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Abstract— Railway infrastructure operators need to push their
network capacity up to their limits in high-traffic corridors.
Virtual coupling is considered among the most relevant innova-
tions to be studied within the European Horizon 2020 Shift2Rail
Joint Undertaking as it can drastically reduce headways and thus
increase the line capacity by allowing to dynamically connect
two or more trains in a single convoy. This paper provides a
proof of concept of Virtual coupling by introducing a specific
operating mode within the European rail traffic management
system/European train control system (ERTMS/ETCS) standard
specification, and by defining a coupling control algorithm
accounting for time-varying delays affecting the communication
links. To that aim, we define one ploy to enrich the ERTMS/ETCS
with Virtual coupling without changing its working principles
and we borrow a numerical analysis methodology used to study
platooning in the automotive field. The numerical analysis is also
provided to support the proof of concept with quantitative results
in a case-study simulation scenario.

Index Terms—Railways, ERTMS/ETCS, automatic train
control, virtual coupling, simulation, numerical analysis.

I. INTRODUCTION

HE European Railway Traffic Management System/

European Train Control System (ERTMS/ETCS, or sim-
ply ERTMS hereinafter) [1] is an international standard aimed
at improving interoperability and performance of modern
railways. After several years of experience with ERTMS
development, the railway industry is tackling the challenge
of improving the standard and designing the new generation
railway control systems. In order to foster coordination of
research and innovation efforts, the European Shift2Rail Joint
Undertaking has been established under Horizon 2020 [2].
Shift2Rail has devoted an entire pillar of its programme
(i.e. IP2, advanced Traffic Management and Control System)
to enhance capacity and reliability through improved manage-
ment of signalling and supervision systems. One important
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step in this direction is to increase rail capacity by introducing
moving block signalling. Some pilot ERTMS installations exist
implementing moving block signalling although such experi-
ences are very limited to date [3]. The Shift2Rail IP2 addresses
research in the field of moving block signalling and also
goes a step further by introducing the concept of Virtual
Coupling.

Virtual Coupling could be a ground-breaking innovation in
railways as it enables coupling/uncoupling of train convoys
by drastically reducing headways. That opens a completely
new scenario in which cooperative driving could be exploited
based on Train-to-Train communication and distributed
control, in order to achieve a global coordination of virtually-
coupled convoys via wireless communication. The contribu-
tion of this paper is twofold: firstly, it provides technical hints
to introduce and evaluate Virtual Coupling in the context of
ERTMS; secondly, it provides a numerical analysis of rail
vehicle cooperation and platooning strategies borrowed from
the automotive domain in order to perform a preliminary eval-
uation of feasibility and performance. In this study, we assume
to enrich ERTMS with Virtual Coupling instead of defining a
fully new signalling system, which is the preferred approach
to ensure backward compatibility and minimize the impact on
existing infrastructures since it guarantees the re-use of stan-
dard operating modes and related safety mechanisms. Based
on that assumption, we define and evaluate a coupling control
strategy that is robust against communication impairments.
The closed-loop exponential stability is analytically proved
for this control strategy by exploiting a proper Lyapunov-
Krasovskii functional that extends to a network of dynamical
systems in presence of multiple delays the approach proposed
in [4] for a single time-delayed system. A realistic case study
is introduced to perform simulations and provide some insights
about the possibility of actuating platoons of trains. Although
the evaluation results reported in this paper are dependent
on the specific simulation scenario, the methodology we
introduce is generic and applicable to diverse train speeds and
configurations.

This paper is organized as follows. Section II contains a
brief overview of ERTMS concepts and terminology as well
a discussion about related works. Section III discusses how
to extend ERTMS with Virtual Coupling and some reliability-
related implications. Section IV introduces the coupling con-
trol strategy for cooperative driving and platooning in ERTMS.
Section V reports simulation results in the example scenario.

1524-9050 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. (a) ERTMS Level 2 - Fixed Block; (b) ERTMS Level 3 - Moving Block; (c) ERTMS Level 3 + Virtual Coupling.

Finally, Section VI provides some closing remarks and hints
about future developments.

II. BACKGROUND AND RELATED WORK
A. ERTMS Levels

The ERTMS standard defines the functional architecture,
technologies and message format to ensure safe communi-
cation between train onboard and trackside equipment. The
specifications identify three levels of growing complexity that
can be implemented singularly or jointly.

o ERTMS Level 1. At this level, communication is dis-
continuous and based on signals transmitted by the
so-called Euro-balises that are devices installed between
track lines. Some additional mechanisms (i.e., infill) can
be used to make signalling semi-continuous, but ERTMS
Level 1 cannot guarantee the capacity of higher levels
due to technology limitations, and it is therefore out of
the scope of this work.

o« ERTMS Level 2. This level implements continuous radio
signalling based on the EURORADIO safe protocol via
the Global System for Mobile Communications - Railway
(GSM-R). The exact positions of the trains and all the
other necessary information are automatically transmitted
at periodical intervals and/or upon events. The movement
authority is transmitted to the train at any time together
with all the information related to speed profiles associ-
ated to track characteristics, conditions, speed restrictions,
etc.

o ERTMS Level 3 implements moving block instead of
fixed block signalling. This allows for the definition of
movement authorities regardless of fixed block sections
according to the traffic conditions. As a consequence, this
level is able to maximize track capacity.

