced to
an absolute braking distance plus a safety margin by exploiting a Vehicle-to-Infrastructure (V2I) radio communication layer as well as
onboard devices responsible for monitoring train integrity and supervising speed. The concept of VC builds upon the MB framework by
incorporating Vehicle-to-Vehicle (V2V) communication. This extension opens up the possibility of further reducing the safe train
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separation down to a relative braking distance (RBD), which is the difference of the braking distances of successive trains plus a safety
margin to the rear of the leading train (Ning, 1998, Bock, 1999). Moreover, V2V communication allows forming convoys where trains
can move synchronously (Quaglietta et al., 2022).

International research programmes such as Shift2Rail (2018) and Europe’s Rail (2018) have been investigating the impact that VC
signalling could have on the rail transport sector. Some preliminary research (Quaglietta et al., 2020, Quaglietta et al., 2022) has
investigated principles for safe train operations under VC as well as the capacity benefits that such a concept could bring versus both
conventional fixed-block and moving-block signalling. A relevant stream of research (Ketphat et al., 2022, Liu et al., 2023) on VC
operations aimed at developing train control algorithms which can effectively supervise safe train separation while regulating
coupling/decoupling transitions of trains moving in VC convoys. In a VC train convoy where trains are expected to follow each other at
a significantly shorter distance compared to those in MB, the risk of collisions significantly increases if the train control fails to respond
promptly to changes in the safe train separation requirement due to e.g., changes in train dynamics, varying track conditions, rolling
stock heterogeneity of trains in the VC convoy. Therefore, the main challenge of train control under VC is the need to provide safe
control indications to trains compatibly with the real-time nature of coupling/decoupling procedures and the short train separations
while considering realistic operational and risk factors.

In general, most existing train control methods proposed for VC include modelling assumptions, approximations or simplifications
about train dynamics or the operational environment (e.g. latency of the communication layer, control delays, track characteristics)
which might limit their applicability in a real-life setup. First, current methods (Cao et al., 2022, Cao et al., 2021, Chen et al., 2020,
Felez et al., 2019) often involve a mass-point representation of trains which cannot capture realistic overall motion resistances of
trains, especially on tracks with irregular gradient profiles. This would be more accurately described by a homogeneous strip model
(Fan, 2012) representing each train as a set of connected segments divided by knickpoints of slopes or curves. Addressing those
modelling issues is significant for an accurate evaluation of the capacity advantages and technical challenges that VC will introduce.

Second, existing literature (Felez et al., 2019, Di Meo et al., 2019, Zhang et al., 2023, Ning et al., 2023) mainly refers to homo-
geneous VC train convoys (i.e. trains having similar rolling stock characteristics). Although using homogenous trains simplifies the
train separation problem for both the separation calculation and control, industrial development of VC can only occur if the concept
proves to be applicable in multiple rail market segments including main-line and regional lines which mostly feature heterogeneous
trains. Some promising research (Su et al., 2023, Xun et al., 2020, Luo et al., 2023) is available on safe train control in heterogeneous
convoys considering different service/emergency braking capabilities which are mostly constant values. However, the train hetero-
geneity can be more realistically represented if varying braking capabilities of trains are modelled by considering the actual braking
rate function which depends on the train speed.

Third, some research (Wu et al., 2023, Liu et al., 2023, Ketphat et al., 2022, Park et al., 2020, Quaglietta et al., 2020) has developed
different methods to define train separation under VC either by exploiting constant or dynamic train separation. Since different train
speeds and positions can lead to varying safety margins, a static safety margin may not be able to guarantee a safe train separation in
the presence of any of those risk factors. However, literature on the use of the Dynamic Safety Margin (DSM) (Quaglietta et al., 2022)
which is a time-varying safety margin taking into account realistic operational risk factors is still limited and would need to be further
investigated for a safe deployment of VC operations. So far, most existing VC train control algorithms do not indeed consider a DSM to
safely separate trains in the presence of a comprehensive series of risk factors due to extended train reaction times, V2V communi-
cation latencies, sudden emergency train braking, heterogeneous train characteristics, speed and position measurement errors. While
some of these factors have been partially addressed in the literature, most studies only consider part of them, e.g., Felez et al. (2019)
consider only the train positioning error. Instead, this paper addresses all of these risk factors and additionally, newly introduces
varying track conditions (e.g., gradient changes) into the DSM to account for a more realistic VC train operational environment.

An additional shortcoming of most existing VC train control algorithms is that they aim at ensuring safe train separation only
considering the position that trains will have at the end of the braking process (called End Braking Point Supervision (EBPS) hereafter)
(Liu et al., 2023, Felez et al., 2019, Quaglietta et al., 2020, Park et al., 2020, Quaglietta et al., 2022, Cao et al., 2021), which does not
necessarily exclude that trains might instead collide during the braking process itself, due to e.g. varying braking performances and
unfavourable track resistances (e.g. steep downbhills). In such a context it is essential that the train control is able to supervise the safe
train separation across the complete braking process while taking into account transient track and rolling stock conditions as well as
realistic risk factors including failure events to signalling and communication components. A safe implementation of VC train control
algorithms shall hence refer to a Complete Braking Curve Supervision (CBCS) which ensures safe train separation from the start until
the end of the braking processes of the trains in a VC convoy. However, only a few approaches that have been proposed in the literature
refer to CBCS, such as works by Chai et al. (2023) and Wang et al. (2022), however, these studies mainly assume flat tracks and do not
account for train resistances due to varying track layouts, e.g. gradients and curves.

The research in this paper addresses the above-reported limitations by proposing an innovative VC train control algorithm for safely
supervising the complete braking process of trains while considering: i) realistic dynamics of physically-coupled cars in a train over
varying track alignments, ii) realistic VC convoy heterogeneity under transient train speeds, iii) risk factors due to sudden emergency
braking, latencies in train control and communication, position/speed measurement errors and unfavourable track conditions.

A CBCS train control algorithm is hence developed which uses a homogeneous strip train model with detailed braking charac-
teristics while including a dynamic safety margin to dynamically adapt safe train separation in case of risk factors such as unforeseen
emergency braking, heterogeneous train braking performances, and malfunctions/faults in the signalling and communication systems.
The CBCS with dynamic safety margin is performed by introducing a novel approach based on Artificial Potential Field (APF) which
has proven in other research fields to be particularly efficient for real-time applications where the short response time of the controller
is essential, such as in VC operations. The proposed method has been applied to a real case of a high-speed rail network in China. An
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extensive comparative analysis is provided illustrating the impacts on safe train separation when using an end braking point super-
vision versus a complete braking curve supervision.
The main contributions of this research to the state of the art can hence be summarised as follows:

i) An artificial potential field-based approach with dynamic impact distance is introduced which allows efficient train control in
line with the real-time application requirements of virtual coupling while effectively supervising safe train separations without
triggering emergency braking actions;

ii) A complete braking curve supervision-based dynamic safe train separation calculation method is proposed which takes into
account real-line conditions, risk factors, heterogeneous train characteristics as well as realistic speed-dependent train braking
capabilities;

iii) A homogeneous strip train model is used for the first time to consider the combined effect of train length and varying track
alignments when controlling train separation in a VC convoy.

The remainder of this paper is organized as follows: Section 2 offers a comprehensive literature review. Section 3 introduces the
proposed methods and models. Section 4 contains simulations and their respective results. Finally, Section 5 provides the conclusions
of this paper and future research directions.

2. Literature review
2.1. Train separation principles
The development of railway signalling systems has seen a significant transformation over the years, progressing from Fixed Block

(FB) signalling to Virtual Block (VB), Moving Block (MB), and recently to Virtual Coupling (VC). These transitions represent substantial
advancements in railway safety, capacity, and efficiency.
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In conventional FB multi-aspect signalling (Fig. 1(a)), train separation distance is primarily determined by the number of signal
aspects. For instance, in a four-aspect FB system, there are four kinds of signal aspects including: (1) Stop (red), indicating stop before
the signal; (2) Approach (yellow), indicating that the train is approaching a red signal and the train needs to reduce speed and prepare
to stop before the red signal; (3) Advance approach (double yellow, or yellow and green) (e.g. in Chinese Train Control System (CTCS)
Level 0/1/2), preannouncing the approach signal and that the train must stop in two blocks. Therefore, trains should reduce speed, if
needed, to reach a target speed at the approach signal from which the train can brake to a standstill in front of the ‘stop’ signal; (4)
Proceed (green), indicating ’clear,” with no need to apply brakes (de Rivera and Dick, 2021). In this four-aspect fixed-block system, the
train separation should contain at least two blocks without reducing regular operational train speeds (for sufficient low operational
speeds, the train separation may be reduced to at least one block).

To reduce train separation, the rail industry has actively investigated more advanced train signalling systems. For instance, VB
signalling, as shown in Fig. 1(b), divides the rail track into logical blocks of specific lengths that allow significantly shorter blocks than
conventional FB systems. VB is an intermediary step that introduced the concept of monitoring train-rear positions through onboard
equipment and sensors rather than trackside train detection (Chen et al., 2019). This allows for more precise control of train move-
ments and improved capacity.

