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ABSTRACT In this paper, a virtually coupled train formation (VCTF) control method based on the model
predictive control (MPC) framework is proposed. The train track spacing error, velocity error, and riding
comfort are chosen as the optimization goals, and the constraints of line speed, collision avoidance of
the train platoon, traction/braking performance, and string stability are considered. The virtual coupling
operation control problem is converted into a quadratic programming problem with constraints. This paper
also proposes a coasting control strategy to improve the output of the MPC controller. Simulation results show
that compared with the proportional derivative controller, the proposed control method can simultaneously
reduce the tracking error and output acceleration, reducing running energy consumption. A study of a metro
line is chosen to analyze the VCTF operation performance, and the simulation results show that the VCTF
operation mode can improve the peak capacity and quality of service of flat hours compared with the

communication-based train control operation mode.

INDEX TERMS Virtually coupled, metro train platoon, model predictive control.

I. INTRODUCTION
The increasing scale of urban environments is increasing
the separation between a person’s occupation and residence.
Therefore, the travel demands of commuters are growing,
and traffic congestion is increasingly prominent. As one of
the leading transportation modes of urban public transport,
the metro plays an essential role in relieving traffic pressure
and overcoming urban congestion. To cope with changes
in passenger flows, subway operators adjust train departure
intervals, but the effects of such adjustments are limited. For
example, the Beijing Metro Line 1 peak departure interval is
90 s during rush hour. However, the metro capacity remains
insufficient. The departure interval increases to 4 min during
the low-traffic period to improve the train utilization ratio,
which increases the waiting time of passengers and reduces
the quality of service.

Under the condition of the limited track and train resources,
a fixed train formation cannot meet the operational require-
ments of a tidal passenger flow. The organization shift2Rail
has proposed splitting an existing train formation into several
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minimum modules containing a power unit to improve the
flexibility of metro operation. The train modules are con-
nected via communication and separated according to the
relative braking distance. Several connected modules form
one virtually coupled train formation (VCTF) for coordinated
operation. The number of train modules in one VCTF can be
adjusted to match the metro transport capacity with passen-
gers’ travel demands more accurately and flexibly. At rush
hour, the number of train modules in one VCTF increases,
increasing the subway capacity. During a low-traffic period,
the number of train modules decreases to increase the train
utilization with the same departure interval, and the passenger
waiting time is improved [1], [2]. A schematic of the VCTF is
shown in Fig. 1. Train modules 1, 2, ..., k exchange opera-
tional information via vehicle-to-vehicle (V2V) communica-
tion, and the modules are separated according to the relative
braking distance to form a virtually coupled fleet. The ground
control center uniformly distributes the track resources via a
vehicle-to-infrastructure (V2I) communication approach for
all train modules as a convoy.

It is necessary to solve the distributed cooperative driving
and control problem of the train modules. The cooperative
operation of different cars in a platoon has been studied and
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FIGURE 1. Virtually coupled train formation diagram.

applied to road traffic. According to the research, a vehicle
platoon can improve the road capacity and reduce traffic
congestion by keeping cars traveling at the same speed and
distance [3], [4]. Owing to the speed fluctuation of the leader
car, the cooperative control of the following vehicles remains
challenging. In addition, the VCTF cooperative control task
is not a single-target control problem. First, the trains in the
formation must track the speed of the leading train. Second,
when adjusting the accelerations of the trains, it is necessary
to consider the passenger riding comfort and avoid extensive
changes in the acceleration rate. Finally, when a train is
operating between stations, the running energy cost should
be minimal and avoid unnecessary energy consumption due
to frequent acceleration and braking operations. These mul-
tiple control objectives are relevant and must be balanced.
The trains in the formation must meet the safety constraints
and avoid collision of adjacent trains. In case of emergency,
it must be ensured that each train can stop safely. Thus, it is
necessary to supervise the train spacing in real time to ensure
that it is larger than the relative braking distance. Therefore,
the cooperative control task of a virtually coupled formation
train is a multiobjective optimization control problem with
constraints. It is necessary to find an optimal driving strat-
egy to minimize the tracking spacing error, jerk, and energy
consumption under safe spacing constraints.

