actuators

Article

A Robust Model Predictive Control for Virtual Coupling in

Train Sets

Jesus Felez *'/, Miguel Angel Vaquero-Serrano and Juan de Dios Sanz

check for
updates

Citation: Felez, J.; Vaquero-Serrano,
M.A.; de Dios Sanz, J. A Robust
Model Predictive Control for Virtual
Coupling in Train Sets. Actuators
2022,11,372. https://doi.org/
10.3390/act11120372

Academic Editor: Patrick Lanusse

Received: 26 October 2022
Accepted: 8 December 2022
Published: 10 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Mechanical Engineering Department, Universidad Politécnica de Madrid, Jose Gutierrez Abascal 2,
28006 Madrid, Spain
* Correspondence: jesus.felez@upm.es

Abstract: In recent decades, the demand for rail transport has been growing steadily and faces a
double problem. Not only must the transport capacity be increased, but also a more flexible service
is needed to meet the real demand. Both objectives can be achieved through virtual coupling (VC),
which is an evolution of the current moving block systems. Trains under VC can run much closer
together, forming what is called a virtually coupled train set (VCTS). In this paper, we propose an
approach in which virtual coupling is implemented via model predictive control (MPC). For this
purpose, we define a robust controller that can predict, based on a dynamic model of the train, the
state of the system at later moments of time and make the appropriate control decisions. A robust
MPC (RMPC) is obtained by introducing two uncertain variables. The first uncertain variable is
added to the acceleration equation of the dynamic model, while the second uncertain variable is
used to define the uncertainty in the train positioning. To test the RMPC for virtual coupling, two
simulation cases are performed for a metro line, analysing the influence of both the uncertainties.
In all cases, the results obtained show a safer operation of the virtual coupling without significantly
affecting the service.

Keywords: railway; virtual coupling; optimal control; model predictive control; robust MPC

1. Introduction

In recent decades, the demand for transport has been progressively increasing in both
the public and private sectors. The railroad, as an essential, efficient, and sustainable service
to reduce congestion in other modes of transport, has been affected by this tendency [1]
and must, therefore, face a double problem. On the one hand, it is necessary to increase
the transport capacity to meet this demand. In this case, the solutions proposed involve
reducing the minimum intervals between trains instead of building expensive new lines. On
the other hand, it is necessary to make the service more flexible by reducing the operating
costs and maintaining the quality of service required to always meet the real demand.

An interesting solution to address both problems is virtual coupling between trains [2]
forming a virtually coupled train set (VCTS), which is an evolution of the current moving
block systems. These systems, such as Communication-Based Train Control (CBTC) and
European Train Control System (ETCS) Level 3, require that a train be able to brake and
stop before the last known position of the preceding train. However, this assumption is
conservative as it does not consider the speed and braking capability of the preceding train.
Thus, in this context, based on the principle of spacing trains in a relative braking distance,
as well as the basic principles of autonomous vehicles and platoon cars, a new concept has
emerged: a train convoy, virtual coupling, or virtually coupled train sets (VCTSs) [2].

The authors in [3] presented initial estimations showing that virtual coupling can
reduce the distance between trains by 64% compared to the European Train Control System
(ETCS) Level 2 and by 43% compared to the ETCS Level 3, thereby increasing the line
capacity significantly.
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The VCTS has two main advantages. First, the VCTS significantly improves the current
capacity limit imposed by automatic train protection (ATP) by allowing trains to run safely
over a shorter distance. This significantly reduces the costs of an additional capacity, as
it uses mainly on-board equipment rather than major infrastructure changes, such as the
installation of new tracks or signalling systems.

Second, besides improving the capacity, the VCTS concept aims, above all, to benefit
from operational flexibility and robustness by enabling an interoperability between different
rail vehicles and replacing sensitive mechanical couplings. The VCTS enables a more
flexible operation of the trainsets since it allows for the circulation of a train set as if it
were mechanically coupled, but with no real physical connection. This allows for a more
flexible service under an optimized infrastructure by connecting or disconnecting units
from the train set in a fast and efficient way. This fact is especially relevant, e.g., in situations
with two lines featuring shared tracks in some sections, but different terminal stations and
in stations with less traffic, as seen in [4,5]. The main idea of this second advantage is
twofold: to be able to operate with smaller configurations adapted to the traffic needs and
to increase flexibility to serve heterogeneous demands, also enabling an interoperability
between different rail vehicles.

In this paper, we propose an approach in which virtual coupling is implemented via
model predictive control (MPC) for solving the control problems of the VCTS. MPC is an
advanced control method that can control a system while satisfying a set of constraints.
One of the main advantages of this system is that it can be formulated in a simple way since
its dynamics and constraints have a real physical meaning. On the other hand, the response
of the current control system is also optimized based on the future predictions, so this
feature allows the MPC to anticipate future events and, consequently, take the necessary
control actions in advance.