As the lengths of virtual blocks are further reduced (e.g. approaching zero), the train separation achievable under VB becomes
increasingly comparable to that of the MB system. This makes the VB resemble MB signalling (Dick et al., 2019) (see Fig. 1(c)), where
the separation between two consecutive trains can reach the Absolute Braking Distance (ABD) which is defined as the braking distance
of the following train, plus a margin attached to the rear of the preceding train out of safety concern. MB signalling marks a significant
advancement in train separation reduction and it has gained widespread acceptance and popularity in urban railways (Versluis et al.,
2024).

Essentially, FB, VB, and MB share the concept of absolute braking. However, Virtual Coupling (Flammini et al., 2018), as shown in
Fig. 1(d), allows reducing the train separation to a far shorter one than an absolute braking distance by using relative braking distance,
which is an innovative next-generation signalling concept that exploits Vehicle-to-Vehicle (V2V) communication to combine trains in a
virtually-coupled train set.

2.2. Train separation under virtual coupling

Most literature adopts End Braking Point Supervision (EBPS)-based approximate train separation for trains under VC considering
only flat tracks and without (or with limited) risk factors. Wu et al. (2023) set the desired train headway under VC as a space constant
according to 10 ~ 15 % variations for the emergency braking distance. Liu et al. (2023) define the desired gap for two adjacent trains
under VC as the difference between the emergency braking distances of the following train (called follower hereafter) and the leading
train (called leader hereafter) plus a safety margin concerning system and communication delays and measurement errors of speed or
position depending only on the follower’s kinematics. Similarly, this kind of definition can also be found in works by Chen et al. (2020)
and Su et al. (2022). Based on Ning’s definition of the relative braking distance (Ning, 1998), Ketphat et al. (2022) modified the
minimum separation for trains under VC, in which the acceleration and braking rates of all trains in the same convoy are assumed to be
the same, and the actual operational line condition is not discussed when calculating the minimum safe distance. Park et al. (2020) also
proposed a gap reference generation method for different specific states including merging, platooning, and decoupling, taking into
account uncertainties of emergency braking deceleration, and errors of positioning and velocity measurement. In the work by Qua-
glietta et al. (2020), a multi-state train-following model was developed for VC, considering a constant safety margin. This model was
extended with a dynamic safety margin (DSM) (Quaglietta et al., 2022) which varies over time based on real-time train kinematics of
both the leader and the follower to account for real-life risk factors such as communication update delays, train positioning errors, train
control delays and sudden emergency train braking applications.

Another promising stream of related research on DSM under VC is instead considering the Complete Braking Curve Supervision
(CBCS) which ensures the safe train separation throughout the entire braking process. Wang et al. (2022) proposed a space-time
interval-based calculation method of the minimum safe distance between trains under VC to avoid train collisions during the calcu-
lated emergency braking process of both the leader and the follower. This model is further illustrated in the work by Chai et al. (2023)
where a relative operation-based separation (ROS) model is proposed to compute the safe separation between VC trains assuming an
emergency brake in the follower and the worst-case operation of the leader. The DSM model in Quaglietta et al. (2022) does not rely on
EBPS but instead, the model analyzes and calculates each risk factor-concerned safety margin separately. However, in these papers, the
varying track conditions including irregular gradient and curvature profiles during the whole assumed service/emergency/worst-case
braking processes of trains are not included in the calculation.

Generally, in most studies (Liu et al., 2023, Felez et al., 2019, Quaglietta et al., 2020, Park et al., 2020, Cao et al., 2021), the
minimum safe train separation dp;, under VC (with the speed of the follower at v%! and the speed of the leader at ¢?%) is determined by

: : . fol. , lead fol fol lead ead - 3 3
using EBPS which can be represented as dyin V',V sm  max SP Pl glad lead g where sm is the safety margin

concerning some risk factors; Si3d  41€ad s the total emergency braking distance of the leader assuming the leader implements an
emergency braking rate at speed 1'**; SPL s the total emergency braking distance (or the total service braking distance) assuming the
follower implements an emergency braking rate (or a service braking rate) at speed V. Among these studies, based on this EBPS
method for train separation under VC, some studies (Park et al., 2020, Cao et al., 2021) take into account tracks with gradients or

curves and some risk factors such as sudden emergency braking or communication delay.
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However, EBPS-based train control poses safety concerns as it only supervises safe train separation at the end of the braking process
and disregards train heterogeneities, transient track conditions (e.g. unfavourable slope profile) or events (e.g. prolonged train re-
action times or temporary reduction of braking capabilities), which may instead lead trains to collide during the braking itself. A
Complete Braking Curve Supervision is instead essential for a signalling system like VC where train separations become shorter than an
absolute braking distance. Therefore, the model proposed in this research refers to the supervision of the complete braking curves of
trains under VC while including the dynamic safety margin defined in Quaglietta et al. (2022) to account for risk factors which may
occur in real VC rail operations.

2.3. Algorithms for safe train control under virtual coupling

In a virtually coupled train convoy, where trains are following each other up to a relative braking distance, the risk of train collision
rises if the train control model does not take realistic train operation conditions into account (e.g. the real line resistance), or the
potential risk factors such as the leader coming to a sudden triggering of an emergency braking action, especially when trains with
heterogeneous braking performances follow each other in a virtually coupled convoy. Therefore, safe train control is crucial for trains
under VC to prevent running collisions within train convoys and avoid catastrophic consequences caused by the impact.

Prediction-based control methods such as Model Predictive Control (MPC) have been successfully used in many industrial appli-
cations. This is a control algorithm that relies on the iterative solution of an optimization problem based on the predicted states over a
receding horizon according to the system model to compute a control input at each sampling point. For train control under VC, some
research (Chen et al., 2020, Felez et al., 2019) aimed to solve train collision problems using the MPC method. Chen et al. (2020)
proposed a multi-train collision protection control method based on MPC for Virtual Coupling. This method considers minimizing the
total relative kinetic energy of a virtually coupled train formation as the optimal control target to ensure the safety of trains. Felez et al.
(2019) extended the MPC into a decentralized framework for each train in a convoy under VC, which guarantees non-collision full stop
of a follower even if the leader implements emergency braking, however, with a computation time of obtaining the optimal control
reaching 709 s covering a distance of 3.7 km. Though MPC offers superior optimal control performance and is adept at managing
nonlinear systems and constraints, it is burdened by high computational complexity when increasing train numbers or the prediction
horizon (Felez et al., 2019), and increased computation time in nonlinear systems (Ferreau et al., 2008), in which the performance of
MPC can be significantly influenced by initial conditions whose changes from one optimization problem to the next one are usually
unpredictable (Diehl et al., 2009) which can further result in uncertain computation times at each step. These factors can introduce
potential risks to the safe control of trains separated by very short spacing under VC, which demands a high level of real-time control
capability.

Non-predictive control methods such as Sliding Mode Control (SMC) provide better real-time control performance than prediction-
based control methods. Liu et al. (2023) and Park et al. (2020) proposed a robust gap controller that is based on SMC to apply to a
follower to maintain virtually coupled states with a desired separation distance considering uncertainties including time-varying
measurement delay and line disturbances. SMC requires very low calculation complexity (Rubagotti et al., 2010) and exhibits the
advantage of high convergence speed in nonlinear control problems (Liu et al., 2023). However, the imperfection of SMC arises when
the state trajectory reaches the sliding mode surface and then tends to approach the equilibrium point by oscillating back and forth on
both sides, resulting in chattering or small fluctuation.

The Artificial Potential Field (APF) (Khatib, 1986) method is also a non-predictive control approach that exhibits robustness in
handling control and sensing errors, making it well-suited for adapting to changing targets and dynamic obstacles. Cao et al. (2021)
proposed a Generalized Predictive Control (GPC) model and used mixed APF to perform cooperative control and prevent collisions of
trains under VC. According to the simulation results, the minimum train separation distance can be controlled within one meter when
the train pulls in and stops, which seems to be a promising result. Cao et al. (2022) further developed and improved the APF model by
using a time-varying parameter potential field function to realize anti-collision control of trains under VC. However, the constructed
repulsive APF functions in their papers refer to an EBPS-based train separation without taking into account a DSM to address
comprehensive risk factors and track conditions during the whole assumed braking process of trains. Moreover, their APF model is
based on a tailored application which uses a hyperbolic tangent (tanh) function and also, it involves a set of other additional pa-
rameters which are not found suitable to our model and not immediate to evaluate/calibrate. An improved APF control method for
train collision avoidance under VC is also proposed by Guo and Li (2023), where the safe coupling/decoupling processes are guar-
anteed for permanent magnetic maglev trains under VC. However, the repulsive radius, which is the distance from the repulsive point
to where the repulsive force becomes negligible (referred to as the impact distance hereafter), remains constant. This, however, may
not be applicable under VC since the DSM between trains varies during practical operation particularly when there are changesin e.g.
train speed or track gradient. Other safe control algorithms for trains under VC such as mixed control methods and machine learning-
based control methods (Wang et al., 2020, Su et al., 2022) are emerging.