Several studies have been conducted to realize the opera-
tional mode of VCTF. In [5], the concept of virtually coupled
train operation was first proposed to enhance the capacity and
flexibility of European freight railways. The basic concept
and system structure of virtual connections were analyzed in
[6]. In recent years, shift2Rail has proposed virtual connec-
tivity as one of the most critical innovations in the next gener-
ation of signal systems. The application and market potential
of virtual connections have been analyzed in [7]. For tracking
safety of close-range train unit formation, [8] proposed a
topological manifold-based monitoring method and derived
safety monitoring theorems to ensure virtual coupling control
logic safety. In [9], the blockchain method was adopted to
monitor and predict the position of a virtually coupled train
on the line to avoid train route conflicts, and a corresponding
conflict handling strategy was formulated. A control law
including a communication delay time was designed, and
Yalmip tools were used to solve the controller parameters
corresponding to the optimal convergence speed [10]. In [11],
virtual coupling capacity was compared with the traditional
communication-based train control (CBTC) signal system,
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and the results demonstrated this capacity via virtual coupling
gains under various operational scenarios. In [12], a model
predictive control (MPC) method was used to design a train
formation following controller, and a simulation study of Ho
Chi Minh City Line 1 was conducted. A distributed optimal
control method of multiple high-speed trains was proposed
in [13] to overcome communication constraints and realize
efficient speed control. The requirement of communication
among virtually coupled train sets was analyzed in [14].

Many studies have been conducted in the field of car
platoon control. In [15], a two-layer control architecture for
a heavy-duty vehicle platoon was proposed, and the simu-
lation results showed possible fuel savings of 12% for fol-
lower vehicles. In [16], a hierarchical decision and control
framework for a truck platoon was proposed to solve the
multiple merging problem during mandatory lane changes.
An optimized information flow topology model and an adap-
tive proportional derivative (PD) controller were proposed
in [3] to enhance the stability of platoon control under the
unreliable V2V communications condition. In [17], a dis-
tributed MPC with multiple objectives of a heterogeneous
vehicle platoon was presented, and the fuel consumption
table was calculated offline to reduce the computational
burden. To ensure the internal stability and string stability
of a platoon, [4], [18]-[20] derived and proved a sufficient
condition for local stable and string stability that guides the
selection of controller parameters of feedback gains and the
desired time gap. Because the vehicle system parameter is
vital to the control of a platoon, [21] developed a realistic and
collision-free car-following model for vehicles with adaptive
cruise control-cooperative adaptive cruise control. In [22],
a dual unscented Kalman filter approach was proposed to
obtain inertial vehicle parameters.

Related research on existing references has focused on
communication topology, system architecture, operation sce-
narios, and capacity analysis. In terms of studying the control
strategy of a virtually coupled train, most studies consider
only the following distance error of the formation-following
vehicle as a control target, yet they ignore the comfort level
and energy consumption of the train. Most current studies do
not consider the line velocity limit or the train traction and
braking system constraints when designing a virtual coupling
controller. Moreover, because the metro operational require-
ments are flexible and efficient, no theoretical or simulation
studies have been conducted that provide a control method
suitable for the metro operation. Therefore, considering the
need for the virtually coupled formation operation of subway
trains, this paper proposes a design method for cooperative
control of a virtually coupled metro train formation.

The remainder of this paper is organized as follows.
Section II presents the dynamic model of a virtually coupled
train platoon. Section III introduces the MPC approach and
coasting strategy of a virtually coupled train platoon for
multiple objectives control with constraints. In Section IV,
the simulation results are discussed, followed by the
conclusions and an outlook on future work in Section V.

56355



IEEE Access

Z. Wu et al.: Virtually Coupled Metro Train Platoon Control Approach Based on MPC

Resistance

Vi l /

e

v ) Top ades‘ Bottom u »| Traction F’é Train
Controller | Controller | braking system e

v,

Speed sensor
and position |«
calculation

FIGURE 2. Metro train automatic control schema.

Il. VIRTUALLY COUPLED TRAIN MOTION MODEL

A. TRAIN MOTION MODEL

A block diagram of the subway automatic train operation
(ATO) system is shown in Figure 2.

According to the error between the current train speed v
and the recommended speed v*, a controller (e.g., PD con-
troller, fuzzy controller, and sliding mode controller) is used
to calculate the expected acceleration of the train. By exam-
ining the train traction and braking characteristic curve table,
the expected acceleration is sent to the control command
u and then transferred to the traction/braking actuator for
execution. The corresponding traction T or braking force B
acting on the train is then adjusted. Under the forces of T,
B, and the basic running resistance f, the train completes the
specified movement.