Due to this prediction capability, MPC is one of the most widely used control tech-
niques in autonomous vehicle driving and vehicle platoons, as noted in [6-8], and its
results form the basis and foundation for most of the research on virtual coupling control
in railroads.

The accuracy of the prediction and, therefore, the control actions taken depends on
the accuracy of the dynamic model used by the controller, requiring a balance between
the complexity of the controller formulation and the computational load required. In this
sense, there are two traditional approaches to deal with errors in the control model [9].

The first approach formulates a controller that does not consider the possible errors
committed using a nominal MPC (NMPC). Subsequently, the behaviour of this controller
under the existence of these errors is studied using a robustness analysis. If the behaviour is
still acceptable, the errors can be ignored, and the nominal MPC will be considered adequate.

The second approach formulates an MPC controller that considers the possible er-
rors made within its own formulation, i.e., synthesizing what is called a robust MPC
(RMPC). This approach is typically used when an accuracy is required or when a dynamic
disturbance or error has a large impact on the behaviour of the controller.

There are several works that use an NMPC to address the work at hand. In this way,
the authors in [10] provided a proof of concept for the VCTS by introducing a specific
operating mode within the ERTMS/ETCS standard specification and defining a coupling
control algorithm accounting for the time-varying delays affecting the communication
links. Likewise, the authors in [11] developed a distributed nominal MPC for high-speed
trains, evaluated its stability, and derived sufficient feasibility and stability conditions
for a platoon of up to two trains by designing the terminal controller and invariant set.
Additionally, for high-speed trains, the authors in [12] proposed a control strategy focused
on both the local and string stability under variant manoeuvres in high-speed scenarios
using an analytical algorithm based on Pontryagin’s maximum principle. Similarly, the
authors in [13,14] applied an NMPC in metro lines.

However, there are a few examples in the literature of RMPC being applied to the VCTS.
For example, the authors in [15] implemented a robust event-triggered model predictive
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control based on the equations of longitudinal train dynamics and a communication
switching topology characterized as a Markov chain. However, this study only focused
on the communication problems with a constant-speed leader and, therefore, did not test
the changing operating conditions as a function of the speed and track parameters. In
addition, the authors in [16] proposed a robust gap controller based on sliding mode
control with a nonlinear train model featuring uncertainties. However, as in the previous
study, the uncertainties were limited to the consideration of a small Davis formula and
track resistances. On the other hand, the authors in [17] presented consensus-based robust
cooperative control schemes for both homogeneous and heterogeneous train platoons by
using robust strictly negative—imaginary controllers considering the network topology to
track a predefined motion reference. Recently, the authors in [18] developed an alternative
way to manage the uncertainties using a tube-based MPC, but also expressed the need to
incorporate uncertainties in the train dynamics and consider and study factors such as the
weather conditions, positioning errors, and communication delays.

Finally, the authors in [19] formulated a nominal MPC, showing its application in
metro lines. According to this study, VCTSs can be implemented through two different
control architectures: centralized control and decentralized control. In the former, a single
controller makes the trains cooperate to optimize the overall platoon strategy. In the
latter, each train has its own individual controller, and, as a result, each train optimizes its
own strategy according to the trajectory estimation of the preceding vehicle. The authors
in [19] also expressed the need to improve the nominal MPC through uncertainties and the
development of a robust MPC.

The main objective and contribution of this work is the development of a decentral-
ized RMPC for virtual coupling in railways, considering the effects of adhesion loss and
positioning errors. The research in [19] serves as a starting point for this work, from which
the design of a nominal MPC is taken. Unlike this previous work, the implemented robust
MPC considers the external disturbances with uncertainties that consider the previously
mentioned positioning errors and a loss of the adhesion during braking. In this way, the
proposed controller is compared with a nominal MPC in different simulations under the
different applied disturbances. The results will be studied from an operational point of
view, i.e., by analysing the distance between the trains and the overall behaviour of a
two-train VCTS.

Ultimately, the objective of this work is to improve the line capacity under the condition
of virtual coupling. In this sense, we consider that the VCTS fulfils its function and that
all the components of the VCTS work as connected when all of them arrive and stop at
the same time at the same station with a minimum delay time between them. In this way,
the convoy operationally behaves as a single train since, from the users’ point of view, all
the VCTSs’ components arrive at the station at the same time and behave as if they were
a single complete train. Although when the convoy is running the distance between the
components increases due to the safety conditions which have been set, we consider that
the convoy preserves its integrity, operating as a single train, when the communication
between trains is maintained and the above-mentioned condition of all the components
arriving at the station at the same time is respected. The figures included in the simulations
section illustrate this phenomenon.

The remainder of this paper is organized as follows. Section 2 presents the dynamic
model. Section 3 formulates the design of the RMPC. Section 4 describes the simulation
cases developed and presents their corresponding results. Finally, Section 5 includes the
conclusions of this work.