This paper proposes an APF-based train controller under VC, incorporating a dynamic impact distance to the APF based on the
Gaussian function which is proved in the field of road transport (Wolf and Burdick, 2008) to be effective in vehicle control under traffic
conditions that are similar to those for VC in the railway field. The proposed method takes into account a wide range of real-life track
conditions and risk factors as well as train heterogeneities. Furthermore, the DSM for trains in the proposed controller under VC re-
spects a CBCS-based method. This approach not only facilitates effective safe control and collision avoidance for heterogeneous train
operations on real tracks in the presence of realistic factors but also reduces computation time when compared to traditional
prediction-based optimal control methods.
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2.4. Algorithms for multi-agent system control

Virtual Coupling, where V2V communication is used to create a radio-linked VC convoy, shares similarities with the concept of a
Multi-Agent System (MAS). A MAS is a computational system composed of multiple intelligent agents or entities that interact with each
other in a networked environment. These agents can be software entities, robots, or even humans (Xue et al., 2010). In the context of
this paper, the agents represent trains under VC within the convoy.

In MAS, Virtual Structures (VS), Graph Theory (GT), Reinforcement Learning (RL), and APF methods are common solutions to
formation control problems, see Table 1:

(a) For the virtual structures method, the core concept revolves around designating a virtual leader (Porfiri et al., 2007) or a virtual
coordinate frame (Ren, 2008) to serve as a central reference point for the entire group, allowing each vehicle to establish its desired
states concerning this virtual structure. The VS method offers benefits in terms of coordination and optimal reference. However, it may
face difficulties in designing effective control protocols to increase coordination and consensus within the network (Lu et al., 2012).
Moreover, this method relies on a virtual leader which can have a notable influence on control performance.

(b) In graph theory, a MAS is typically depicted as a graph, where individual agents are nodes, and the edges between nodes
represent the communication or interaction links between agents (Zheng et al., 2011, Rahmani et al., 2009). While graph theory is a
potent mathematical tool for modelling and analyzing diverse systems and it is effective in network expansion (Han et al., 2017), it
does come with certain constraints, such as the increasing complexity and analysis challenges when graphs grow in size and intricacy.
Additionally, handling the dynamic changes in nodes and edges in real-world applications can pose challenges, which require high
communication costs (Han et al., 2017).

(c) For reinforcement learning applied to MAS (Busoniu et al., 2010, Arel et al., 2010), agents receive reward signals that evaluate
the outcomes of their actions in the environment. These rewards guide the agents in making better decisions to maximize their cu-
mulative rewards throughout their interactions. However, RL often requires a large number of interactions with the environment to
learn effective policies, which can be impractical or costly in real-world applications. Moreover, the computational complexity in-
creases exponentially with the growth of agent numbers or state-action space (Busoniu et al., 2010).

(d) Artificial potential field, initially advocated by Khatib (1986), is a virtual force field method inspired by the concept of potential
fields in physics. The idea of the APF method is to artificially generate attractive potential fields towards the attractive pole (referred to
as ‘target’ hereafter) and repulsive potential fields around obstacles such that agents can move towards the target and keep away from
obstacles. In the context of APF, the ‘target’ represents the goal or destination that the agent aims to reach, whereas ‘obstacle’ refers to
any object or barrier that the agent needs to avoid (Khatib, 1986, Wolf and Burdick, 2008). For instance, in a highway driving system,
the target can be referred to as the desired speed, while obstacles encompass nearby vehicles, hard barriers on roadway edges, and soft
boundaries between navigable lanes (Wolf and Burdick, 2008) so that the vehicle can maintain travelling in the desired lane at the
desired speed.

Due to its mathematical simplicity, ease of comprehension, and robust real-time and high-efficiency capabilities, APF is extensively
used in MAS anti-collision control (Rostami et al., 2019, Duhe et al., 2021) and path planning problems (Sun et al., 2017, Wang et al.,
2019). Nevertheless, it is well-known that a significant drawback of the APF is the local minima problem (Park et al., 2001, Chen et al.,
2016), especially when dealing with multiple obstacles in two or three-dimensional space. However, in the context of train separation
control under VG, this vulnerability can be effectively mitigated within the specific scenario we investigate in this paper, where firstly,
train operations only occur on specific tracks, so it can be considered as the motion in a longitudinal space; and secondly, each train
under VC in this study is associated with a single dynamic target point and a single obstacle point.

To sum up, the literature review on VC provided above reveals several knowledge gaps to be addressed: (1) A more effective safe
train control method under VC with real-time control performance while taking into account a wide range of realistic factors; (2) A
safer train separation calculation method under VC to not only avoid train collisions but also prevent triggering emergency braking for
the leader; (3) Practical risk factors and parameters in train control under VC with DSM to be considered, and (4) A more realistic
representation of train models instead of the mass-point train model.

There is hence the need to define a safe train control method under VC that can not only handle more realistic dynamics of het-
erogeneous trains operating on realistic tracks based on a homogeneous strip representation of the train model but is also able to
consider a train separation with DSM that safely separates trains under VC also in the presence of risk factors such as communication
delay, control latencies and sudden emergency braking applications of trains. An APF-based control method is therefore proposed to
not only address these mentioned features but also obtain real-time and high-efficiency control performance for trains under VC.

Table 1
Advantages and disadvantages of control algorithms in MAS.

Method Advantage Disadvantage

VS (Porfiri et al., 2007, Ren, 2008) Coordination and optimal control High difficulty in algorithm design, reliance on the

virtual leader,
High communication cost, high algorithm complexity

GT (Zheng et al., 2011, Rahmani et al., Simple model structure, powerful mathematical tool,

2009)
RL (Busoniu et al., 2010, Arel et al., 2010)
APF (Khatib, 1986, Rostami et al., 2019,
Duhe et al., 2021)

easy to expand

Reachability of better performance

Mathematical simplicity; robust, real-time and high-
efficiency capabilities

in large-scale MAS
High computational complexity in large-scale MAS
Local minima problem
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3. Methodology

In this section, first, the problem description and the framework of this paper are introduced in Section 3.1. Second, a homogeneous
strip representation of the train model is presented in Section 3.2, based on which the train dynamics and motion model are presented
in Section 3.3. In Section 3.4, we introduce a train separation calculation method under VC with DSM based on CBCS. Finally, an
improved APF-based train control method under VC is presented in Section 3.5, exploiting the calculated CBCS-based train separation
in Section 3.4.

3.1. Problem description

Based on the VC concept, various kinds of scenarios and system structures can be derived. In this paper, we specifically focus on the
operational scenario illustrated in Fig. 2, where a train convoy of two trains under VC with train n being the leader and n 1 the
follower, commences its journey from station A with the initial speed set to zero and an initial separation distance. It is assumed that
the follower (trainn 1) catches up with the leader at a certain point on the route where they start a virtual coupling procedure which
leads them to form a virtually connected convoy where they move synchronously with each other until reaching the final station B.
Within the convoy, train n transmits its movement information to train n 1 using V2V communication. Train n 1 employs the
received dynamics information (with a communication delay) to calculate its safe separation requirements to the rear of its leader. As
for train n, we assume it respects a predetermined speed profile provided by the signalling system.

In this paper, we take into account a realistic rail track with gradients, curves, tunnels and varying speed limits. Additionally, we
consider factors like positioning and speed measurement errors of trains. Furthermore, we allow trains n and n 1 to have hetero-
geneous characteristics, including differences in train mass and braking performance. As discussed in the literature, the safe train
separation under VC is mostly determined using EBPS. However, we aim to achieve safe and effective control for the journey of train
n 1 running from station A to station B while keeping a safe train separation with train n by relying on complete braking curve
supervision (the service braking curve of trainn 1 and emergency braking curves of trainsnandn 1), preventing any triggering of
emergency braking actions. The methodology framework of this paper is presented in Fig. 3.

As indicated in Fig. 3, train characteristics and line characteristics are inputs to the APF-based train controller with CBCS. The
function to compute the CBCS of the follower train is fed instead by existing risk factors such as communication and control delays,
position and speed measurement errors, as well as current train states (i.e. position and speed) from the homogeneous strip model of
both the leader and the follower. Specifically the “Complete braking curve calculation” computes two different types of braking
distances, hence train separations, both including a dynamic safety margin, namely:

(a) The ‘service separation’, which is a distance that allows the follower to react to the emergency braking of the leader safely by
implementing service braking (the primary braking method during regular train operation). In other words, with the service sepa-
ration, the follower can come to a full stop safely using service braking (see Fig. 2) when the leader suddenly implements emergency
braking.

(b) The ‘emergency separation’, which represents a critical minimum train separation under emergency braking (see Fig. 2) of the
follower. In detail, if the train spacing under VC falls below this threshold, the probability of a collision between trains under VC
significantly rises particularly when the leader suddenly implements emergency braking, even if the follower also initiates emergency
braking (i.e., the maximum braking capacity achievable by trains).

With the service separation and the emergency separation attached to the rear end of the leader, as illustrated in Fig. 2, we obtain
the target and obstacle positions, respectively. These positions, along with the current train states (follower), serve as inputs for the
APF-based train controller (see Fig. 3). Subsequently, desired controls are derived from the APF-based train controller and applied to
the homogeneous strip train model (follower) taking into account the inertial lag of control. This leads to the updating of train dy-
namics, generating new inputs for the train separation calculation as well as the APF-based controller.

—— emergency braking profile § """" T :
——  service braking profile > :
0 train window | : :
(«» V2V communication i Target position Emergency position Position
L . : : A
transmitted information :
€> safety margin train n+1 position, speed, acctleration... (.5 train »

: 0000000€ ’
E : ?osition
Station A Emergency separation Station B

VC train convoy Service separation :

Fig. 2. Operational scenario.