According to Newton’s law of kinematics, the train motion
model can be expressed as

{:WU) = vi(?)

mvi(t) = Ti(u, v) — fi(s, v) — Bi(u, v)
where S;, v;, m;, T;, B, and f; denote the position, speed, train
quality, traction force, braking force, and running resistance
of train i, respectively. The basic running resistance of the
train includes wind, mechanical friction, ramp, and bend
resistance. According to the Davis equation, the running
resistance of the train can be expressed as

ey

fils,v)=a+b xvi+c X vl-2 + m;gsinO(s) + % 2)
where a, b, and c represent the wind resistance coefficients
determined by the train type. A is the bend resistance coef-
ficient that is obtained experimentally, 6 is the slope of the
line, and r(s) is the radius of the bend.

The train traction/braking system response model is
considered as a second-order system that can be expressed

as
. 1
§i = ”—Haides 3)
where t is the lag time constant of the train, and ajges is
the desired acceleration calculated by the automatic driving

controller.

B. MULTITRAIN VIRTUALLY COUPLED MOTION MODEL

A schematic of a virtually coupled train formation is shown
in Figure 3. Trains 1,2, ..., m form a platoon, and train 1
is the leader train that operates under the control of the ATO
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FIGURE 3. Virtually coupled train platoon diagram.

according to the train schedule. Trains 2, 3, ..., m follows the
previous train with the desired clearance.

According to [13], the desired distance between the trains
in the platoon is obtained using the constant time gap spac-
ing model to ensure the efficiency and stability of the train
platoon. The ideal distance between trains i and i — 1 can be
expressed as

dides = ki x vi +do 4

where k; is the tracking time coefficient, and dj is the safe
distance margin.

Assuming that the sampling time is 7y, Eq. (3) is dis-
cretized according to the Euler method. The train model in
the discrete-time domain can be expressed as follows:

Ts Ts
ailk +1) = (1 - 7) aj(k) + ?Mi(k) &)

where u;(k) is the control input at step k, and a;j(k) is the
acceleration of train i at step k.

The distance between trains i and i — 1 and the velocity
difference, acceleration, and speed are selected as the state
quantity, and the acceleration of train i — 1 is taken as the
measurable disturbance term. According to Egs. (1) and (5),
the state-space equation of train i is constructed as follows:

xi(k + 1) = Ax;(k) + Byui(k) + Bywi(k) +Z
yik) = Cx;(k) (6)

where x; = [Aa; Aa; v; aiji]T and w; = a;_1; A, By, By,
and Z represent the system coefficient matrix and can be
described as

1 T, —kT 0 0 0

0 1 —T 0 0 0
4—|0 O Ty O e

0 0 1-Tyr 0 O T,/t
0 0 0 SR !

- T T

K —do
Ty 0

By,=|01|, z=| 0 N

0 0

K 0

An integral is introduced into the state-space equation to
eliminate the static error. Eq. (6) may be rewritten in an
incremental form, and the incremental state equation of train
i can be expressed as
Axi(k + 1) = AAxi(k) + By, Aui(k) + B,y Aw;(k)
Yie(k) = CcAxi(k) + yie(k — 1) )
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where y;. is the controlled output variables, and C, is the
controlled output coefficient matrix. Because the control
objectives of a virtually coupled train platoon are formation
efficiency and passenger comfort, the controlled output vari-
ables can be described as y; . (k) = [Ad; (k) Av; (k) jitonT,
and j;(k) is the rate of change in the train acceleration. Thus,
C.is

©))

S OO
S OO
—_ O O

1 0
c.=|0 1
0 0

Ill. PROBLEM STATEMENT

A. PREDICTION EQUATION

The prediction control method predicts a future dynamic
output based on the current measurement state and motion
model. The prediction time domain is set as p, the control
time domain is m, and to reduce the prediction equation cal-
culation, the following assumptions are made: 1) m < p, and
the control quantity is zero outside the control time domain,
and 2) detectable disturbances remain unchanged during the
prediction of the time domain.

According to the current measured state x(k) and the last
step measured state x(k — 1), the initial state increment Ax (k)
can be calculated. The estimated value of the states in the
prediction time domain can be expressed as

Axi(k + 1| k) = AAxi(k) + B, Aui(k) + B, Aw;(k)
Axi(k +2 | k) = A2Axi(k) + AB, Auji(k)

+By Aui(k + 1) + AB,, Awi(k)

: (10)
Axi(k + p | k) = AP Ax;(k) + AP~ B, Au;(k)
+AP 2B Auik + 1) + . ..