The trackside controller responsible for train separation is
named Radio Block Center (RBC). The distance each train
can cover in safe conditions is named Movement Author-
ity (MAs) and it is computed by the RBC based on train
position and track conditions. The end of the MA is named
end of authority (eoa) and the allowed speed at the end of
authority is named Veoa. MAs allow the on-board European
Vital Computer (EVC) to compute the dynamic speed profile

and braking curves. The speed profile is used to set train
maximum speed depending on forward track conditions (speed
restrictions, distance from the preceding train, etc.).

At ERTMS Level 3, the MA is computed by considering the
actual distance between trains, while at Level 2 the occupation
status of the so-called track circuits must be detected (see
Fig. 1a and Fig. 1b). Hence, Level 3 allows the removing of
the track segmentation into fixed blocks. It is rather intuitive
that Level 3 provides higher capacity compared to Level 2 due
to shorter headways, at the expense of additional train integrity
check mechanisms. The new paradigm of Virtual Coupling we
address in this paper has been associated by some analysts
to a future ERTMS Level 4 [5], although there is currently
no reference to that level in the official ERTMS documents.
Virtual Coupling allows trains to join and increase line capac-
ity due to extremely short headways (Fig. 1c). In this paper,
we suggest a simple way of implementing Virtual Coupling
in the context of ERTMS by assigning the following train
a release speed at Veoa that is equal to the speed of the
preceding train. Such a mechanism can be managed by the
RBC based on the position reports received from the trains
and including current train speeds. Together with the need for
the specification of a further ERTMS level and/or on-board
operating mode, the real implementation of Virtual Coupling
poses additional challenges in terms of reliability and safety
that need to be investigated extensively before such a system
can become operational.

B. Related Works

Virtual Coupling is a recent concept that is still far from
being implemented and as such it represents an open research
challenge in the railway domain. The transition towards
ERTMS Level 3 moving block signalling has been very slow
due to its benefits probably not justifying transition costs and
additional risks to be managed. A number of solutions are
currently being developed at different levels and the expected
benefit of adding Virtual Coupling on top of ERTMS Level 3 is
considered crucial for the future implementation of the stan-
dard [3]. A few recent reports from international railway orga-
nizations and professional institutions introduce the idea of
Virtual Coupling in general terms [2], [5]. The Shift2Rail Joint
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Undertaking Multi-Annual Action Plan [2] also states that
“virtual trains” represent “a total deviation from the traditional
railway operational concept” and proposes that any investiga-
tion “starts from the current interoperable signalling system”
(i.e., ERTMS). The report published by IRSE (Institution of
Railway Signal Engineers) [5] discusses the Virtual Coupling
concept and poses some questions about its safety and benefits.
A few recent works address the technologies required for the
implementation of Virtual Coupling (for example see [6]).
Virtual Coupling heavily depends on wireless communication,
hence works addressing innovative technologies for railway
communications also mention Virtual Coupling and Train-
to-Train communication as promising applications (e.g., see
[7]1-[10]). To the best of our knowledge, no studies have
been published yet which provide hints for implementation
of Virtual Coupling on top of ERTMS Level 3 leveraging
on existing ERTMS “language” (variables, packets, messages)
and evaluate feasible control strategies in realistic scenarios,
as we do in this paper. However, a new transportation paradigm
is emerging for connected ground vehicles, such as cars,
moving according to platoon-based driving patterns. To cope
with all the challenges and uncertainties arising from vehicle
cooperation, platooning has already been investigated from
different control perspectives in road transportation scenarios
(e.g., see [11]-[14] and reference therein for a survey of
the topic including communication constraints and related
hardware solutions). The analysis performed in this paper
also investigates the portability of some results achieved in
cooperative driving and car platooning to the railway domain.
Safety and reliability issues are only partially addressed by
this study, as additional research is needed to consider all the
relevant factors [5].

ITI. VIRTUAL COUPLING IN ERTMS
A. Extending the On-Board Operating Modes

We have mentioned that ERTMS Level 3 is suitable to
achieve very high capacity on high traffic corridors; however,
its upgrade to Virtual Coupling while keeping backward
compatibility with existing infrastructures would ensure their
full exploitation. In ERTMS, Operating Modes are defined for
the on-board European Vital Computer (EVC) according to
the status of the track in order to guarantee adequate safety
levels [1]. The Full Supervision operating mode is enabled
when all information data required for complete train supervi-
sion is available. Partial Supervision (PS) is used when some
information is missing and includes the specific Shunting,
On-Sight and Staff Responsible modes. For the purposes of
this discussion, we will only distinguish between FS and PS.
As already mentioned, in this study we assume to implement
Virtual Coupling by adding a further ERTMS Level 3 Operat-
ing Mode on top of Full Supervision. The new Operating Mode
would be named “Full Supervision plus Virtual Coupling”
(FSVCO). In order to switch from FS to FSVC, the ERTMS
infrastructure should check and guarantee that all the necessary
conditions are fulfilled, including sufficient MA assigned to the
preceding train, sufficient MA overlap between preceding and
following train to ensure same routing in stations, successful

FSVC conditions KO
ERTMS Level 3 FS conditions KO
FSVC
FSVC conditions OK

FSVC conditions KO
FS conditions OK

ERTMS Level 3
PS

FS conditions OK

FSVC conditions OK]

FS conditions OK 3
ERTMS Level 3
FS

Extended ERTMS Level 3 operating modes.