Y. Jietal Transportation Research Part C 173 (2025) 105050

¢ Rolling stock characteristics APF-based train control with CBCS

e Infrastructure characteristics Current train state (leader) Tomogensous Siip
e Communication delay ] Complete braking curves calculation | model (Leader)

e Control delay J [T Current train state (follower)

e Positioning error v v

e Speed measurement error Service separation Emergency separation

calculation calculation
[ ]
Target posilioi l Obstacle position

Desired control | Homogeneous strip
model (Follower)

» APF-based controller

Current train state (follower)

Fig. 3. Methodology framework of APF-based train control under VC with CBCS.
3.2. Homogeneous strip train model

To get a train model with high accuracy of train dynamics, this paper exploits a homogeneous strip (Fan, 2012) modelling method
for train representation which divides trains into several segments, each being a homogeneous behavioural train section with the same
value of speed, acceleration/ deceleration rate, and jerk, but having its own characteristics including length, curve, and gradient, as
shown in Fig. 4. It should be noted that even when considering VC, the train considered in this paper can consist of multiple physically
coupled carriages. As mentioned before, under VC signalling where relative braking distances might be shorter than train lengths, it is
essential to consider actual train compositions as well as different motion resistances of physically-coupled cars in a train. In particular,
train cars can be individually subject to different track gradients or curves even when belonging to the same train.

In Fig. 4(a), x, t and x,, t are the front and rear positions of train n at time ¢, respectively. xxs1 ¢t and xys2 t are the positions of
the first and the second knickpoints of the slopes over the track that is occupied by train n at time ¢, respectively;h t is a positive integer
denoting the total number of the segments over the train’s length at different slopes at time t (e.g. Fig. 4(a) shows the case where h t
3); bsjj 1.2, ; ht is the length of the j th segment of the train; the length of the first train segment is written as
Xn t  Xgs1 t, the length of the last train segment is defined as lysh ¢ Xksht 1t  Xnr t, and for other train segments, the length is
expressedasls; Xisj 1t Xy t Wherel <j <h t ;i is the gradient of the j th track segment. Based on this homogeneous strip train
model, the gradient resistance of train n is defined as

8 .
3 ix,t Mpght 1 .
R& t > B M (€D)]
n ? an t lks;l ;I;l Xks;j 1 t lks;j L—“g,h t 2
n

wherei x, t isthe gradient at position x, t with the gradient positive when the track is uphill and negative when downhill; M, and
L, are the train mass and length, respectively; g is the gravity acceleration; and xys; ; t denotes the position of the j 1 thknickpoint
of the slopes over the track that is occupied by train n at time t.

In Fig. 4(b),xke1 t and xye2 t are the positions of the two knickpoints of curves within the track that is occupied by the train n at
time t, m t is a positive integer denoting the total number of the segments over the train length at different curve radii of the track at
time t (e.g. Fig. 4(b) shows the case where m t 3y ¥y 1.2, ; ht isthelengthofthey th segment of the train; the length of

— )
Positloni

ON

e rail track veﬁical section * knickpoint of slopes ‘ i ==rail track vertical section  * kni_ckl;;oirét (zif c_lérves ~ train
: . train bands divide b am i : train bands divide -~ curve
cross section horizontal plane  knickpoints Y. Cross section horizontal plane by knickpoints - radius

(a) Train on slopes (b) Train on curves

Fig. 4. Homogeneous strip train model.
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the first train segment is expressed as I Xn t  Xke1 t, the length of the last train segment is defined as liem:
Xigme 1t X t,and for other train segments, the length is expressed aslic;y  Xie;y 1t Xk y t Wherel <y <m t ;andr, is the
curve radius of the y M train segment in a horizontal plane. The curve resistance of train n under homogeneous strip representation can
then be written as

8 A
T M “m t 1
§ rx,t ng: MM
R ¢ 1 (2)
" E A Xt A, M,
= ——— 0 ——ley —gmMt 2
rx,t Y2 Xiey 1 t L,

where A, is an empirical parameter depending on train type; r x, t is the curve radius of the position x; t ; and Xy, 1 t is the
position of the y 1 th knickpoint of curves over the track that is occupied by the train n at time t.

The influence of in-train forces (or the physical coupler forces) (Sharma and Kumar, 2018), i.e., compression and tension forces,
which are the corollary of the sudden contrasts of the longitudinal forces occurring between coaches when the train advances along the
track, are not taken into account in this homogeneous strip model. It is beyond the scope of our research, however, it remains to be
discussed in further research.

3.3. Train dynamics and motion model

Considering a train convoy under VC consisting of N (N 2) trains running on a rail line, the longitudinal train dynamics based on
the second Newton’s law can be given as (Li et al., 2017, Felez et al., 2019)

8
% Xnt  Vnt
Vot Gyt  ut Wt Rt
Vn n n o.M, 3)
Upinp £ Uy t
g u, t n;inp n

- B Tna

wherex, t ,v, t anda, t are respectively the front position, speed, and acceleration of trainn (n  1;2; N)attimet; un, t and
u, t are respectively the desired control of the train and the actual control applied to the train which will be given in Section 3.5; u, t
refers to the change rate of the actual control; the notations of x, t and v, t denote the respective time derivatives of distance and
speed of train n; T, is the inertial delay of train longitudinal dynamics. W, t and R, t are the running resistance and line resistance,
respectively; p, denotes the rotating mass factor and can be generally expressed as: p, 1 y,, wherey, is the rotary allowance that is
normally regarded as a constant. The effective train mass taking into account the rotational inertia of the rotating components on the
train such as wheels and motors (Tian et al., 2019) can be further rewritten as

oMy 1y, om 1y, Q)

where M, c¢Sm¢ c.m} represents the static train mass; c¢ and c!, are the numbers of engines and trailers of train n; and m¢, y$ and mf,,
v, are the static mass and rotary allowance of engines and trailers, respectively. u, t and u, t are subject to

8 F, Vo t
Bt 2 By Vot i nl

pnMﬂ (5)
% U, t 2 Un;max; Un;max

where Bypax Vot 5 Fumax Va t and Uymax are the maximum value of the service braking rate, traction effort, and change rate of

control of train n, respectively.
Based on the Davis (1926) equation, the running resistance (in Newtons) of the train can be given as

Wot p,M, A, Bvat Cwt? (6)

where A, Byvat Cpvy t 2 has the unit of N/t, A, denotes the coefficient encompassing miscellaneous resistances considered to be
constant for a specific train such as journal resistance, rolling resistance and track resistance; C, represents the empirical weight
allocated to aerodynamic resistance; and B, represents the coefficient accounting for residual resistances that are proportionate to the
train’s speed after deducting the above-mentioned resistances which includes the aerodynamic resistance and journal resistance
(Davis, 1926). Commonly, A,, B,; and C, are empirical constant parameters for a specific train but variable according to different types
of trains.

While being subjected to the running resistance, trains may also be affected by line resistance which is mostly dependent on the
track layout with specific characteristics of the rail tracks. During train operation, the line resistance includes
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R,t RY¥t R™t R™t )

where RY t , R® ¢ and RY™ ¢ are gradient, curve, and tunnel resistance, respectively. RS’ ¢ and R™ ¢ were given in Section 3.2
using the proposed homogeneous strip model. As for tunnel resistance, although the aerodynamic resistance has been included in
Equation (6), there is still an additional resistance when a train runs through a tunnel, where the aerodynamic resistance would be
different from the situation when the train runs in an open-air environment. Several factors can have an impact on R™™ t such as the
cross-section, the length, and the surface friction coefficient of the tunnel and the train, respectively, and also the most significant
factor, the speed of the train. According to Hansen et al. (2017) and Filipovic (2015), the additional resistance of a train in a tunnel can
be defined as
" #
2 ¢ ke Kt 2

Rntun t T”Atbg C;,TI;; Vo t (8)

where k¢, b and ki, b, are constant coefficients for engines and trailers of train n, respectively; A; is the cross-section of the tunnel.
Practically, tunnel resistance differs in different scenarios such as the process of the train entering and exiting the tunnel, and scenarios
like a train meeting another train from the opposite direction (when the two tunnel tubes are not separated by a wall) or following
another train in the same direction within the same tunnel tube, which needs to be further considered if we want to get a more precise
tunnel resistance. However, this is beyond the scope of this paper.

3.4. Dynamic safe separation calculation model

In VC, the operation of each train is highly dependent on the dynamic information (e.g. position, velocity, acceleration, etc.)
transmitted by the leader. This information is crucial for the follower to calculate the safe separation and enable further control
actions.

The proposed train separation calculation model includes a dynamic adaptation of the VC safety margin depending on real-time
values of safety—critical factors such as train control delays, V2V communication latencies, train position report errors or sudden
applications of emergency braking. To this end, the dynamic safety margin defined by Quaglietta et al. (2022) has been considered and
embedded in the proposed VC train control model.