+AP~"B, Aui(k +m — 1) + AP~ B,, Aw;i(k)

By rewriting Eq. (10) in matrix form, the state quantity in the
prediction time domain can be expressed as follows:

X, = ApAxi(k) + By AU (k) + Byp Awi(k) an

where X, represents the p-step prediction state vector, AU ;(k)
represents the input vector, and A, B, and B,,, represent the
recursive coefficient matrix.

Similarly, the output of the future p-step prediction of the
system can be expressed as

Y, = S Axi(k) + Iyi(k) + Sy Aw;(k) + S, AU(k)  (12)

where Y), represents the p-step prediction output vector of the
system and can be expressed as

Yo=Iytk+11k)yk+21k)---ytk +pl)]"  (13)

and S, 1,S,, and S, represent the recursive coefficient
matrix of the state increment, output increment, measured
disturbed increment, and input increment, respectively.
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FIGURE 4. Coasting strategy process diagram.

TABLE 1. Train parameters.

. Maximum Maximum
Train . Length . brake
type Formation (m) accelera;m acceleration
n(m/s*) (m /52)
CBTC 4B 2M2T 76 1.08 1
VCTF 3B 2MIT 57 1.08 1
TABLE 2. Simulation parameter value.
MPC Parameter Default Value
m 10
p 3
T 100 ms
do 6m
ki 3
T 1
Q diag{0.8,0.4,0.6}

B. MPC OPTIMIZATION PROBLEM

The evaluation functions must achieve the following objec-
tives: 1) the steady-state tracking error is zero; 2) the changing
acceleration rate of the train is as low as possible to ensure
riding comfort; and 3) the output command should avoid
frequent switching between traction and braking, thereby
reducing energy consumption.

The tracking error index of train i at step k can be calculated
using the distance error Ad;(k) and the velocity error Av;(k).
The riding comfort can be calculated by the rate of change in
the train acceleration:

Jitk) = (ai(k) — ai(k — 1)) /T (14)

The optimization objective function is constructed using the
weighted summation of the three indices of the spacing error,
velocity error, and jerk and can be expressed as follows:

P
minJ =Y | Qyivictk +i | )| (15)
i=1
where Qy; = diag{qa, qv, q;} is the weighted coefficient
matrix of the controlled output index y; .

The following constraints should be considered to ensure
the operational safety and performance of each train in the
platoon.

1) Safety Stopping Constraint: The distance between two
adjacent trains in the platoon should be larger than the relative
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FIGURE 6. Simulation results of the MPC controller. (a) Vehicle velocity. (b) Clearance error. (c) Acceleration.
braking distance, ensuring that each train in the platoon can where appax = min {abmax(i), Abmax(i—1) }, and Vi =

stop safely in an emergency scenario. The following equation
should be satisfied:

v2 (k) vi(k)

2ap max(i=1)  2abmax(i)

+di(k) >0 (16)
where apmaxiy and dpmax(i—1) are the maximum braking
accelerations of trains i and i — 1, respectively.

2) Line Velocity Constraint: The train operation speed
should be lower than the line limit speed to avoid train
derailment, and the speed of train i can be limited as

vi(k) < Viine(k) A7)

We assume that the line limit speeds of trains i and i — 1
are unchanged in the prediction time domain. Because the
speeds of trains i and i — 1 satisfy the constraints of Eq. (17),
we can obtain that v; (k) + vi_1 (k) < 2 X Vjpe(k). In
addition, the prediction domain is finite; it can be derived that
vi (k) +vi—1 (k) < 2 x (v(k) + amax X Ts X p), where vy(k) is
the maximum of v;(k) and v;_1(k), and a4, 1S the maximum
acceleration of trains i and i — 1. The constraint of Eq. (16)
can then be simplified to a linear constraint and expressed as

di(k) > Av;(k)

Vlimit

(18)

Aap max
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min{vsipe (k) , vi(k) + @jmax X Ts x p}. The constrained output
can be expressed as y; 4 (k) = [Ad; (k) Av; (k) vl-(k)]T.

