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Optimizing train movement has a great significance for railway traffic. In this paper, based on the optimal velocity
car-following model, we propose a new simulation model for optimizing train movement in railway traffic. Here a kind of
single-track railway is considered. Our aim is to reduce the energy consumption of train movement and ensure the train
being on time by controlling the velocity curve of train movement. The simulation results indicate that the proposed model
is effective for optimizing train movement. In addition, some major characteristics of train movement can be well captured.
This method provides a new way to optimize train movement in railway traffic.
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1. Introduction

On single-track section, optimizing train movement is re-
alized by controlling the velocity curve of the train movement.
Usually, the optimal objectives are to reduce energy consump-
tion, enhance its comfort, make it on run on schedule, etc. In
the past decades, a number of theoretical methods and techni-
cal schemes have been proposed to complete these optimal ob-
jectives, such as utilizing regenerative braking technology, em-
ploying direct-current (DC) traction motors, and using optimal

s.1-31 However, with the development of rail-

control strategie
way traffic, the velocity of trains increases continuously, and
the control system becomes more and more complex. These
factors bring great difficulties to optimizing train movement,
so it has not been solved well.

Optimizing the velocity curve of train movement is one
of the basic methods for reducing a train’s energy consump-
tion, enhancing its comfort, and ensuring that the train can
arrive at a station on time. Here a key step is to determine
the optimal velocity curve with which the train can arrive at
its stations on schedule. Theoretically, two types of methods
have been discussed, i.e., the mathematical model and the sim-
ulation analysis approach.[*~191 The mathematical model has
some computation difficulties, and it is not easy to find an an-
alytical solution. The simulation analysis approach can avoid
falling into those difficulties, but we cannot obtain an accurate
solution. Despite all these, the simulation analysis approach
can be used to solve many reality problems with the help of
computer simulation, so it attracts more and more attention.

The car-following model is one such important simulation
model, it has been widely used to study and discuss the evo-
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lution characteristics of traffic flow under various conditions,
including the early car-following models!' '=!3 and some later

[14-17) The main advantage of the car-following

improvements.
model is that realistic driver behavior and detailed vehicle
characteristics can be included. This implies that the car-
following model is suitable for simulating the vehicle’s move-
ment under various complicate conditions. Recently, the car-
following model has been used to analyze and discuss a ve-
hicle’s energy consumption. For example, Shi et al. studied
the energy consumption in several typical car-following traf-
fic models where the effects of many-neighbor, non-locality,
and relative velocity were considered.''®) A microscopic traf-
fic simulation model, in which the car-following model was
integrated, was used to analyze the impact of roadway grades
on the vehicle fuel consumption.['”! Based on the optimal ve-
locity models, Mo et al. proposed an extended model to inves-
tigate the energy consumption of cars in road traffic.>"!

So far, most car-following models have focused on ana-
lyzing and discussing some road traffic problems, but few of
them study railway traffic. In the present work, a new optimal
velocity car-following model is proposed to solve the problem
of the optimal velocity curve in railway traffic. Here the op-
timization of the velocity curve is carried out by controlling
the cruise velocity of the train. This paper is organized as fol-
lows. In Section 2, the optimal velocity car-following model
is introduced; the fundamental principle of optimizing train
movement is outlined in Section 3; our new model is proposed
in Section 4; and the simulation results are shown in Section 5.

Finally, a conclusion is drawn in Section 6.
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2. Optimal velocity car-following model

In the classic car-following model,[!!] the velocity of the
n-th vehicle is affected by the velocity of the (n+1)-th vehicle.
When the velocity of the leader (n+1)-th vehicle changes, the
velocity of the following n-th vehicle also changes. The n-th
vehicle tends to move with the same velocity as the (n+ 1)-th
vehicle. The dynamic equation can be written as

(0= (3 )b 0] M)

where v,(t) is the velocity of the n-th vehicle at time ¢, and ©
is a parameter related to the driver’s response.