In the work by Quaglietta et al. (2022), the DSM is defined as

dsm  SMyos  SMcom  SMeont  SMemer M (C)]

where smpos, SMcom, SMeont; SMemer and sm; are safety margins concerning risk factors of measurement errors of train positions, V2V
communication delays, train control delays, unexpected emergency braking implementations, and external factors which require a
constant safety margin to be maintained between two adjacent trains even when they are stationary, respectively (Quaglietta et al.,
2022). This paper further develops this DSM model into a CBCS-based dynamic safe train separation calculation model. The calculation
in this paper is based on the worst-case assumption that the leader (train n) initiates emergency braking immediately after transmitting
its dynamic information and subsequently experiences a V2V communication failure, rendering it unable to transmit any further
dynamic information to its follower (trainn 1), which could potentially account for one of the worst-case situations. However, it is
important to acknowledge that there could be worse cases such as train derailment due to uncontrollable external factors or events,
which is however beyond the scope of this paper. Besides, it is also assumed that if the waiting time of the follower to receive the next
message from its leader exceeds the maximum tolerant V2V communication delay (referred to as Tcom:max hereafter), then the follower
should implement emergency braking. Therefore, to provide the follower with sufficient buffer to react to the potential sudden
emergency braking of the leader, the leader is assumed to be decelerating at an emergency braking rate before the follower receives the
next message, in other words, minimizing the estimation of the leader’s speed to the greatest extent when calculating the train sep-
aration requirement during the waiting period of the next V2V communication message from the leader.

We assume that at the time t*, which denotes any time instant within the maximum tolerant communication delay period the
follower has the most recent set of dynamic information (position Xp.er, sSpeed Vn.er, acceleration a,, and time t,) from the leader. The
subscript “er” indicates that the variables include measurement errors which will be addressed later in this paper. The follower at time
t', with speed v, 1.r t* and position x, 1. t , calculates its own complete service braking and emergency braking curves as well as
the complete emergency braking curve of its leader to obtain the train separation, i.e. the service separation and emergency separation
(see definitions in Section 3.1) required from the follower’s front end to the current rear end of the leader, respectively. The current
rear end of the leader is determined by the leader together with the train integrity. The CBCS-based dynamic safe train separation
calculation model can be written as

Dy 108cs t & e & (10
where D, 1.cecs t' denotes the safe train separation requirement of train n 1 (as a follower) at time t* under CBCS, specifically

including d;"7® t* and d®7 t which denote the emergency and service train separations (recall the definitions in Section 3.1),
respectively, and are defined as

10
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8
= RBD;™Y S;flco sm{ont SMemer smp(,} " sms
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emerg ¥ emerg
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where smy is a safety margin that includes the train positioning errors in the safety margin smy,s and the constant safety margin sm;
from Equation (9); RBD; gy denote the CBCS-based Relative Braking Distance (RBD) RBD;’™] plus $Mcom, SMcont and SMemer from
Equation (9). RBD'] gy is calculated based on the assumption that the leader takes emergency braking while the follower takes
service braking, i.e.

RBDflenll;DSM tg}af)é O,f En lier tﬁ A 1;wor;serv tﬂ;t f En;er;an;wor tﬁ;t (12)

where function f and its parameters are defined in the following context (see Equations (19), (20) and (35)) in this section.

Bpwor £t Brwor t jt© T t and denotes all estimated 8,y Over the time range from t” to t, likewise for &, 1.wor: serv £;t

Furthermore, to define a minimum train separation threshold, this paper further extends RBDY'Yq into RBD;"'{: 5., with the

assumption that both the follower and the leader take emergency braking, i.e.
RBD:mf[g)SM t?}ar)’g Olf En lier t* ;&n 1;wor;emerg t"t;t f En;er;ﬁn;wor té;t (13)

where function f and its parameters are defined in the following context (see Equations (19), (20) and (37)) in this section.
Assuming that according to the complete braking curve calculation, eventually, both trains come to full stops at times tn# , and t7,
respectively, to avoid any potential collisions, the following equation must be satisfied,

8t2 tt": &, t L, & 1t smp 14

where t*  max t%;¢% |, and smy is defined as
smy Epos;n spos;n 1 & (15)

where j jdenotes the absolute value; €,05;n and €45, 1 are the positioning errors of trainnandn 1, respectively. £ denotes a nominal
constant safety margin for trains even when they are stationary. The tilde above a variable denotes the estimated value when assuming
braking instead of the actual variable. For instance, &, t and &, ; t respectively denote the estimated front positions (i.e., positions
assuming braking) of train nand n 1 at time t from the complete calculated braking curves, and are expressed as

C

&t Xl St oo (16)
&, 1t Xp 1 t Sp 1 t

wherex, t* andx, ; t* are modified train positions which are defined later in Equations (28) and (30), respectively; s, t ands, 1 t

are the estimated braking distances that trainnand n 1 advances from time t* to time t (t 2 t*; t* ), respectively. To obtains, t and
sp 1 t, we discretize the train dynamics in Equation (3) and assume a constant train acceleration over time intervals of size At such
that

8
= vt At vt a,tAt

- 1 a7
Ix,t At xat vyt At EantAtz

where the time step size At will affect the computational accuracy as well as the computation time of the train separation. In general, At
should be smaller than any of the delays such as communication delays and control delays which are presented in the following
sections. Then s, t and s, ; t in Equation (16) can be written as

> 1 .
Sm t e, T At 5&,,, TA2 2 tt7 (18)
Tt
* P . T Bt . .
where €, T Vi t irenilt 8y T B T e, and &, T denote the estimated speed, acceleration, and control of

trains at the time T, respectively, withm n;n  1.v, t* denotes the modified train speed which is defined in Equations (28) and (30).
sm t can be rewritten as

11



Y. Jietal Transportation Research Part C 173 (2025) 105050

8
S st f Gl tt

2 (19)
?sn 1t f & el Bt

where f denotes the function computing the braking distance; 8, t';t denotes all estimated control of the train over the time range
fromt' tot; &, 1t denotes the initial states of trainn 1 and &, denotes the sent dynamics of train n, which can respectively be
expressed by

En;er Xner; Vniers Un

. w * (20)
Xn Ler t Vn Lier t jup 1t

En Lier t

Let

dt x,t Ly xp1t (21)
which denotes the separation between trainnandn 1. Substituting Equations (16), (19) and (21) into Equation (14), then results in
82t dt  f &yt Bttt f EenBatit  smg (22)
Let the right-hand side of Equation (22) be denoted by function
LI S P - Y - N (23)
To satisfy Equation (22), we obtain:

dinin € max 8§ &l rer t 8, tt;8, 1Lt 24)
t2t°;

where diin t° denotes the minimum of the service/emergency train separation and will be obtained in the following sections.

3.4.1. Braking curve calculation for the leader of a VC convoy
For train n as a leader, taking into account the velocity measurement and positioning errors, we respectively modify the speed and
position of the leader as

Vnermo  Vner & (25)

Xn;er;mo Xnier spos;n

where &,., is the speed measurement error of train n.

Since the follower remains unaware of the operational states of the leader (i.e., accelerating, cruising and decelerating) from the
time t, when the leader sends the message until the time when its next message is received by the follower, there exists a risk of train
collision during this “unknown” interval. Therefore, it is necessary to modify the leader’s dynamics assuming an emergency braking of
the leader.

To modify the acceleration of the leader, considering latencies of V2V communication and dynamic resistances including basic
running resistance, gradient resistance, curve resistance, and tunnel resistance, the worst-case &, t in Equation (18) is defined as

. £
Bremerg ©n & fort  t < t/andvpermo = Veom

Brwor € 2 £t (26)

WoON®

0; else

where Bpemers @t  denotes the emergency braking rate of train n at the estimated speed @, t which is expressed as &, t

Py a BT Bt

Vot Teom 10 1,0 T At with €, T Brcmerg ©n T o, Veom denotes the speed threshold under which there may

occur a premature stop of the leader within the delay Tcom, in other words, if the speed Vi.ermo is below veom, the leader should be

assumed to be already in a full stop at a specific time instant within T,y period. This is out of the concern that if the leader at time

t Teom (i.e. t,) has a speed which is very slow (i.e < Vcom), the leader could have already stopped by the time t* if it applies emergency

braking during the communication delay, which the follower is indeed not able to be aware of. The speed threshold Vo, is written as
(e} 1

x W, T R.T
Veom @ Briemers ®n ¢ npniMnnAAt

T t° Teom

27)

12
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where T.,m denotes the time difference between the time t* and time t, when the leader sent its information (i.e., Tcom t t).
Similar to Equation (26) and on top of Equation (25), the dynamics of train n at time t* are further modified by
8

" xn;er:mo Zn;com; Vn;er;mo = Veom
Xn t # .
Xner;mo Zn;com 3 Vnier;mo Veom
* Vniermo  Veoms Vmermo = Veom
Vo t

= Ov Vnier;mo Veom

(28)

where Z%,

respectively. According to Equation (18), they can be obtained by

and o denote the distance that train n decelerates from time t*  Teom to time ¢ with and without any premature stop,

8 X e 1
%Z# " e, T At Ee" T A2

n;com T ¢ Teom
29
Xeoar 1 (29)

- Zn;com TF Tom e, T At Eﬁ" T A2

3.4.2. Braking curve calculation for the follower in a VC convoy
For trainn 1 as a follower, we also consider the speed measurement and positioning errors and modify the speed and position of
the follower as

Vn 1 f* Vn tLer Lj sv;n 1 (30)
Xp 1t Xn Lier t Epos;n 1
where €,., ; is the speed measurement error of trainn  1;
We further incorporate the actual braking process for the follower, as shown in Fig. 5 which involves a series of control delays,
including:

The system response delay T, 1.4, which denotes the time from receiving the command to initiating traction cut-off. This process is
within the time interval t';tz , wheretg t T, 1.3

The traction cut-off delay T, 1.5, during which the traction force gradually reduces to zero. This process is within the time interval
tg;tc , wheretc  tg Ty 1;8;

The coasting time T, 1.c, during which the traction force is zero but the braking force is not yet applied. This process is within the
time interval tc;tp , wheretp tc Ty 1.5

The braking force building delay T, 1.p, the time required for the braking force to reach the set value (T, 1.p). This process is within
the time interval tp;tg, wheretg tp Tp 1.p-

In practical train operations, these control delays typically fluctuate within certain lower and upper limits, e.g. T, 1.4 2 Tn 1.4;
Tn 1.4 - For safety concerns, we assume that the time delays for the follower are at their upper limits (i.e., T, 1.4, Tn 1.8, Tn 1.c and
Tn 1.p), While the leader has minimal delays (either O or infinitesimal). The upper limit of the total control delay is denoted as

Traction effort
/N

> Time

Fig. 5. Braking process breakdown of the follower.