3) Train Performance Constraint: In addition to consid-
ering the constraints of safe operation, it is necessary to
consider the instruction limitation of the traction and brak-
ing transmission system. Therefore, input constraints are
included and can be described as follows. Because the max-
imum train acceleration and deceleration are limited in prac-
tice, the control command range of the traction and braking
transmission system is restricted as

{aimin < ui(k) < aimax

. . 19
Jimin < Aui(k) < Jimax (19)

where aimin, Aimax > Jimin, and jimax are the minimum and max-
imum accelerations and changing rates of the train accelera-
tion, respectively.

4) String Stability Constraint: The peak magnitude of the
deviation from equilibrium spacing should not be ampli-
fied through the vehicle string to ensure the stability of
the platoon. According to [20], the platoon [, string stable
constraint can be expressed as

Ad_| < Adi(k 4+ h) < AdT VheP (20-a)

i—1,k+1
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FIGURE 7. Simulation results of the MPC controller with the coasting strategy. (a) Vehicle velocity. (b) Clearance error.
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(b) MPC with the coasting strategy.

_ —dp fori=1
Adisy 1 = —max(‘Adi’q‘ﬂD for‘i>1 VYuek
(20-b)
Adty gy = max (|Ady ) fori=1 Vuek @00

where P = {1,2,3,...,p}, K = {0,1,2,...k + 1}, and
Adl.r_ 1. denotes the actual distance error of train i — 1 at time
. As constraint 1) ~ 3) are more significant concerns com-
pared to constraint 4), the string stability constraint should be
softened if there is no feasible solution.

The virtually coupled formation train control strategy is
transformed into a quadratic programming problem with
constraints and described by Eqgs. (14), (17-20).

C. COASTING STRATEGY
A coasting strategy is proposed further to optimize the driving
performance of disturbed train modules. By adding a coast-
ing mode, the number of switches between the traction and
braking states and the operational energy consumption can
be reduced. This switch coasting strategy is shown in Fig. 4.
When the output command of the MPC is smaller than the
threshold and the distance of the train is safe, the train coasts
to reduce energy consumption.

In Fig. 4, k is the safety distance coefficient, and ay, is the
acceleration threshold of the coasting.
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In each control cycle, the absolute value of the controller
output u(k) is calculated, and the safe distance dyqp is cal-
culated by Eq. (18). If the switch conditions in Fig. 4 are
satisfied, the coasting strategy is applied. Conversely, if the
output control command of the MPC is beyond the threshold
value or the train spacing does not meet the safety margin,
the train control command applies the MPC output.

IV. CASE STUDY

Numerical experiments using MATLAB/SIMULINK are
conducted to analyze the proposed method. First, the tracking
performance of three train modules based on the proposed
method is investigated. Next, VCTF is applied to the Beijing
Metro Yanfang Line to test the operational capability of the
virtually coupled train formation.

A. SIMULATION PARAMETERS
There are nine stations on the Yanfang Line, and the length of
the line is 14.4 km. The maximum line limit speed is 80 km/h.
The train parameters are listed in Table 1. Currently, the signal
system is CBTC, and the train formation is 2M2T, wherein
M represents the motor vehicle, and T represents the trailer
vehicle. Considering the motor vehicle utilization, the single-
train module in the VCTF is 2M1T.

The train modules are simulated using Egs. (1) and (2).
According to [23], the basic running resistance coefficient
of type B train is as follows: a = 1.08, b = 0.008, and
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TABLE 3. Performance index comparison of different control strategies.

Control Train Distance Speed Energy
. Jerk
method id error error cost
D 2 125.1 79.76 3.757 2222
3 83.27 76.11 4.168 2047
2 43.32 76.74 4 1025
MPC
3 8.394 71.1 4.506 908.2
MPC with 2 41.29 76.25 2.519 723.9
coasting 3 7.932 7091  2.804 5743

¢ = 0.0096. The time delay constant of the traction and

Velocity (m/s)
o

—_—
L L

00

1200

braking system is 1.0 second. The time distance coefficient
should satisfy the condition k; > 2 x T to ensure string
stability according to [24], so the constant time distance k;
is 3. The control strategy for the virtually coupled formation
train is transformed into the optimization problem presented
in Section III. The MPC parameter value is shown in Table 2.

Additionally, to analyze the control performance of the
MPC controller designed in this study, an automobile adap-
tive cruise car PD controller provided in [25] is simulated for
comparison:

uj =ky X (i —si—1 — ke X vi —do) +ka x (vi —vi_1)
(21)

where k; = 0.33, and k> = 0.25.