2. System Dynamics

The model defining the train motion of this work is based on the principles of longitu-
dinal train dynamics (LTD). Then, the train is considered as a point mass with one degree
of freedom, where the traction/brake system, rolling resistances, air intake, aerodynamic
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drag, and slope and curve resistances are applied. The dynamic equations considered are
as follows:

§=0v 1
i):(—a—bv—cvz—Fg+F)/M+w“ (2)
F=(u—-F)/t ©)

where s (m) and v (m/s) denote the position and train speed, u (N) is the controlled
driving/braking force, F (N) is the integrated driving/braking force, F. (N) is the resistance
force due to the track, 7 is the inertial lag of the longitudinal dynamics, M (kg) is the train’s
mass, a (N) is a term that includes the rolling resistance plus the bearing resistance, b (Ns/m)
is a coefficient related to the air intake, ¢ (Ns?/m?) is the aerodynamic coefficient, and w*
(m/s?) represents the uncertainty in the acceleration contemplated in the robust control.

The resistance force F, includes two components, F, and Fg, which are defined
as follows:

F, = Fg+ Fg 4)
Fg = —Mg X slope )
Fr = -M x6/R (6)

where F; (N) is the component of the gravity force due to the slope of the track, the
slope (nvim) is the slope of the track, g (m/s?) is the acceleration of gravity, Fg (N) is the
resistance in the curve, and R (m) is the radius of the curve.

The values of the slope and R depend on the line profile and the position s of the train
on the line and are, therefore, known at each time. Figure 1 shows as an example of the
value of the slope and R used in this work.
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Figure 1. Slope and radius considered in the simulation scenario.

Starting from the dynamic equations, a linearized set of equations at the operating
point will be used to handle uncertainties in the RMPC optimization algorithm [20].

Thus, the vector of states X and outputs Y, that will be used for a linearization, are
defined as follows:

S
X=|v ()
F
u-o
Y = |:02/2ue:| 8)

where a¢ (m/s?) is the maximum possible deceleration of the controlled train.
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By linearizing Equations (1)—(3), these equations are transformed into (9)—(11), thereby
formulating the linearized dynamics as the first-order Taylor polynomial of the nonlinear
model as follows:

0
us=ul, wW=|w 9)
0
X =X+ A(X — Xo) + B(U—Uy) + W (10)
Y=Y+ C(X—-Xo)+ DU - Uy) (11)
and
0 1 0 0
A=10 —(B+2Cy)/M 1/M B=10
0 0 -1/t 1/t
J0 w0 _ [0
C_{O vo/ay O} D_{O}

where v (m/s) and u( (N) corresponds to the state v and the control force u at the operating
point, respectively; Xy, Uy, and Y are the state vector X, the decision vector U, and the

output vector Y at the operating point, respectively; and Xy is Equations (1)-(3) evaluated
at the operating point.

In the above Equations (1)-(11), the states s, v, F; the controlled driving/braking force
u; and the uncertainty w are time dependent. Therefore, X and Y are also time dependent.
The matrices A, B, C, D are constant, but vy and 1y depend on the operating point at
which the equations are linearised. In addition, the values of slope and R are known at each
time and dependent on the line profile and train location on the line, i.e., the train position
s, as shown in Figure 1. The remaining variables in (1)—(11) are constant parameters that
depend on the train’s characteristics.

3. MPC Controller Design
3.1. Control Architecture

We consider a convoy (Figure 2) composed of a leader and n followers, all of them
with length L. The superscript indicates the train, with O for the leader and i, where i =1,
..., n, for the followers.

Train controller 2 Train controller 1

Data communication — — —=—
Figure 2. Control architecture.

We consider a decentralized VCTS control problem, with independent controllers for
the leader and each follower. Figure 2 represents this control architecture. In this figure,
index 0 represents the leader; therefore, X? represents the current measured states for
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the leader; v represents the leader’s speed; s” is the leader’s current position; and U°
represents the vector containing the driving/braking force for the leader. X! represents
the current measured states for the follower 7 in the platoon, which is virtually coupled
to its previous train; v’ and s’ represent, respectively, the speed and current position of
the follower i; and U’ represents the driving/braking force for the follower i. As seen in
Section 2 for the linearized control model, U is the value of U' at the operating point.

The end-front distance d;’ between two consecutive trains at any time is calculated
using (12), where L is the train length:

dti = Stiil — Sti — L. (12)

Furthermore, X represents the predicted states for the preceding train (i — 1) calcu-
lated by the follower’s Preceding Train Predictor (PTP) module, which will be described in
Section 3.5. For the followers, we design an MPC robust controller that ensures a safety
and control efficiency while considering the parameter uncertainties.