FS conditions KO

Fig. 2.

1

Fig. 3. Theoretical performability model.

establishment of Train-To-Train communication, etc. It is
not in the scope of this paper to define all the additional
FSVC safety requirements that should derive from the hazard
analysis. If the infrastructure cannot guarantee all the required
safety conditions, then ERTMS must fall back to FS, provided
that its conditions are fulfilled, otherwise it must switch to PS
(see Fig. 2). No direct switching from PS to FSVC should be
possible. In FSVC, the EVC should always apply the most
restrictive speed profile (MRSP) between the one provided by
the RBC and the one provided by the preceding train through
train-to-train communication. Hence, one of the advantages of
the approach based on the additional FSVC operating mode is
that the underlying safety and reliability conditions ensured by
ERTMS remain unchanged. In FSVC, all the safety conditions
related to trackside status, like speed restrictions, emergencies,
route failures, etc., are still checked and supervised by the
RBC. Regarding MA and MRSP computation derived by train-
to-train communication, it is expected that a critical factor
will be the capacity of the system to quickly and regularly
update MA to trains so that they will not be obliged to slow
down and disconnect from the preceding trains. Therefore,
if the communication infrastructure ensures enough throughput
and reliability such that the T_NVCONTACT timer used
for vitality checking can be set to sufficiently low values
(below 1s), then safety concerns will be automatically cleared.

B. Performability Issues

The transitions among the ERTMS operating modes dis-
cussed above can be modeled by the Petri Net in Fig. 3.
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Fig. 4. Results of FSVC performability evaluation.

The delays associated to the stochastic transitions representing
mode changes have a negative-exponential distribution. That
assumption is realistic since those transitions represent time-
to-fail (i.e., moving from higher to lower supervision) and
time-to-repair (i.e., moving from lower to higher supervision)
whose stochastic variables are demonstrated in the reliability
theory to be well-modeled by negative exponential distribu-
tions. The transitions 7_FSVC and T_FS have deterministic
firing rates as they represent the frequency of trains stably
running in FSVC and FS, respectively. The places P_T and
P_R and the transition 7 have been added to evaluate the
train frequency as a function of sojourn times in FSVC, FS
and PS. Specifically, the throughput of transition 7" provides
an upper bound to the number of trains the system is able to
manage in the time unit (i.e., theoretical system capacity) as
a function of model parameters. As an example, if we assume
the trains running at 300 km/h on the Milano-Bologna high-
speed ERTMS track in Italy, with realistic MAs at full speed
of 15 km, then the maximum frequency would be 15/300 =
0.05 h (i.e., 3 minutes minimum dispatching time).

At FSVC, the distance between trains will be given by
the train minimum/maximum safe rear/front ends that are the
train extremes augmented by the odometric errors. We assume
an inter-distance of 3 km at 300 km/h, which correspond to
a frequency of 3/300 = 0.01 h (i.e., 36 seconds minimum
dispatching time).

Performability model evaluation results are shown in Fig. 4.
Without FSVC, the T frequency would be 20 trains per hour
that is one train each 3 minutes. Such theoretical minimum
is the closest corner in the graph (i.e., lowest point), where
the rate of the transition towards FS is higher and the rate
of the transition towards FSVC is lower: that corresponds
to maximum time spent in FS due to improper implemen-
tation of VC or faulty train-to-train communication channel.
On the opposite, with a low rate of faulty conditions in
FSVC, we would be closer to the farther corner in the graph
(i.e., highest point), where the rate of the transition towards
FSVC is very high while the rate of the transition towards
FS is much lower. In such a condition, where the trains stay

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

in FSVC most of the time, the graph shows a value close to
100 trains per hour, that is one train each 36 seconds as per
our calculations. Any other combinations of mode transition
frequencies are possible: for instance, if FSVC is kept very
reliably once reached a stationary condition, but the coupling
procedure is very slow, then the situation would be the one
of the extreme left corner of the graph: around 60 trains per
hour that is 1 train per minute, still 3 times better than FS.
A similar result (see extreme right corner of the graph) holds
if we have an efficient yet unstable transition to FSVC, with
trains easily getting from FS to FSVC but also leaving FSVC
often, e.g. due to communication faults.

C. The Need for Train-to-Train Communication

If there were no limitations on the performance and reli-
ability of communication channel between train and track-
side, then ERTMS Level 3 could support Virtual Coupling
to a certain extent by simply setting the Veoa variable
equal to the speed of the preceding train, as aforementioned.
However, as trains get closer (see Fig. 1 (c)), the infrastructure
would need to send MA and any emergency messages at
ultra-high speeds in order to ensure safe latencies due to
extremely short headways. Consequently, engineers should
reduce the T_NVCONT ACT vitality timer in proportion to
the headway reduction. Today, that timer is set to few seconds
to get a good trade-off between safety and performance.
In absence of Train-to-Train communication, the timer should
be set to fractions of second, scaling down one or two orders
of magnitude. That is clearly not compatible with current
communication technology used in ERTMS.