B. PERFORMANCE OF THE VCTF CONSIDERING SPEED
CHANGES IN THE LEADER TRAIN

In this part, three train modules form a virtually coupled train
formation. The leader train speed changes according to the
set speed curve. The tracking process of the follower train 2
and train 3 under the MPC and PD controller are simulated
and analyzed. The initial speed of each train is 16 m/s, and the
initial spacing error is zero. First, the leader train 1 speeds up
to 20 m/s at 0.6 m/s?, operates at a constant speed for 15 s,
decreases its speed to 16 m/s at —0.6 m/s2, and maintains a
uniform speed for 15 s. In the second velocity cycle, train 1
repeats acceleration—uniform—deceleration—uniform process,
and the acceleration magnitude and deceleration magnitude
increase from 0.6 m/s> to 0.8 m/s%. The initial and maxi-
mum velocities are the same as those in the first circle. The
acceleration magnitude and deceleration magnitude of the
third cycle is 1.0 m/s?. The simulation tracking process of
train 2 and train 3 under the PD, MPC, and MPC with the
coasting strategy are shown in Figs. 5-7, respectively. The
simulation platform is an industrial computer with 3.7-GHz
CPU and 128-GB memory. The peak and mean computing
time to solve MPC are 59.9 ms and 0.3578 ms, which are
lower than the fixed time step (Ty =100 ms).

Figs. 5 and 6 show that train 2 and train 3 can follow the
speed change of train 1 with some delay, and the space error of
each train is within 5 meters. In each velocity cycle, the max-
imum clearance error of train 3 is less than train 2, thus indi-
cates the maximum distance error decreases according to the
platoon and shows the [, string stability. Compared with the
PD controller, the speed curve of the MPC is smoother with
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FIGURE 9. Actual operation velocity and ATO output command curve of
the Yanfang Line. (a) Vehicle velocity. (b) Acceleration output.

minor delay according to the speed of train 1. The distance
error of the MPC is lower than that of the PD controller.
The simulation results indicate that the MPC performs better
than the PD controller in tracking the leader train. The MPC
considers the motion of the leader train during the predic-
tive time, so the speed fluctuation regulation is decreased
compared with the PD controller, which ensures excellent
tracking performance. Moreover, the MPC is feasible during
the simulation time, ensuring the constraints of Eqs. (17-20)
are satisfied.

In Figs. 5(c) and 6(c), a; indicates the operation accelera-
tion for train 1, whereas a; and a3 is the desired acceleration
calculated by the MPC or PD controller. Because of the train
running resistance in Eq. (2), a» is not zero when train 2 oper-
ates at a constant speed. A comparison of Figs. 5(c) and 6(c)
show that the MPC controller regulation frequency between
acceleration and deceleration is more extensive than that
of the PD controller, especially in the area marked by the
elliptical dash line. In train actual operation, the response
time from braking to traction is longer according to the safety
constraint. Moreover, the regulation between traction and
braking increases the running energy costs. To ensure running
performance and safety, the controller should minimize the
switching times between acceleration and deceleration. The
coasting strategy presented in Section III.C is applied to
reduce the MPC frequency regulation, and the result is shown
in Figs. 7. The velocity error and clearance error change
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FIGURE 10. Actual operation velocity and ATO output command curve of the Yanfang Line. (a) Vehicle velocity. (b) Velocity

error. (c) Clearance error. (d) Acceleration output.

little under the coasting strategy. Simultaneously, the switch
times between acceleration and deceleration are significantly
decreased, as shown in Fig. 8. A comparison of Figs. 6 and
7 indicates that the coasting strategy can reduce the regulation
frequency between traction and braking and enhance the train
running performance.

The space error index, speed error index, jerk index, and
energy consumption index are calculated to analyze the per-
formance of the three control methods quantitatively.
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The calculation method for each index is as follows:
tend
clearance error = / |d(t) — dges(t)| dt
0
tend
speed error = / [vi(t) — vi—1(t)| dt
0

tend (22)
Jerk = / lji(®)| dt
0

/ fend _sgn (u;(1)) + 1
e_cost = -
0

> x ui(t) x vi(t)dt
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TABLE 4. The capacity comparison.