With the proposed control strategy, the leader will track a given speed curve, and the
followers will guarantee a safe minimum distance between trains and the string stability
of the VCTS with parameter uncertainties. Consequently, as seen in Figure 2, the follower
needs information about the preceding train to ensure its safety. This information (Xf*1 (1)
and L) is used by the follower’s controller for its calculations because the predicted states
for the preceding train i — 1 are calculated using the PTP embedded in each follower i
based on the information received from the preceding train.

3.2. Leader Controller

When using a decentralized control architecture, the leader can operate under any
control and signalling method. Therefore, the leader can use any conventional control
method based on Automatic Train Control, Communication-Based Train Control, or the
ETCS.

For simplicity, for the leading train, we use a driving mechanism based on an Auto-
matic Train Control system that tracks a given speed curve. This speed curve is obtained
using a Dynamic Programming (DP) approach (Figure 3).

35

I I I L L ) )

——— DP speed
= Max speed

1 1 1
1.5 2 2.5
Distance (km)

Figure 3. Maximum driving speed in compliance with speed limits.

Because the role of the leader is to set the VCTSs” movement policy, we use the DP
approach to precompute the reference behaviour of the leader. Then, the result of the
DP establishes the general policy followed by the train’s convoy. This general control
policy can have different objective functions such as minimizing the energy consumption
or maximizing the convoy speed. In this paper, we use the second policy with an optimal
speed profile that finds the maximum velocity permitted by the speed limitations imposed
by the line operation, thereby satisfying the speed constraints at all times.

Figure 3 shows the speed profile obtained for the leader, corresponding to the convoy
policy of the maximum possible velocity allowed by the speed limitations established for
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the line’s operation. In this figure, the curve labelled “Max speed” represents the maximum
limitations set in the line design. In this figure, it can be seen where the stations are located
and that the speed at these stations is limited to 12.5 m/s (45 km/h). The other speed
limitations depend on the design of the railway line.

On the other hand, the curve labelled “DP speed” represents the maximum speed at
which it is possible to run without exceeding at any time the speed allowed on the line
and represents the result of the DP calculation. On this curve, the stopping point of the
leading train at the end of each station can also be seen. A detailed explanation of the
implementation of this DP approach can be found in [19].

3.3. Follower Controller

For the controller design, a model predictive control (MPC) approach is used. The
MPC optimizes over a finite time horizon but implements only the current time window of
the finite horizon optimization problem solution.

For the MPC formulation, a prediction horizon [t,t+ N,| with origin at time f is
considered. The notation x; |, represents the state vector at time ¢ + k predicted at time ¢,

obtained from the current state x;; = x(t) = x, while u,, = {uﬂt, e U N, denotes
the unknown input variables (or inputs) to be optimized.

The RMPC for virtual coupling is obtained by introducing two uncertain variables.

The first uncertain variable is w” (11/s%) and is added to the acceleration equation of
the dynamic model, as seen in (9).

The second uncertain variable w” (m) is considered in the virtual coupling specific
constraints and the follower cost functions, and it is used to define the uncertainty in the
positioning, as will be seen later.

As a result of introducing uncertain variables, the optimization problem for the fol-
lower i is formulated as the min—max problem given in (13):

min max J' (Xik‘t, uik|t, wz"t, wzll) (13)
u' zuf"’t’, wﬁ’;

The controller’s objective for each follower is to try to keep the trains running as close
together as possible by minimising the difference in the distance between trains dy; and a
desired separation d 5,; while maintaining safe conditions. Therefore, we can formulate the
following optimization problem:

k=N A + Wl —da
; k1]t es
Ji= ¥ Kol s || (14)
k=1 des 1
subject to:
. . i
X'p1)p = X' Hts X g (15)
e = Xi (16)
0< U;(‘t < Olim (S;(|t) (17)
— jmax < Jyjy < Jmax (18)
o= (ul —ul )/ M/ At
k|t < k1]t k\t)
— May, < ujp, < May, (19)

— Py < Yiy; < Py, (20)
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Vk=t,... t+N,—1
0= Z’ItJrN,,|t < vpp (Slt+Np|t> (21)
din < Wl + 'y (22)

Vk=t,... t+N,—1

Apin < wfﬁ + dit-i—Np\t (23)
4 (ﬁi—l )2
in < i+ &g e+ 5 — Yy (24)
Wapmin S Wiy < Wa,max (25)
Wy, min < WYy < Wp, max. (26)

Superscript i is related to the corresponding follower.
In the cost function J' (14), Kp > 0 is a dimensionless coefficient representing the

weight that penalizes the deviation from the desired distance d ., and EZ}\IPI ; is the pre-

dicted speed of the preceding train, which is pre-calculated according to the PTP module
that will be described later in Section 3.5.

The equations in (15) represent the train dynamics updates for the model obtained in
(9)-(11) according to the t; integration time step. The initial state is set in (16).