Hence, in the rest of this paper we assume that Train-to-
Train communication is provided by means of Wi-Fi connec-
tion or next-generation networks (e.g., 5G).

Together with train mass and braking capability, actual
Virtual Coupling headways will be dependent on train
positioning system precision (e.g. odometer error or satellite
positioning resolution in future generation ERTMS [15]),
which has an influence on the entity of safe margins
(i.e. Minimum/Maximum safe Rear/Front End), and on the
Train-to-Train connection performance (including bandwidth
and stability) together with the availability of appropriate
sensors/radars.

IV. COUPLING STRATEGY
A. Communication Topology and Preliminaries

As justified in the previous Section, we assume that trains
are equipped with Train-to-Train communication interfaces to
share information on their current state (position, velocity, and
acceleration). We also assume that the RBC acts as virtual
leader by dispatching the reference behavior to the other trains
under its supervision.

The communication network established among N trains
can be modeled by a direct graph Gy = (Vy, En, An), wWhere
Yy ={1,..., N} is the set of nodes (trains), and Ey C Vy X
Vn the set of edge (communication links among trains). The
topology of the graph is associated to the adjacency matrix
Ay = laijlnxn encoding train communication relationship,
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where a;; = 1if (i, j) € £y, and a;; = 0 otherwise. Note that,
aiji = 0 since the self-loops (i, i) are not allowed. Moreover,
defining the degree matrix as A = diag{Ay,..., Ay}, with
A = ZjeVN a;j, the Laplacian matrix of Gy is defined a
Ly = A — Ay. Furthermore, a path of length # in a graph
is an ordered sequence of # 4 1 vertices such that any pair of
consecutive vertices in the sequence is an edge of the graph.
If there exists a path from node i to node j, we say that j is
reachable from i.

We consider N trains plus an additional agent representing
the RBC labeled with the index zero, i.e. node 0. Then,
the resulting network topology is described by a directed graph
Gn+1. Finally, we assume that node O is globally reachable,
i.e. always there is a path in Gy from every node i in Gy
to node 0.

B. Control Design

The control design starts with a simplified model of the
system. Considering a group of N trains (i = 1, ..., N) partic-
ipating to the coupling, we denote the kinematics parameters
of the i-th train moving along the track as position »; [m],
velocity v; [m/s], acceleration a; [m/s?] and jerk je; [m/s?]
measured w.r.t. a railway reference frame. The dynamics can
be expressed in the state space as the following third order
model [16]:

Fi(t) = v;(t),
0i (1) = a; (1), | | (1)
ai(t) = je;(t) = —Fai(f) + 7”10)

where 7; > 0 [s] is the time constant of the drive train
depending on the train specific features, while u; is the desired
acceleration to be set to the i-th train to be coupled within
a platoon. Since we are dealing with automated longitudinal
control, model (1) considers only the actuation lag (i.e., the
actual acceleration of the train is assumed to track the desired
acceleration with a time constant 7;).

According to the Virtual Coupling paradigm, the reference
behavior 7o (1) = vg, vo(t) = ap = 0 (being ro [m], vg [m/s],
and ao [m/sz], reference position, velocity, acceleration) is
transmitted to the trains by the RBC. Hence, the Virtual
Coupling goal can be expressed as:

ri(t) — ro(t) +dio; vi(t) = vo; ai(t) = ap;  (2)

where d;p = hijovo + disé is the desired distance of the train
i from the virtual leader to be set according to the spacing
policy, being h;o the time headway (i.e., the time necessary
for the train i-th to travel the distance from the leader) and dfé
is the desired distance between vehicles i and the leader O at
standstill [17]. Note that, with no loss of generality, the spacing
policy can be referred to the leading reference since train
separation can be expressed as the spacing w.r.t. the reference
position ro(¢) [18] provided by the infrastructure.

To achieve the Virtual Coupling goal in (2), we propose
the following decentralized control strategy composed of two
terms: a local action depending on the state variables of
the vehicle (measured on-board) and an action depending on

the information received from neighbors and infrastructure.
The control protocol embeds the error w.r.t. the reference
behavior that trains are forced to reach and keep during
the coupling, as well as the time-varying communication
delays, as:

1 N
Ui == Z,’:o kijajjlri(t)—rj(t—1ij (1)) —hijvo — dij]
= bipiolvi(t) — vol — yipioai(t)
1 N
+ A_l Zj:O k,-ja,-j Tjj (t)l)() 3)

where k;;, b; and y; are the control parameters that act as
stiffness and damping coefficients to be tuned for regulating
the mutual behavior among neighbor trains. Since the strategy
is designed to mitigate communication impairments, 7;; (f) and
7jo(¢) are the time-varying delays affecting the communica-
tion with the i-th vehicle when information is transmitted
from the vehicle j and the leader, respectively. In general
735 (t) # 7ji(t)); hyj is the constant time headway (i.e., the time
necessary for vehicle i-th to travel the distance separating it
from its predecessor); dl.sj’ is the distance between vehicles i
and j at standstill. Notoriously [19], delays are assumed to
be bounded and detectable. Specifically, we suppose that each
train transmits information with a timestamp (i.e., the time
instant when the information is sent) so that the communica-
tion delay over a link can be estimated by each train when
information is received [20]-[22]. Before testing the approach
in realistic scenarios (Section V) we need a proof of stability
for the coupling protocol.