13
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where 1,”1’8 | and T"}. ., are total control delays of emergency braking and service braking, respectively. T, 1. and T}, withi  A;
B; C; D denote upper bounds of control delays of different phases (i.e. phases (a)-(b)) for emergency braking and service braking,
respectively.

During the response delay phase (a), it is assumed that the follower applies maximum traction using traction force based on its
speed-maximum traction characteristic curve F, 1.max v Wwhich is a function of speed v. Normally, according to the traction charac-
teristics, at lower speeds, the train operates at a constant maximum traction force. As the speed increases, the train transitions into a
constant power phase, during which the traction force decreases hyperbolically. Therefore, the maximal (traction) control in phases (a)
and (b) is given by:

Fi tmax © 1t )
@, 1max t 0. M, . t2 t it (32)

Therefore, in the worst case, starting at speed v, ; t* , trainn 1 applies the maximal traction over T, 1.4 and T, 1,3 and reaches the
maximal speed at the time t; (referred to as v7*f hereafter). In other words, in the worst conditions, the follower accelerates with the
maximal control output 8, 1,max t during both phases (a) and (b), and thus at time ¢, its velocity ®, 1 tc reaches v, at which train
n 1 will be coasting during phase (c).

Furthermore, we also assume a worst case that in phase (d) the braking force applied by the follower remains ineffective until near
the end of this phase. In other words, we assume that the follower continues to coast without any output decelerations in the worst-case
phase (d), after which the follower reaches service/emergency braking. Therefore, considering both the braking delay and dynamic
resistances, the worst-case 8, ; t in Equation (18) is written as:

8
% ﬁ-n 1;max t ;tw t tC
% B

8, 1wor t L1 Ot te t U207 (33)

0; otherwise

wheref, ; ©, 1 t isthe braking rate of trainn 1 with respect to the train speed. According to different braking implementations

of trainn 1, the worst-case 8, 1.wor t in Equation (33) can be divided into

8
. . #
%ﬁn 1;wor; emerg t ,lan 1 en 1 t Bn 1;emerg en 1 t vtE t tn 1
e, 1;wor t ) t2 t";t# (34)
.3 . #H
% ﬁn 1;wor; serv t ,lfﬁn 1 en 1 t Bn 1;serv erl 1 t rtE t tn 1

where B, 1emerg ®n 1t and B, 1y ® 1t are the emergency and service braking rate functions with respect to the speed of
trainn 1, respectively. @, 1:wor; emerg t and 8, 1.wor;serv t are the worst-case train control output assuming train n 1 implements

emergency braking and service braking, respectively.

3.4.3. CBCS-based train separation calculation

As presented in Equation (10), the computation of the Complete Braking Curve is performed by taking into account both the
emergency and the service separation between leader and follower. The emergency separation is based on the complete emergency
braking curves of both the follower and the leader. Substituting Equation (26) and (34) into Equation (24), the emergency separation in
Equation (10) is obtained by

(ﬁmirg t* tg}afx# 6emerg En;er;zn lier t* s Bn:wor t*; t 8y 1:wor; emerg t*; t (35)
where Bemerg f & 1ert iBn 1wor emerg Lt f &neri Brwor £t smy (recall Equation (22)) where
smg Eposmemerg  Eposn Liemerg € With €posnemerg denoting the positioning error of train n for the emergency separation calcula-

tion, Bwor £t Buwor TJt T t and @, 1.wor emerg £t 81 1wor emerg TJt T t where Bywor T can be obtained by

Equation (26) and @, 1;wor; emerg T (recall Equation (34)) is rewritten as
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ﬁn 1;max T ;t* T tC

. H
Bn 1,emerg LI Ve T tn 1 (36)

&n 1;wor; emerg T

W AR 00

0; otherwise

wheret” T titc t Ty14 Tyigandts t

* emerg
n T

7 licon (recall Equation (31)).
The service separation is based on the complete service braking curve of the follower and the emergency braking curve of the

leader. Similarly, Substituting Equations (26) and (34) into Equation (24), the service separation in Equation (10) is obtained by

dflenl, t* tg}at)i 6Sel’V En;er; En lier t* ;an;wor t*; t ;ﬁn 1;wor; serv t*; t (37)

where Bsery f & Lot 8Bn 1worserv £t f &ert Brwor £t smy (recall Equation (22)) where
SMo  Eposmserv Eposn lserv & With Epognserv denoting the positioning error of train n for the service separation calculation.
8, 1wor serv £t 8, 1worsev TJt T t where since service braking of the follower is assumed to obtain the service separation,

By 1.wor: serv U (recall the definition in Equation (34)) is rewritten as:
8

% ﬁn 1;max T 1t* T tC

e, 1:wor; serv | § Bn 1serv [ e T t#l (38)

0; otherwise

wheret” T ttc ¢ TV, TVzandt ¢ T, (recall Equation (31)).

A calculation example of the proposed CBCS-based train separation calculation method calculating emergency separation is
illustrated in Fig. 6, where the complete emergency braking curves of trainnand n 1 are obtained according to Equations (18), (25)-
(34) and (37). Fig. 6 also shows the calculated é profile (black curve), and the complete train separation profiles during emergency
braking of both trains with the follower exploiting an emergency separation at time t* based on EBPS (red solid) and CBCS (red dashed)
methods, respectively.

In Fig. 6, the modified speed of the leader is above that of the follower at time t". Due to the heterogeneous train characteristics
including different control delays and braking performances, the follower accelerates to a speed higher than that of the leader and
decelerates with a higher braking rate than that of the leader. As a result, as depicted in Fig. 6, the complete train separation between
these two trains exhibits an initial increase, followed by a decrease, and ultimately rises again, under which it remains challenging to
determine the safe train separation.

To address this problem, we need to ensure that the shortest train separation between these two trains during the entire assumed

braking process (i.e., from time t* to t*) can still satisfy the condition in Equation (14). Function 8 &..e;&, 1er t ;80 £;0 8y 1 £t

[0/ R i —— Speed of the following train
__________ — Speed of the preceding train

*
Un+1 (t )"
= —~
< )
G| e N e 8
S P Pttt G U S §..smyg
2 i : 2
K= e TN AU Local maximum 1 (of &): Dggpg A

—d
| Train separation (CBCS)
..~ ----- Train separation (EBPS) - Local maximum 3 (of 5)
* t .
t c . i
Time (s) n buvg
#

Fig. 6. CBCS-based train separation calculation method.
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(referred as function 4 hereafter) designed in this paper provides a solution since the global maximum of function o within the domain
t';t* represents the minimum requirement of the train separation without triggering emergency braking of the follower (i.e. the
emergency separation) according to Equation (35).

Existing EBPS-based train separation calculation methods involve at most two local maxima of the function 6, specifically, both of
which are located at the boundaries of the domain of function 6. However, in real train operation, as indicated by the corresponding
graph of function 8 in Fig. 6, there may exist multiple (>2, typically 3) local maxima for t 2 t";t* , e.g., local maximum 1, 2 and 3, as
shown in Fig. 6. In such case, if we employ an EBPS-based train separation, we can only consider up to two boundary points, i.e., local
maximum 1 and local maximum 3, while local maximum 2 will be overlooked, which however, can be obtained using the CBCS-based
method and represent the actual minimum required emergency separation.

More specifically, take Fig. 6 as an example, the emergency separation determined by EBPS falls below the actual emergency
separation calculated by the proposed CBCS method, therefore, in such scenarios, the risk of a train collision significantly increases due
to the complete train separation profile infringing on smy under EBPS, especially at time t, when the train separation reaches its
minimum during the entire emergency braking process. Therefore, using a CBCS-based method can prevent potential train collisions or
infringements on the emergency separation between two trains under VC by supervising the complete braking process of trains and
considering realistic operational factors and train heterogeneities.