Equation (17) corresponds to the velocity constraint v;,, (Max speed in Figure 3).

Equation (18) represents the jerk constraint established for u'.

Equations (19) and (20) represent the input constraints, including the maximum driv-
ing/braking force and the maximum power on traction/braking, with Y}k|t representing
the estimated j component of vector Y at instant k calculated at time ¢ according to (11).

Equation (21) represents a terminal constraint. The upper speed limit vk, (1 /s) is
obtained by pre-calculating the maximum speed at which the train can run while respecting
the speed limits set for the line (DP speed in Figure 3). This terminal constraint is used
because the train must always respect the speed limit, and there are areas above the blue
line in Figure 3 where if the train runs under these conditions, it may not respect the speed
limits at future times.

Equation (22) represents the safety condition, stating that the distance between the
trains must be greater than d,,;, at any time.

Equations (23) and (24) are the terminal constraints. These constraints are imposed to
ensure that the controller is recursively feasible and safe (see Section 3.6). These equations
guarantee that the follower can come to a complete stop without collision by applying a
maximum service deceleration 4° when the preceding train performs emergency braking
with the maximum deceleration a°. Note that the terminal constraint (24) functions as an
operational constraint, while the terminal constraint (23) works as a safety constraint. The
safe train-to-train distance d,,;,, is used to define a constraint to avoid a collision if the
leader brakes. The distance d . is used in the cost function as a target to maintain a safe
desired driving distance greater than the minimum safe distance d,,;,,. Finally, constraint
(25) bounds the acceleration uncertainty w* and (26) bounds the second uncertain variable
wP (m), which addresses the distance error from the preceding train. Both constraints are
handled through the traditional method of robust optimization based on the duality theory
(for more details, see [20]).

The first uncertain variable w” (m/s?) is added to the dynamic model’s acceleration
equation, as seen in (2). By means of this uncertainty, we can consider different phenomena.
For instance, using this variable, an additional resistance due to the start resistance can
be taken into account, thus solving the lack of accuracy of the Davis formula at speeds
below 3 m/s. In addition, this variable can counteract the additional resistance introduced
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by the tunnel factor and the longitudinal component of lateral wind’s impact. Moreover,
this variable can avoid the risky situations produced by perturbation, such as a loss of
adhesion during braking. This variable also enables the correction of the modelling errors
produced by incorrect estimations of the Davis coefficients. The specific values that limit
this uncertain variable will be discussed in Section 4.1.

Finally, the second uncertain variable w” (m) addresses the positioning error that can
influence the estimation of the follower’s distance from the preceding train. The specific
values that limit this uncertain variable will be discussed in Section 4.2.

3.4. Control Loop

For each train, the resulting optimal states and inputs of (13)-(26) are denoted

as follows:
Xi*:(xi* X X )T
t e e N |t o7
up = ( e Mg oo MeNp—1g ) .

Since constraints (16), (17), and (21) are space-dependent, to avoid numerical problems

and reduce the computational burden, they can be estimated a priori by §£ K

i i i
Xl = X g T s Xgpp (28)
Vk=t,. . t+N,—1
Ty = U1 (29)

Vk=t,...t+N,—2

Uy Ny 1]t = HpN, -2l 1 (30)
Xlﬂt: Xi|t 31)
where u;:‘ ;7 1s the input predicted from (27) at the previous time step f — 1 with

Uy =0Vk=0,...,Np—2.
To close the loop, the first input is applied to system (9)—(11) during the time interval
[t,t+1): ' )
up = u’t‘ " (32)

At the next time step t + 1, a new optimal problem in the form of (13)-(26) based on a
new state measurement will be solved over a shifted horizon.

3.5. Preceding Train Predictor

To establish the control loop, it is necessary to estimate a prediction of the preceding
train’s movement (train i — 1). This task is performed by the module, called the Preceding
Train Predictor (PTP), which is described in this section.

Since both vehicles are equipped with a communication module, and intervehicular
communication is available, the prediction task is executed by the follower based on the
information received from the preceding train. For the prediction, the preceding traini — 1

communicates to the follower its position s;ﬁl, speed Uirtl, and the driving /braking force

Ff\fi In this way, the distance between trains d’ k¢ is determined by the difference in the
positions of the two trains. On the other hand, and as a redundancy, the follower has a
sensor that can measure the distance to the front train. Therefore, for the estimation of
the position of the preceding train, the worst case is considered, which corresponds to the

lower of the two calculated values above.
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Then, the MPC assumes that the preceding train’s information can be predicted over a
short horizon Nj,. The corresponding expressions for the prediction of s sk| ; land o vk‘ ; Lare

Xie = (st ot Eil) (33)

—i-1 —i-1 i1
X =X g+t X g (34)