C. Closed-Loop Stability Analysis

In this section the exponential asymptotic stability of the
consensus equilibrium exhibited by trains coupled by the con-
trol action (IV) is proven. Note that the use of an exponential
criterion not only allows to prove the stability of - or around -
the equilibrium solution, but also allows demonstrating the
ability in reaching the required virtual coupling regime with
an exponentially bounded dynamic behavior. Indeed, while the
asymptotic stability of the equilibrium is significant when the
coupled trains are moving in steady-state conditions, the expo-
nential stability for delayed systems provides a key ingredient
for addressing transient maneuvers in presence of communi-
cation delays. That is especially important in the crucial task
of coupling engagement (see e.g. [23], [24] for analogous
automotive applications).

We define the errors w.r.t. the desired equilibrium (2) as:

7i = ri(t) = ro(t) — higvo — di,

vi = v;(t) — vo,

ai = a;(1). “)
By re-writing the coupling control action u; in terms of

the state errors 7;, v; and a; and by expressing headway
constants /;; and standstill distances disj’ w.r.t. the leading

vehicle, namely h;; = hjo — hjo and dfj’ =di} - d;’, after
some algebraic manipulation, the closed-loop dynamics for the
generic i-th train within the formation can be rewritten as:
ri(t) = i (1),
0 (t) = ai(1),
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. 1 1
ai(r) = —Tlx Zj.v:lkijaij(fi(t) —rj(t — 7 (1))

_ _ 1 _
+bipiov; (t) + (1 + yipio)a;(t) + Ikioaiori ]
1
Q)

In order to describe train network dynamics in the pres-
ence of time-varying delays associated to the communica-
tion links in a more compact form, we define the position,
speed and acceleration error vectors as r = [rq,.. v’
b = [b1,...,05]1", and @ = [a1,...,ay]"; the error state
vector as x(t) = [FT5Ta"]" and we furthermore define
(), p=1,2,...,m (with m < N(N — 1))) as an element
of the sequence {z;;(¢) : i,j = 1,2,...,N,i # j}. Note
that, m is equal to its maximum, N(N — 1), only when
the communication topology connecting coupled trains is
represented by a directed complete graph and all time-delays
are different. The closed-loop train network can be hence
represented as the following set of time-delayed differential
equations:

m
X(1) = Aok (1) + D ApE(t — 7,(1)), (6)
p=1
where

[Onxny  INxN  Onxn|
Ao = | Onxn  Onxn  INxn |, (7

| -TK -TB -T |

[Onxn  Onxn  Onxn|
Ap = |0Onxn Onxn  Onxn |, (3)

_Tkvp Onvxny  Onxn |

with Oy the null matrix of dimension N x N, T = diag
S

{,,_,TLI’ ey m}, T =QT, Q= diag{£+y1p10, T 1+yNBN()},
B = diag{bipio, -N-,bNPNO}, K = diaglki1, ..., kyn}
(being kii = A%Zj:okijaij), and K, = [kp;j] € RVN
(p=1,...,m) as:

ijkij .

B im0 =50

i |0, j # i tp() # () ®
0, j=i.

We prove the exponential stability of the closed-loop net-
work in face of communication delays by leveraging on a
proper Lyapunov-Krasovskii functional. The approach pro-
vides information about the exponential convergence of the
error system (i.e. about the creation of the train platoons
with a proper timing, or waiting time). The stability condi-
tions for the delayed network is expressed as Linear Matrix
Inequality (LMI) criterion that allows the optimization of the
convergence rate.

Theorem 1: Consider the delayed closed-loop error sys-
tem (5). Assume delays 7,(t) (p =1,...,m) to be bounded,
ie. 7,(t) € [0, 74, 7,(t) € (—00,dp] (Yt Vp) and d), < 1.
If constants 0 > 0, w > 0, and matrices P = PT > 0,
0p>0,R, >0 (p=1,...,m) exist so that the following
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inequality holds

m m
[20P + PAj + PAo+ D> Qp+w D Ryl <0, (10)
p=1 p=1
with matrix Ao defined as in (7), then the closed-loop delayed
system (5) is exponentially stable with a decay rate 0 [25].
Proof 1: Consider the following Lyapunov-Krasovskii
functional:

Vx) = Vi(x(@®) + Valxr) + Va(xy),
where x;, = x(t +6),0 € [—7*,0] and
Vi) = (£ 0PR0),

m

Vz(xt) = (szl 1, (0)
m 1 ' 2000—1) =T .

V3(x;) = zp_l( /t _w)e T (O)R,x(0)dI).