Consequently, in this section, the calculation of the emergency and the service train separation under VC addresses numerous
practical factors such as measurement errors of train speeds, differences in train traction/braking characteristics, and the complete
calculated braking curves influenced by the actual operation conditions. Therefore, in practice, where practical factors are involved,
complete predicted braking curves of both the leader and the follower (i.e., CBCS) are needed to obtain the complete function 3. Only
then can we locate all the global maxima of the function 3 accurately and ultimately identify the correct and safe train separation, i.e.,
the service and emergency separation. In this way, the risk of train collisions can be mitigated, regardless of any specific braking
processes of trains and the presence of risk factors.

3.5. Artificial potential field-based train controller under VC

The Artificial Potential Field (APF) method was proposed by Khatib (1986). The fundamental concept involves constructing an APF
that combines an attractive field towards the target and a repulsive field around obstacles. In the context of APF-based control, vehicles
are navigated by respecting the gradient of the constructed APF. Specifically, the potential field method metaphorically represents
obstacles as elevated peaks characterized by high potential energy values (manifested through steep descents of the repulsive field) on
a topographical plane. Conversely, the target point is analogous to a valley marked by a lower potential energy value (exhibiting slow
gradient descents of the attractive field). In this way, the vehicle navigates by searching for directions of the decreasing potential
energy of APF, enabling collision-free movements. The presence of the attractive and repulsive poles considered in the APF approaches
makes it particularly suited to the described need of VC to supervise the complete braking procedure by keeping the safe train sep-
aration close to the service separation and far from the emergency separation. In this case, the service separation is employed to create
the attractive field, while the emergency separation contributes to generating the repulsive field.

xtalget (f *)

Attractive APF n+l ;
-~ Gradient of APF »£00000000 g - ,00000000\
(>» V2V communication wain i1 R : ) ) train 1 " Position
i+l H

x, ()

Service/Target position

(a) Attractive APF

X ()
.

Bl Repulsive APF 00000000\
---- Gradient of APF C 3
(>» V2V communication train n+1 o, : train » : Position
xn+l (f ) E '
v x, (%)

Emergency/Obstacle position
(b) Repulsive APF

Fig. 7. Diagram of the artificial potential field method in VC.
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In this paper, we define the target position to reach as an attractive pole (Fig. 7(a)) and the emergency position that the train should

avoid as a repulsive pole (Fig. 7 (b)), i.e., xi™8 ¢ is the target and x{"{" ¢* represents the position of an obstacle in APF of trains

n

under VC at time t". They are given by

C

target * * serv. ¥
X, 5t Xt L, &7t

. . . (39)
X E xy t Ly dygEt

Recall that t" can be any time instance from the time when the follower receives information from the leader to the time when the
follower receives the next message; x,, t* denotes the current rear end of the leader which is determined by the leader. &} t' and
d)"7® ¢ are the calculated ‘service separation’ and ‘emergency separation’ between trains under VC, respectively (recall the defi-
nitions in Section 3.1 and the calculation in Equations (35) and (37)).

Therefore, we generate both attractive APF and repulsive APF artificially to make the train move towards x5 t* while keeping

the train away from x5 t* . The desired control of train n 1 at time t" is then given by
* Fattr Xn 1 t% Frep Xn 1 t* Wn 1 t* Rn 1 t%.
Up 1 t (40)
"o Pn 1Mn 1

where Forr X, 1 £ and Frep Xn 1 t' are the attractive force and repulsive force at positionx, 1 t* , resulting from the attractive and
repulsive APF functions, respectively, which will be given in Sections 3.5.1 and 3.5.2. The u 1np t is used in the train dynamics in
Equation (3) to obtain the actual control taking into account the inertial lag of control.

It is important to emphasize that the repulsive pole of the constructed APF in this paper should not be extended to any position
further than the emergency position (e.g. the rear end of the leader). This is because, if the follower exceeds the emergency position,
there is a serious risk of a collision with the leader in the event of emergency braking by the leader, even if the follower also implements
emergency braking (recall the definition of the emergency separation in Section 3.1).

3.5.1. Artificial attractive and repulsive field

In VC, the control system drives the follower to move synchronously together with the leader while keeping an expected short
separation between each other. In APF, this control feature can be accounted for through an attractive APF, which describes the in-
fluence of the targets (i.e., the target position) on the follower to regulate the corresponding APF effort to drive the follower to reach a
target separation between its leader.

To this purpose, the attractive APF of trainn 1 (i.e., the follower) regarding the target position " t* [km] is written as
purp 8 g getp n 1
1 target + 2
Uattr Xn 1 t Ewatt Xn 1 t xn 1 t (41)

where wy is a gain concerning the train separation. Therefore, the attractive APF effort Fay X, 1 £  in Equation (40) resulting from
the attractive APF function is given by

* * * target
FatLr Xn 1 t rUattr Xn 1 t Wart Xn 1 t X" % t (42)

where r denotes the gradient of the potential field with respect to position x, 1 t* [km].

The obstacle APF describes the influence of the obstacle on the follower, and its final goal is to regulate the corresponding APF
effort to keep the follower away from the obstacle position. Usually, the obstacles are depicted by the APF by creating an imaginary
mountain of the repulsive field surrounding its physical dimension, as shown in Fig. 7(b), where the coloured area represents the
repulsive field of the leader. Basically, in this case, the follower cannot proceed by running through the obstacle due to the presence of
an obstacle train in the front. Based on the Gaussian function (Wolf and Burdick, 2008), the following repulsive potential field is
introduced

8 . N B
% O;ifxy 1 £ <X)58E Yy,
WoXy 1 £ XTB L Upp X8 E ifxy 1 £ > 50t
Urep Xn 1 t 7 . 1 (43)
g Xp 1t Xq 1 t* xemerg t'k 2 )
= Woexp i 50 2l dx, 1 t* ;otherwise
(=) o

where y, is the maximum impact distance of the obstacle and it is usually considered as a positive constant. Therefore, the obstacle

influential surface ranges from position x; ;¢ t*  y,toxn 3¢ ¢ [km], whereatx:"5® t* the repulsive APF reaches its maximum; w,

n1 n 1
is the height of the Gaussian function and is a positive weight; exp denotes the exponential function; 0, is the standard deviation of

the Gaussian function and can be defined as

2

2 yo

2ln £ (44)

Go
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where ¢ is a positive constant and significantly smaller than w, (i.e., € w,). Therefore, the repulsive APF effort Frep X, 1 t° in
Equation (40) resulting from the repulsive APF function is given by:

% Ojifx, 1 £ <x™S® 0y,
) 3 Woiifxy 1 £ > x50 t
Frep Xn 1t rUrep Xn 1t 2 1 (45)
% X1t XM .
Wo€Xp 502 ; otherwise:
o

3.5.2. Dynamic impact distance

As shown in Fig. 8(a), if the target position and the emergency position of the follower are close, then as the train approaches its
target, the attractive field experiences a decrease, while the repulsive field experiences a rapid increase. In this situation, the repulsive
force derived from the repulsive field is much stronger than the attractive force derived from the attractive field, making it impossible
for the train to reach its target point. To address this, as depicted in Fig. 8(b), this paper proposes an improved the APF method by
introducing a dynamic impact distance y, t* , defined as

emerg
10t

yO t xll

target ,* ..
XL ifx

MIE >yt ¢ (46)
which dynamically modifies the impact distance of the emergency position taking into account both the target and emergency po-
sitions. In this way, even when the distance between the target and emergency positions decreases to a short distance (e.g. when the
speed of the train convoy under VC reaches a low speed), the target position of the follower remains reachable while avoiding the
emergency position.

Substituting Equation (46) into Equation (44), Equation (44) can be rewritten as

target x 2

t

9 emerg
2 * yo t xn 1 t xn 1

t
Zlnwio 21nwi0

O (47)

where 0, t* is the standard deviation of the Gaussian function at time ¢, which can be generated dynamically according to the dy-

target emerg £

namic changes in the values of x"8* t* and x, (i.e., the target and the obstacle position). Therefore, the repulsive APF effort in

Repulsive APF

y
Attractive ‘_\PFN Utep

Ustte : % . .
», 000000007\ é!UUUOOUU\E
— train n+1 - M ) train » _l Positio>n
X, (1) 5 e
X ) () ()
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(a) APF with constant impact distance
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(b) Improved APF with dynamic impact distance

Fig. 8. Comparison of APF between exploiting constant and dynamic impact distance.
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Equation (45) can be rewritten as
target _*

g 0;ifx, 1t <x,3 t
Wwoifx, 1 £ >
1
g,

Frep Xn 1 t * emerg ,x 2 * emerg ,+ 2 ! (48)
Xp1 £ Xyt Xo1 & XyTEE € .
L EXP T Wo€Xp - po— sIn— | otherwise:
20’0 t xflmirg t xnar%e t Wo

4. Experiments and results
4.1. Case study description

The proposed APF-based train control algorithm for supervising the complete train braking curves and the dynamic safety margin
has been validated through simulations with real-world operational data from a high-speed railway corridor in China. Specifically, the
railway corridor from station Hengyang East (HYE) to Leiyang West (LYW) is considered, covering a distance of 20.2 km. Fig. 9 il-
lustrates the gradient and curve radius of the high-speed corridor. Within this corridor, there are also two tunnels covering from 15.2
km to 15.6 km and from 18.2 km to 18.4 km, respectively.