Vk=t+1,...,t+ Ny —1,

where
;c|t1 u;cﬁlfl (35)
Vk=t,...,t+Np—2

Ei;}\lp—l\t = ui:—}\*fp—Z\t—l' (36)
Here, 5' e Land 5’;‘;1 are the measured position and velocity of the leader at ¢, respec-

tively; Ftl‘ ; 11 is the force at time ¢ predicted from (27) at the previous time step t — 1

initialized with F l‘ = 0;and u!, 1" is the input predicted from (27) at the previous time

1*
t—1 k|t1

stept — 1, w1thu;<|tl1 =0vk=0,...,N, -2

In (34), X Kt 18 calculated from the expressions of (9)—(11), particularly (10), and the
disturbance w* is considered to be the lower limit w,, ,,;,, which is the most unfavourable
situation corresponding to the highest risk of a collision between the two consecutive trains.

3.6. Min-Max Recursive Feasibility

To ensure the recursive feasibility of the RMPC, we define set C as the robust control
invariant set. According to [21], set C is said to be a robust control invariant set for the
system (9)—(11) subject to constraints (13)-(25) if

X(t) € C = J[u] € U such that system (4) € C, Yw(t) € WVt >0 (37)

where U is the set of the valid decision variable values given by (18)-(20), and W is the set
that bounds the uncertain variables, i.e., the set given by (25) and (26).

As in [22], set C can be introduced by the constraints (21)—-(23), which define a robust
control invariant set because (21) ensures a proper decision of the train’s controller accord-
ing to the track profile, while (22)-(24) ensure a safe reaction to the emergency braking of
the preceding train. In other words, these constraints ensure that there exists an output
value for the control variables that satisfies (37).

4. Simulations

This section compares the results obtained with the nominal controller developed
in [19] with those obtained with the robust controller developed in this paper. To test
the robust MPC for the VCTS, two simulation cases were used for a metro line. The first
simulation case analyses the influence of an uncertainty in acceleration w*, while the second
one studies the uncertainty in the train’s positioning w?.

The parameters considered for the rolling stock can be found in Table A1 of Appendix A.
The profile of the selected line can be found in Figure 1, and its corresponding speed profile
can be found in Figure 3.

The simulations were performed by comparing the results between an NMPC (without
uncertainties) and an RMPC, where uncertainties are considered.

Simulations were performed in MATLAB and Yalmip [23] on a computer with an
i7-1165G7 processor at 2.8 GHz and with 8 GB of RAM. For the different simulations, we
determined that the average CPU computation time of the solver was 0.17 s for the RMPC.
Moreover, the total CPU computation time was found to be 302 s, which is lower than
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the total simulated time (345 s). Therefore, the RMPC presents promising results for a
hardware implementation that needs to be solved in real time.

4.1. Simulation 1: Uncertainty in Acceleration

At the end of Section 3.3, we introduced what the first uncertain variable w? (m/s?)
can represent. Now, from a practical point of view in the train operation, we bound the
values of the acceleration uncertainty (25) according to Section 3.3.

The start resistance of a train on a track with a null slope is 50 N /t, i.e., 0.05 m/ s2. Since
this resistance is applied against the movement (negative), —0.05 m/s? is established as the
lower limit w, ,,;,. Even though this value is lower because the Davis formula (2) is still
applied in our controller, it allows for the simultaneous consideration of additional small
resistances. For instance, the maximum errors in the estimation of the Davis coefficients
for passenger trains are small (below 0.01 m/s? for this train) and would be equally
compensated by the controller thanks to this setting. Therefore, this value corrects the
modelling errors introduced by the Davis formula: both above 3 m/s (Davis coefficients)
and lower speeds (start resistance and Davis coefficients).

Additional resistances under 0.05 m/s? will also be correctly compensated at speeds
above 3 m/s, which is the case for an external perturbation, such as the resistance intro-
duced by either the tunnel factor or the longitudinal component of a lateral wind’s impact.

Conversely, wg max is established to counteract an extreme loss of adhesion of 10%
during braking. If a friction factor of 0.1 is considered, this loss will produce a reduc-
tion in the deceleration of 0.1 m/s?. This reduction works as an additional traction
force during braking. Therefore, 0.15 m/ s? is established as the upper bound wy 4y as a
conservative approximation.

Among all the external perturbations, only the extreme perturbation of a 10% loss
of adhesion will be studied in the simulation cases of this paper, but these results can be
extrapolated to any of the acceleration uncertainty effects mentioned above.

In Simulation 1, the behaviour of the uncertain variable w” has been assessed and
corresponds to a disturbance involving a loss of adhesion at the entrance of the third
station. This situation is extremely unfavourable since the disturbance was applied only to
the follower, and the train in front was considered to continue braking without any loss
of adhesion.

Figures 4-6 represent the behaviour of the convoy when the follower experiences a
10% loss of adhesion during braking.