1 —u
(12)

(1)

t

X007 (9) Qpi((?)d(‘)) ,

with ¢ = max,(d,) (p =1, ..., m). Following the approach
in [4], it can be verified that functional (11) satisfies Lyapunov-
Krasovskii stability condition [25].

arl¥O* < V(x) < oaflx | (13)
with
at := Amin(P)
a2 = Amax(P)

[ s (@) F v D max(Ry) | (14)

where y = (1 — u)~ 1.
Now, we differentiate each of the terms in (11).
We have:

Vi(E(1) = x () Px(t) + % (1) PX(7) (15)

which, after some algebraic manipulation, can be rewritten
using (6) as

Vi(x()) = % ()[A] P + PAoIx (1)
+25 (P D ApE(t —1,(1).  (16)

p=1
Differentiating V(x;) yields:

Va(x) = =20Va(e) + 5T D 0p(0)
= (=@ =)

X QpE(t =1y 70) (17)

which, exploiting the bound on the delay functions [26], can
be recast as:

Va(e) < =20V2(e) + 3T D 0,%(0)

— Zr;lzl (l//il)z—r([— ‘L'p([))Qp)E(t_ Tp(t))eizdr*) .
(18)
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Analogously, by differentiating V3(x;) and by exploiting the
bounds on the delay functions, we obtain:

Va(x) < =20V30) +yE 0 D Ry(0)
- Z';’:l (xT(r — 1, () RyE( — Tp(t))e—zf”*) . (19)

Therefore, by using (16), (18), (19), we obtain:

V) < ETOLAG P+ PAED) + 3T (03 0pF(0)
25T ()P Z;":l Apx(t — (1)) — 20V2 (x1)
=3 (T = ) QpE — (e )
—26V3(x;) + wiE | (1) ijl Rpi(1)
=3 (F = @Ry — 7)),

Summing and subtracting 20V (x(¢)) from the right, after
some algebraic manipulation, we get:

V(xr) + 20V (x)
< 2T (O[A] P + PAGIX(1)

+2)ET(I)P Z::] A,,)E(t — Tp(l)) 4 zfsz(l)P)E(t)
+x1 (1) Z:zl Opx(®) + R0 221:1 Rpx(1)

N ZL (V’_lfT(f — 1p(1)QpE(t — Tp(,))e—zéz*)
- Z:zl (JET(f —p()Rpx(t — rp(r))e*wf*) )

By defining a new augmented delayed state vector as:

E) = [X(0), Xt — 711(), ..., X(t —u(@)]T  (20)
it is possible to recast inequality (20) as:
V(&) +26V (&) = T (OIEW), @D
where
T I 2PA; 2PA, T
O3vxav I O3nx3n -+ O3wx3w
= Osnxsy I3 (22)
038 %3N
| O3nx3n i1 |
with
I, = 20P + PAJ + PAo + Z:zl Q)+ v Z:zl R,

I = —e 27 (y Q1 + Ry),

Wit = —e 27 (Y O + Run), (23)

being O3y x3n the null matrix of dimension 3N x 3N.

From hypothesis (10), we know that matrix (22) is negative
definite. Hence, from (21) we have:

V() +20V () <0 = V(x) < V(e > fort > 0.

(24)
By combining (13) and (24), we obtain [4]:
ar %t to, PP < V(xr) < V(p)e ™ < aze ™ ||g12.
(25)
Hence,
- 02 st
IMUML@HSJEf ¢lle fort=>0. (26)

Therefore, the statement is proven.

Finally, we remark that the LMI (10) that provides the
stability region for the control gains is feasible and can be
solved numerically, e.g. by a classical interior-point algorithm.
Furthermore, for any given control gain set, by leveraging on
the LMI-based tuning procedure for exponential stability it
is possible to evaluate the achievable decay rate and hence
to design the controller to ensure the convergence rate to the
closed-loop dynamics.

V. NUMERICAL ANALYSIS

In this section, we apply the proposed Virtual Coupling
algorithm to a realistic case study. The goal is to provide a
first insight on the possibility of reaching and keeping the
reference behavior set by the virtual leader so that all coupled
trains can safely move together with a desired velocity and
tight spacing. The reference scenario is depicted in Fig. 5.
We consider a single RBC (labeled as 0) and three trains with
the same mechanical features (numbered from 1 to 3) under
its supervision.

Although the on-board control design leverages a simplified
linear model of the system to be controlled (namely the one
in (1)) to limit control complexity for its real-time imple-
mentation, we use a more accurate model of train dynamics.
The objective is to test the robustness of the control approach
w.r.t. model uncertainties or unknown dynamics (e.g., friction,
aerodynamic drag, saturation in the maximum acceleration and
traction force, etc.).

The dynamic model describing the motion of the i-th train,
assuming train position varying along the route, is given by
the following nonlinear system [27]:

m;a;(t) = F; — R(v; (1)) — Fg(ri(t)) — Fe(ri(1)),

where r;, v; and @; are the train position, velocity and
acceleration, respectively; m; is the train mass; F; is the
bounded tractive or braking force that the traction control
have to impose to the i-th train for tracking the desired
acceleration profile computed by the coupling protocol u;(t)
in (3); R(v;) is the resistive force depending on rolling and
aero-dynamic resistances, expressed as quadratic function of
the velocity according to some empirical parameters known
in literature as the Davis parameters, i.e., R(v;) = A +
Blv;| —i—Cviz; the gradient and curve forces, F, (r;) and F.(r;),
are described respectively as F,(r;) = m;gsin(a(r;)) and

27)
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TABLE I
NUMERICAL ANALYSIS PARAMETERS [28]-[32]