The main objective of the experimental design is to assess the performance of the developed APF-based train control for different
combinations of heterogeneous trains in a VC convoy as well in the presence of risk factors such as response delays in signalling and/or
communication systems. A comparison is also made between the End Braking Point Supervision and the Complete Braking Curve
Supervision to assess the corresponding impacts on the control indications received by the follower. The experiments consider two
trains having heterogeneous rolling stock characteristics following each other in a VC convoy. The initial separation at departure
between the two trains is set to 250 m. In the VC train convoy, the leader is assumed to move according to the planned speed profile on
the experimental corridor (illustrated in Fig. 9) which includes running time allowances enabling the train to cruise at speeds lower
than the max track speed limits. The follower is instead assumed to be virtually coupled to the leader and move synchronously with it
by following speed controls provided by the developed APF-based algorithm.

The traction and braking characteristics of the CRH6A (China Railway High-speed 6 A) train are given in Table 2 where Fyax v
denotes the maximum traction effort of the CRH6A train (recall Fymax Vo t  in Equation (5)).

Other input parameters are detailed in Table 3 where CRH6A-1 and CRH6A-2 are the two variants of the same rolling stock of
CRH6A, with different characteristics corresponding to the two heterogeneous experimental trains exploited in our experiments.
Specifically, CRH6A-1 is the original rolling stock of the intercity Electric Multiple Units (EMUs) of CRH6A, while it is assumed that
CRHG6A-2 has 25 % lower braking capability than CRH6A-1.

The coefficients of wa, W, and € concerning the APF function are fine-tuned manually through experiments. To determine the
optimal attractive APF weight (w,), the weight w, is calibrated to achieve the shortest convergence time of the leader to reduce
separation deviation (given initial separation deviations) between the actual and the service separations. Determination of the optimal
repulsive APF weight (w,) involves emergency braking tests of the leader at different speeds from 0 to 200 km/h. The weight w, is
calibrated to identify the optimal control performance of the follower preventing infringements of the emergency separation using
service braking (i.e. the follower avoids approaching the emergency position even when applying service braking in response to the
sudden emergency braking of the leader) while simultaneously minimizing fluctuations in the change rate of follower’s control. The
weight €, as presented in Section 3.5.1, should satisfy the condition €  w,. All calibration processes are conducted under different
combinations of trains in the VC convoy, specifically the combination CRH6A-1/CRH6A-2 with CRH6A-1 as the follower and CRH6A-2
as the leader, and the combination CRH6A-2/CRH6A-1 with CRH6A-2 being the follower and CRH6A-1 the leader.

The objective of the experiments is to test the performance of the proposed APF-based train control algorithm for different com-
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Fig. 9. Experimental line characteristics and speed reference.
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Table 2
Braking characteristics of CRH6A trains.
Speed (v) (km/h) Service braking rate (m/s2) Emergency braking rate (m/s?) Speed (v) (km/h) Fmax(N)
v2 0;5 0.8654 0.999 v2 0;60 296,010
v2 5;20 0:0203071v  0:7639 0:8820 0:0234v v2 60;200 5161200=v
v2 20;70 1.17 1.35
v2 70;118 0:0017749v  1:2942 1:3879 0:0005418v
v2 118;200 0:002231v  1:348 1:8752 0:0046716v
Table 3
Parameters of experiments.
Parameter Notation Value
Train length Ly, Ly 1 201 [m]
Numbers of engines and trailers €S, €8 qich, € g 4
Mass of engines (CRH6A-1) m§, m§ 4 190 [t]
Mass of engines (CRH6A-2) 218 [t]
Mass of trailers (CRH6A-1) ms, mfl 1 180 [t]
Mass of trailers (CRH6A-2) 208 [t]
Rotary allowance of engines Yes Vo 1 0.1[N 1]
Rotary allowance of trailers Ve ¥y 0.05 [N ']
Actuator lag of train Tna Tn 12 0.5 [s]
Total control delay Tfl"‘ffm, T con 1.5, 1 [s]
Response delay Tn 14 Tn 1:con= 6
Traction cut-off delay Tn 1B Tn 1con= 3
Coasting delay T 10 Tn 1:con= 6
Braking implementation delay To 10 T 1con= 3
Coefficients of basic resistance Ay, B,Cim nn 1 5.4 [N/t], 9.8e-3 [N/t/km.h 1], 1.63e-3 [N/t/km.h 2]
Cross-section of tunnels A 100.11 [m?]
Coefficients of tunnel resistance ke, ki, bS8, b, m mn 1 1140, 662, 1.48, 1.75
Speed measurement error €ymy Evin 1 0.5 [km/h]
Positioning error €posimemergs Eposymiservs Eposm M mn 1 7.5, 5,5 [m]
Constant safety margin € 5 [m]
Maximum change rate of control Un;max> Un 1;max 0.8 [m/s%]
Maximum communication delay Teom;max 0.2 [s]
Time step size At 0.1 [s]
Attractive APF weight Watt 1le7
Repulsive APF weight Wo 4e5
Nominal positive constant € wo,=1000

binations of heterogeneous trains under VC with different Dynamic Safety Margins (DSMs). Additionally, the dynamic impact distance
of the emergency position (i.e., the repulsive pole in the APF) proposed in this paper is compared with a constant impact distance of 10
m as defined in the literature (Guo and Li (2023)). For clarity, cases employing a constant impact distance are denoted with the suffix
“_c” at the end. All case studies are detailed in Table 4, where D,ppr, Degps, and Dcpcs are given in Table 5 and defined as:

Dappr, refers to an approximate calculation method of train separation with DSM taking into account only the difference of total
braking distances of trains by referring to an EBPS-based train separation, using flat tracks and without including any risk factor;
Dgpps, refers to an EBPS-based train separation with DSM and considers realistic track characteristics and risk factors, as illustrated
in Section 2.2.

Table 4

Simulation setting of cases.
Case DSM The follower The leader Impact distance of the repulsive APF
Dappr_CRH6A-1/CRH6A-2 Dappr CRH6A-1 CRH6A-2 Dynamic
Dappr_CRH6A-2/CRH6A-1 CRHG6A-2 CRH6A-1 Dynamic
Dgpps_CRH6A-1/CRH6A-2 Dggps CRH6A-1 CRH6A-2 Dynamic
Dgpps_CRH6A-2/CRH6A-1 CRH6A-2 CRH6A-1 Dynamic
Dcpcs_CRH6A-1/CRH6A-2 Dcpes CRH6A-1 CRH6A-2 Dynamic
Dcpcs_CRH6A-2/CRH6A-1 CRH6A-2 CRH6A-1 Dynamic
Dgpps_CRH6A-1/CRH6A-2_c Dggps CRH6A-1 CRH6A-2 Constant
Dgpps_CRH6A-2/CRH6A-1 ¢ CRH6A-2 CRH6A-1 Constant
Dcpcs_CRH6A-1/CRH6A-2 ¢ Dcpes CRH6A-1 CRH6A-2 Constant
Dcpcs_CRH6A-2/CRH6A-1 ¢ CRH6A-2 CRH6A-1 Constant
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Table 5
Definitions of different DSM.
DSM Calculation Method Separation Definition
T
Dappr EBPS (with flat tracks and no risk factors) Service Vo1 t?2 v t2 :
max smo); 1 n
2Bp ey Vn 1 t 2B1max
Emergency Vo1 t2 vt
max smo;
2By temerg Vn 1 t 2Brmax
Degps EBPS Service ‘ . .
max smo; Sserv Eners &n vier £+ Bwor €567 180 1worsery £
Emergenc; * « «
geney max smo; Semerg &meri &n 1ier £ 3 Bmwor £ 187 18y Liwor emerg €57
Deacs CBCS Service . .
maxXp ¢ Oserv &mers&n Ler £ 3 Bmwor €1t By Lworisery £t
Emergency

maXp ¢ Oemerg &meri&n 1er £ Bnwor €1t 8 Liwor,emerg L 5L

Dcpcs, uses instead a CBCS-based train separation with DSM to take into account the supervision of the complete train braking
process, realistic track characteristics and operational risk factors.

To present the preliminary findings regarding the emergency separation that considers the most safety—critical train separation
requirement, we conducted comparative experiments to calculate different emergency separations employing three different calcu-
lation methods with different DSMs (as defined in Table 5): Dapyr, Dgpps, and Dcpcs, respectively. In these experiments, all methods
were fed with the same set of speed profiles of the leader (CRH6A-2) and the follower (CRH6A-1), depicted in Fig. 10 by the solid blue
and orange lines, respectively. Trains are running on the experimental line illustrated in Fig. 9. The results for the different emergency
separations are shown in Fig. 10. As the emergency separation using the proposed CBCS method fully supervises the complete train
braking process while taking into account realistic track characteristics and operational risk factors, the emergency separation in Dcpcs
is considered as the benchmark (the solid red line in Fig. 10). Therefore, results of either Dy, or Dggps are considered incorrect and
risky if their emergency separations infringe the emergency separation in Dcpcs, i.€., when the solid or dotted purple lines in Fig. 10 fall
below the solid red line. According to Fig. 10, the emergency separations calculated using the approximate method and the EBPS
method frequently falls aggressively below the benchmark (the emergency separation in Dcpc