The upper plot in Figure 4 represents the time—velocity curve and shows the speed
of the leader, which is the same for both the nominal and robust controllers. Moreover,
in acceleration (i.e., the increasing parts of the curves), the leader has a slightly higher
velocity than the followers, thus increasing the distance between the trains. However, in
braking (i.e., the decreasing part of the curve), when the velocity of the leader decreases,
the follower becomes closer as it has a higher speed, always maintaining the safe distance
imposed by the constraints. It is also possible to observe the stop at the stations.

In Figure 4, it can also be seen how the integrity of the convoy is maintained, as the two
trains stop at the station at almost the same time. This effect can be seen in the time-velocity
plot, where both trains in the convoy stop at the stations at almost the same time. The
plot below shows the distance between the leader and the follower. Here, the most critical
moment occurs at the entrance of the stations, where the leader stops, and the follower
must also stop maintaining a safe distance.

The curves labelled “no adhesion loss” include the distance between the leader and
the follower for the NMPC and RMPC when there is no disturbance, i.e., no adhesion loss.
These curves show a very similar behaviour in both cases.

If the behaviour of the robust controller is compared with that of the nominal controller
without disturbances, it can always be observed that the distance between two consecutive
trains is always larger in the case of the robust controller. This result is logical since the
controller contemplates the presence of uncertainty in its own design. In this case, the
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minimum distance between the trains is obtained at the station entrance, when the leader
has stopped. It can also be seen that in the NMPC, this distance is 5 m, while the RMPC is
more conservative and maintains a distance of approximately 8 m.

Veloci
30 T ..
- 20 T, 1 (e N S B LA L . G | [YVTTONS Leader
Q ~ ~ Nominal (no adhesion loss)
E ~—— Robust (no adhesion loss)
> ~ = Nominal (<10% adhesion)
10F 1|=—Robust (-10% adhesion)
0 s LY A "
0 1000 2000 3000 4000
Distance (m)
120
100+
__ 80
E
© 60 1
401
201 1 1 1
0 1000 2000 3000 4000
Distance (m)
40 1

Distance between trains

100

.

310 320 330

50 100 150 200 250 300 350
Time (s)

Figure 4. Results of simulation 1: 10% adhesion loss. Variables versus time.
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100+
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20+
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Figure 5. Results of simulation 1: 10% adhesion loss. Variables versus distance travelled.

However, in the case of a loss of adhesion, differences are observed. In the simulation,
a 10% loss of adhesion is considered in the entrance area of the third station. In this
case, while the RMPC can maintain a minimum distance of 8 m between the trains at
the entrance to the station, a distance of 0.5 m is obtained with the NMPC. This situation
seriously compromises safety because a collision is about to occur, and the safety conditions
for which the nominal control was designed are not respected.

Figure 5 represents the speed and distance between the trains versus the distance
travelled. How and when the trains stop at the station is accurately visualized in this figure.
It can also be seen that the front train stops at the end of the station, and the rear train
stops somewhat further back at the desired distance. Additionally, Figure 6 represents the
driving/force obtained as a controlled variable.
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Figure 6. Results of simulation 1: 10% adhesion loss. Force vs. time.

4.2. Simulation 2: Uncertainty in Positioning Error

At the end of Section 3.3, we introduced the second uncertain variable w? (m), which
represents the positioning error that can influence the estimation of the follower’s distance
from the preceding train. Now, from a practical point of view in the train operation, we
bound the values of the positional uncertainty (26) according to Section 3.3.

The positioning error is produced by two components. To begin with, ATO (Automatic
Train Operation) controllers have a specified maximum positioning error e, of 0.5 m [24].
Additionally, a velocity sensor usually has a maximum error ¢, of 1% of the real speed.
If a metro line with a 110 km/h maximum speed is considered, the velocity error will be
+0.3m/s.

Hence, the maximum distance error produced by the follower predictor appears at
the end of the prediction horizon (38), where the error is more critical in the constraints.
In (38), this result is multiplied by two to consider an extreme situation in which the
preceding train is nearer, and the follower is farther. Since this distance error implies that
the preceding train might be nearer, this value is considered in the lower bound. Therefore,
—3.5 m is estimated as the lower bound of wy, ,;; as a conservative approximation of (38).
Nevertheless, 0 m is set as the upper bound wp, jax in order to avoid a distance reduction
above virtual coupling conditions, which could end in a collision between the trains:

error = 2(ep + tsNpey) = 3.4 m. (38)

This simulation focuses on testing the uncertain variable w”, which is applied to test
the performance of the system when there is noise in the positioning information used by
the follower. In this simulation, two sinusoidal signals are introduced in the positioning and
speed information of the leading train (s’ and '). These signals have a period of 90 s and
amplitudes of 0.8 m and 0.6 m/s, respectively. In addition, a random noise is superimposed
on the previous wave. This noise is uniformly distributed and has an amplitude of 0.001 in
each signal (m and m/s, respectively).