Scenario Parameters

Maximum trains speed 300 [km/h]
Coupling reference speed 210 [km/h]
Virtual Coupling size 3 trains
Trains max acceleration 0.1 [m/s?]
Trains max deceleration 0.6 [m/s?)
Trains length [; 190 [m]
Trains mass m; 380 [tonn]
Fimax 208 [N]
Davis parameter A 4.42 103 [N]
Davis parameter B 42 [Kg/s]
Davis parameter C' 7 [Kg/m]
Control Parameters in Convergence Analysis

Headway time hy; 0.8 [s] Vi, 7
Headway time h;o 0.8 [s] Vi
Distance at standstill dt 50 [m]

Control gains k;; k1o = 0.01, kjp = 0.001 (¢ # 0,7 # 1)

kii—1 = 0.025, k;; = 0 otherwise

Control gains b; b; =2
Control gains 7; v = 0.0001
a 0.016
ag 533.5
Convergence rate 26 = 0.025

F.(ri) = m;gk(r;)/p(r;), being g the gravity acceleration,
while k, p, o are empirical parameters whose values depend on
route layout, i.e. curvature radius and track gauge. Parameter
o can be positive (i.e. ascent) or negative (i.e., descend).
Train and control parameters are reported in Table I. The
mechanical characteristics (i.e., maximum speed, acceleration,
deceleration, length and mass) are referred to the ETR class
of locomotives commonly used on ERTMS lines in Italy (e.g.,
see [28]-[31] and references therein). Other parameters (i.e.,
reference coupling-speed, headway and distance at standstill)
depend on the specific application and have to be considered
as an initial test data since no similar studies have been
performed yet for railway applications (see e.g. [32] for
automotive applications). Nevertheless, the scenario considers
a challenging coupled motion requiring very tight bumper-to-
bumper gaps. The numerical simulations have been performed
in MATLAB ©, while the Yalmip © Toolbox [33] has been
used to tune control gains by solving the LMIs in (10). The
multiple time-varying delays along the communication links
have been emulated as stochastic variables with a uniform
discrete distribution, 7,(t) € [0, z*] (p = 1,...m) where the
maximum value is set above the average end-to-end communi-
cation delay typical of IEEE 802.11p vehicular networks [34],
ie, t*=15-1072 [s].

A. Virtual Coupling Engagement

In order to test and confirm the effectiveness of the theo-
retical derivation, we consider an example scenario where the
coupling command is issued by the RBC when all trains are on
a flat track and traveling with similar velocities. We consider
that train 77 has an initial speed of 208 [Km/h], the initial
speed of the following train 7> is 200 [Km/h] and the initial
speed of T3 is 205 [Km/h]. The initial distance between train
couples is assumed to be 2000 meters. At time instant 0,
the RBC issues the coupling command to the trains. Hence,
the two communication links depicted in red in Fig. 5a are
established. From that instant of time, the RBC continuously
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RBC

Fig. 5. Virtual Coupling of three trains: (a) Example scenario. (b) Commu-
nication topology.

sends the reference speed vg = 210 [km/h] to the three trains,
which in turn share their current position, speed and accelera-
tion via Train-to-Train communication according to a Leader-
Predecessor-Follower (LPF) topology as in Fig. 5b. Results
in Fig. 6 show that after a transient period the three trains are
effectively coupled and equidistant, according to the prescribed
spacing policy, and afterward they all run at the steady-state
reference speed set by the RBC (see Fig. 6b). As the control
gains have been tuned following the LMI- based exponential
stability criterion (see parameters in Table I), the trajectories
are upper bounded by exponential envelopes, whose decay rate
can be estimated according to (26), as shown in Fig. 6a, where
the time history of position errors is reported. Results show
that according to the theoretical derivation all trains are able to
reach and keep the desired formation in 1500 [s] with bounded
transient dynamics.

B. Coordinate Emergency Braking Maneuver

Results reported in Fig. 7 represent a more challenging
situation when trains are moving as coupled with short gaps
and an unpredictable transient maneuver is needed, e.g. emer-
gency braking. In Virtual Coupling such manouvers must be
executed in a coordinated fashion so to keep trains coupled
while the inter-train distance dynamically changes. Therefore,
the spacing policy must be automatically adapted to velocity
variations to achieve cooperative coordinate deceleration. The
example scenario considers three coupled trains moving on a
flat straight track needing to decelerate due to a temporary
speed restriction. The RBC sends at time instant = 100 [s]
the related information and train start decelerating from their
steady-state reference velocity of 210 [Km/h] toward a very
low speed of 40 [Km/h]. Results show that the emergency
maneuver is safely and automatically executed and all trains
correctly follow the trapezoidal breaking profile set by the
RBC (see Fig.7a) preserving the bumper-to-bumper spacing
as confirmed by time histories of distances and relative speed
error in Fig. 7b and Fig. 7c. It is worth noting that during
braking inter-train distance dynamically changes according to
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speed error. (d) Time history of the train accelerations.

the spacing policy that safely shapes the gaps as the velocity
changes (Fig. 7b).