Rush hour Low-traffic period
Carriages Departure time Train capacity Carriages Departure time . .
number (min) (p/h)* number (min) Train capacity (p/h)
CBTC 4 5 11520 4 8 7200
VCTF 6 5 17040 3 6 7100

2 p/h = passengers per hour

where f.,4 is the simulation time, e_cost is the energy cost
index, and sgn() is the sign function. Because the metro
train applies resistance braking, there is no energy consump-
tion or recycling with the power grid when the train brakes.
Therefore, the energy consumption index is calculated only
when the train is experiencing traction. Because the train
quality is constant for each controller, its value is set as 1 to
simplify the calculation. The calculation results are presented
in Table 3.

Table 3 shows the performance index value of the follow-
ing train 2 and train 3 for each control experiment. The results
show that the distance error of the PD controller is almost
three times that of the MPC, and the speed error value is
nearly the same. The jerk of the MPC is worse than the PD
controller. The index values of MPC with coasting express
that the coasting strategy can guarantee track performance
with lower energy consumption and jerk, which improves the
driving performance of MPC.

C. SIMULATION OF VCTF OPERATION ON THE YANFANG
LINE

A simulation experiment on the Beijing Metro Yanfang Line
is presented to validate the performance of the proposed
method. The actual operating speed and line limit speed are
shown in Fig. 9(a), and the acceleration command by ATO
is illustrated in Fig. 9(b). Within the length constraints of the
existing platform, VCTF adopts two train modules to form a
platoon during rush hour and a single-train module operation
in a flat hour.

We assume that leader train 1 operates per the ATO speed
curve, as shown in Fig. 9(a), and train 2 operates under the
MPC controller with the coasting control strategy proposed
in Section III. The running process of train 2 is simulated,
and the experimental results between stations are shown
in Fig. 10.

The speed curve of train 2 synchronously follows leader
train 1 from station 1 to station 9, as shown in Fig. 10(a).
Fig. 10(b) and 10(c) indicate the increases in speed error and
clearance error when train 1 accelerates or decelerates, espe-
cially near the train station. Because the acceleration of train 1
is assumed to be constant during the MPC predicted domain,
the tracking performance deteriorates when the acceleration
of train 1 changes rapidly. Owing to the traction/braking
system delay, the tracking error of the PD controller is even
worse. The delayed arrival time between train 2 and train 1
cannot be canceled as a safety constraint. Fig. 10(c) and 10(d)
show that the output acceleration of the MPC is smaller than
that of the PD controller, while the clearance error of the MPC
is smaller than that of the PD controller. It can be concluded

56362

that the proposed MPC control method can achieve superior
running performance with lower acceleration compared to the
PD controller.

The capacity of VCTF and CBTC is analyzed to evaluate
the operational improvement obtained by the VCTF. The
comparison results are presented in Table 4. Because the
number of carriages in a VCTF is 1.5 times that of a CBTC
signal system train, the passenger capacity during rush hour
can be improved by a factor of 1.47 by VCTF under the
current line and station platform conditions. Additionally,
during low-traffic hours, there is one train module in a VCTF
such that the passenger occupancy rate can be improved, and
the train departure time decrease to 6 min, which can enhance
the quality of passenger service.

V. SUMMARY AND DISCUSSION

This paper proposes a VCTF train control method based on an
MPC framework to achieve cooperative control of virtually
coupled metro trains. First, a dynamic model of virtually
coupled trains is introduced, and the output state is predicted
using this model. We choose the train track spacing error,
velocity error, and riding comfort as the control objectives,
and the objective function is obtained based on a weighted
method. The platoon collision avoidance constraint is derived
and transformed into a linear constraint. Additionally, the
line speed constraint, traction/braking system limitation, and
string stability constraint are considered. Finally, the virtually
coupled train control problem is converted into a constrained
quadratic programming problem and solved by the active-
effective-set method. Besides, a coasting strategy is proposed
to improve the output of the MPC and reduce driving energy
consumption.

Experimental results validate the performance improve-
ment of the proposed MPC method and coasting strategy.
The simulation results show that the proposed MPC approach
achieves excellent tracking ability compared with the PD con-
troller. During simulation time, the feasibility of MPC shows
the safety running constraint is satisfied, which is essential
for the platoon. The coasting strategy increases slide time
and reduces driving energy consumption significantly. The
Yanfang Line simulation results indicate that the following
train controlled by the proposed approach operates on the
line with a tiny tracking error, and VCTF can improve the
metro peak capacity in rush hour and service quality during
low-traffic periods.

Future research about the cooperation control effects for
different train types is desired. Other important issues include
communication delay and topology, which are ongoing
research subjects.
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