The simulation was performed in both the nominal MPC and robust MPC. The re-
sults presented in Figure 5 under the label “errors” correspond to the simulation with
disturbances, while the results without the label “errors” correspond to the simulation
without disturbances.
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Figure 7 shows that an error in the estimation of the position of the preceding train,
e.g., due to a failure in the odometry or noise in the position information of the preceding
train, can cause a collision with the NMPC (green dashed line in Figure 7). This collision
can occur at the end of braking from high speeds, i.e., near stations.

Velocity
25
. 20 ........ Leader
u -~ = Nominal
E157 4 ——— Robust
> 10k E, = = Nominal (errors)
~——— Robust (errors)
5 L
0

0 50 100 150 200 250 300
Time (s)

Distance between trains 4 :

100+
80+
E 60}
o
40+
20+t
0 = | |~ | | hd
0 50 100 150 200 250 300 350
Time (s)
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30 T ty
........ Leader
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Q) —— Robust
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> ~——— Robust (errors)
10 i
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801
E 601
hel
40
20}
0 1L 1L ]
0 1000 2000 3000 4000

Point (m)
Figure 7. Simulation results 2: Errors in the preceding train information.

The results of the simulations show that in the case of the NMPC, the minimum
distance reached with this disturbance was found to be 0.8 m near the 300 s instant of the
simulation time.

In contrast, in the case of the RMPC, these risk situations are avoided (the solid
magenta line in Figure 7). Additionally, Figure 8 represents the driving/force obtained as a
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controlled variable. In this simulation, the RMPC was found to achieve a minimum safe
distance of 5.1 m, whereas the NMPC presented 0.8 m in the same situation.

Force
100 ' o
50 4 e Leader
g Nominal
= 0 ——Robust
TR
50 ] Nominal (errors)
i ——Robust (errors)
-100 S : : .
0 50 100 150 200 250 300 350
Time (s)
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sol ‘ : I I:ad-e;l
: : omin
s :
= 0 B —— Robust
v 50 E i Nominal (errors)
) ——Robust (errors)
-100 L e : e
0 1000 2000 3000 4000

Point (m)

Figure 8. Results of simulation 2: errors in the preceding train information. Force vs. time.

The most important result of this simulation is that the nominal MPC control system
tends to lead to risky situations when the environment in which it operates is not a nominal
one. This statement is corroborated in Figure 7, which illustrates that, at the station entrance,
trains approach up to an absolute distance of 0.8 m, which is an undesirably risky situation.

However, the robust controller results in a minimum distance of 5.1 m compared
to 7.5 m for an operation without disturbances. Nevertheless, despite the unfavourable
situation, a distance greater than the specified odometry error (3.5 m) is maintained at
48.6%, thereby ensuring a safe traffic flow. Furthermore, with respect to the NMPC, the
minimum distance achieved by the RMPC in this unfavourable situation is almost six times
greater. In other words, the NMPC reduces the distance in this situation by 83% due to its
lack of robustness, which leads to risky situations.

5. Conclusions

In this paper, a decentralized RMPC for the VCTS in railroads was developed. Two
types of uncertainties were included in the controller. We compared the proposed RMPC
controller with an NMPC in different simulations that consider the positioning errors and a
loss of adhesion during braking.

The result is a more conservative controller than a nominal controller, which is never-
theless capable of guaranteeing collision safety in situations which the nominal controller
is not able to overcome, such as under a 10% loss of adhesion during braking and in the
case of errors in the position information of the front train.

However, it is possible to improve the estimation of the virtual coupling predictor.
In future research, fewer conservative solutions could be proposed based on the leader’s
braking estimates calculated from the last known information instead of using only the last
known information directly in the controller.

On the other hand, the decentralized control architecture is acceptable as an advanced
railway signalling system that improves the current train operations but not from the
perspective of the VCTSs’ concept, since in the proposed solution, the leader sets the VCTSs’
movement policy but is not affected by the behaviour of the followers. Therefore, in the
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near future, we will use these results to design a robust centralized MPC for the VCTSs
strategy where all the elements of the VCTS can interact.
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Appendix A

Table A1l. Parameters used in the simulation.

Parameter Value Parameter Value
M (kg) 99.972 x 103 ts (s) 0.2

L (m) 54.9 Hp 20

a (N) 1216.13 Umax (M/3) 30.6

b (N/(m/s) 117.39 jmax (m/s3) 0.98

¢ (N/(m/s)?) 2.97 d s (m) 10
T(s) 0.7 dppin (M) 5
May,, Mag, (N) 150.0 x 103 W min (M/52) —0.05
Py,, Py, (W) 1.584 x 10° Wa,max (M/2) 0.15
a® (m/s?) 1.25 Wy, in (M) -35
a’ (m/s?) 1 Wy, max (M) 0
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