C. Sensitivity to Perturbed Coupling Conditions

In order to investigate the robustness of the control algo-
rithm w.r.t. uncertainties in initial train conditions, differ-
ent train velocities have also been considered. To that aim,
we refer to the coupling engagement maneuver with initial
speeds of trains 77 and T3 still quite similar, i.e. 208 [Km/h]
for 77 and 205 [Km/h] for 73, but with train 7, being
much slower, with initial speed of 150 [Km/h]. All trains are
initially running at a bumper-to-bumper distance of 2000 [m].
At time 0, the RBC sends the coupling command with a
reference velocity of vp = 210 [Km/h], with trains and the
infrastructure communicating via the LPF topology. Results in
Figs. 8a and 8b confirm the robustness of the control algorithm

since even in perturbed coupling conditions all trains safely
reach the coupling goals, with an appropriate settling time
below 2000 [s] according to the control tuning for the expo-
nential convergence. Results also show that, as expected, trains
automatically implement diverse transient acceleration profiles
(e.g. middle train T, strongly accelerates due to its low initial
velocity) in order to reach the prescribed coupling distances
and the required velocity regime.

D. Evaluation of Virtual Coupling in a Real Scenario

In this section we show how to evaluate the Virtual Coupling
performance in realistic operating conditions by means of a
case study addressing the dynamic response of trains traveling
on the Italian ERTMS track connecting Milano to Bologna.
The model considers detailed information accounting for the
traction effort, dynamic constraints (maximum acceleration
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history of the speed error. (c) Time history of the train accelerations.

and deceleration), train resistances, and also includes the
nonlinear effects due to gradient and curve forces along the
route. The goal is to evaluate the ability in reaching and
keeping the coupled behavior with three trains in face of
nonlinear time-varying disturbances due to the environmental
conditions.

Since the autonomous departure and arrival are not to
executed in Virtual Coupling, in the scenario we assume
that the trains are already traveling when the RBC sends
the coupling command and train 77 is located at a distance
of 6 [km] from the start, while trains 7> and 73 are at a distance
of 4 [km] and 2 [km], respectively, with initial velocities
v1 = 208 [km/h], v = 200 [km/h] and v3 = 205 [km/h].
Results in Fig. 9 illustrate the coupling engagement maneouver
from the initial instant (time 0) when the RBC issues the
coupling command. Results confirm that the required dynamic
behavior is correctly set to the trains (see Figs. 9a and 9b).
As shown in Fig. 9c, the traction force varies according to
the control input u; to counteract the presence of gradient
and curve forces as well as of forces depending on rolling
and aerodynamic resistances. Acceleration dynamics of all
trains are always within admissible bounds despite the changes
in track elevation, with a variation that is always below
the threshold required for guaranteeing ride comfort and for
preventing motion sickness [35].

Regarding implementation related aspects, the target archi-
tecture for railways is expected to be similar to the one used in
collaborative driving systems in the automotive field. In order
to tackle implementation issues coming from time-critical
driving applications, connected autonomous vehicles leverage
on a stratified architecture including the following layers:

200 400 600 800 1000 1200 1400 1600 1800 2000
Timels]

(b)

Virtual coupling while traveling from Milano to Bologna (Italy). (a) Time history of the bumper-to-bumper distance between the trains. (b) Time

200 400 600 800 1000 1200 1400 1600

Timels]
©

1800 2000

vehicle control layer or guidance layer, sensing the environ-
ment and controlling the vehicle (traction, brake, etc.) [36];
vehicle management layer, coordinating the vehicles while
they are performing maneuvers (such as platooning) based on
inter-vehicle communication; traffic control layer, addressing
advisory instructions to optimize the traffic flow for each
segment (see e.g. [14], [37]-[39])).

VI. CONCLUSION

We have shown in this paper how railway Virtual Coupling
can be implemented by extending the standard set of ERTMS
Operating Modes through a proof-of-concept and example
numerical analysis. In Full Supervision, when the operational
conditions allow Virtual Coupling, the RBC issues to the trains
the coupling command acting as a Virtual Leader. Virtual
Coupling enables extremely short headways and hence higher
track capacity. As demonstrated by the results reported in this
paper, appropriate mathematical models and control algorithms
borrowed from the automotive field can be employed to prove
the effectiveness of cooperative control strategies in reference
coupling scenarios and even in degraded scenarios like emer-
gency braking (e.g. line sections out of service). Regardless
of the specific results, the numerical analysis and simulation
tools provided in this paper allow engineers to evaluate the
feasibility and performance of Virtual Coupling in diverse
scenarios and operating conditions. Although this paper pro-
vides a preliminary analysis of railway Virtual Coupling,
the challenges posed by the safe coordination of coupled train
convoys open up several future directions as a precondition
for real implementation. To that aim, further research efforts
are needed to assess the implications of Virtual Coupling in



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

DI MEO et al.: ERTMS/ETCS VIRTUAL COUPLING: PROOF OF CONCEPT AND NUMERICAL ANALYSIS 11

ERTMS operational scenarios. In particular, the safety-related
impact must be investigated further considering new potential
hazards. Performance evaluation must also be extended to
evaluate the capacity increase in common traffic scenarios,
including mixed traffic. Therefore, we plan to study addi-
tional scenarios accounting for topology variations, complex
maneuvers, as well as to address solutions for fast and reliable
Train-to-Train communication.
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