As we all know, for two successive vehicles, whether one
vehicle will accelerate or decelerate is directly related to the
distance between them. This means that in order to avoid col-
lision between two successive vehicles, the minimum safety
distance must be kept. From Eq. (1), Pipes derived a new
equation!'!]

Axn(t):xn+1(t)_xn(t):Axsafe+fvn(t)7 ()

where Axgfe 1 a safe distance. According to Eq. (2), the larger
the distance between two successive vehicles is, the faster the
following vehicle is.

For more realistic reason, Newell proposed the following

optimal velocity car-following model:!?!

gn(t+T) = VP Ax, (1)), (3)

where function V' is called the optimal velocity,
VOPY(Ax, (¢)) = vo{1 — exp[—(Ax, — Axsate) / (v0T5)]}; vo is the
desired velocity; T is the safe time interval characterizing the
car-following in dense traffic; and T is the length of iteration
time step.

In 1995, Bando et al. proposed a famous optimal velocity

car-following model ¥

%alt) = (1) VO (A (1)) — (1), @)

T

where
VOPY Ax, (1)) = (Vnax /2) { tanh[Ax, (1) — Axgare] +tanh (Axgpe ) }-

In general, as Ax — 0, VP'(Ax,(r)) — 0, and as Ax — oo,
VOP(Ax,(¢)) is bounded. This model using the position of
the n-th vehicle as an input is formulated mathematically in
terms of the second-order differential equations. According to
the driving strategy described in formula (4), the n-th vehicle
tends to maintain a safe velocity that depends on the relative
position. Lately, based on such a model, many works have
been done, which extend formula (4) to simulate various traf-
fic phenomena.

3. The principle of optimizing train movement

In railway traffic, when the locomotive, railway, and train
schedule are specified, train energy conservation can be im-
plemented by optimizing the velocity curve of the train move-
ment. In general, the train movement is divided into three
stages: starting acceleration, moving, and decelerating brake.
As one optimizes the velocity curve of the train movement,
discussing and analyzing the train’s movement are the major
work.

When the railway is straight and has no gradient, it is well
known that the train movement with a constant velocity (called
cruise velocity) is the ideal option for reducing a train’s energy
consumption. This is because a train moving with the cruise
velocity can overcome the minimum basic resistance. In the
processes of a train’s acceleration and braking, the maximum
traction and the maximum braking can reduce the train’s en-
ergy consumption. In these cases, the train firstly accelerates
and then moves with a cruise velocity, such a velocity is kept
before the train brakes. Figure 1 illustrates the principle of op-
timizing the train movement. According to such a principle,
we can obtain the optimal velocity curve of the train move-
ment.

In Fig. 1, A is the start site of train movement, and B
is the destination of train movement. We introduce param-
eter £ to describe the energy consumption of train move-
ment at site x, E = (F(x) + f(x))S, F(x) = Ma(x), f(x) =
M(rg + r1v(x) + rav(x)?), where M is the mass of train, and
f(x) is the basic resistance, rg, r1, r are called the Davis co-
efficients, and S represents the train’s moving distance from
an initial velocity vy to the final velocity v. The energy con-
sumption per unit mass is

E = (a+ro+rv3)AS+ raAS
LN (V3 +2aAS)3% — riv}
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Fig. 1. Velocity curve of train movement.

4. The proposed model
4.1. Optimal cruise velocity

In Fig. 1, L is the length from A to B, 11, t,, and t3 repre-
sent the travel time of acceleration, moving, and deceleration,
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respectively. Here 1, f», and t3 are given as follows:

Ver
nh=—, (6)
Addr

L—v2./2a4; — V% 2an;

h =

L Ver Ver

== a @

2abr’
B =—, (8)

where parameters aq;, apy, and v, represent the maximum ac-
celeration rate, the maximum deceleration rate, and the cruise
velocity, respectively. Usually, from A to B, the train move-
ment is under a time interval constraint which is given in ad-
vance. Let T, represent such a time interval (called planned
time), from Eqs. (6)—(8), T., can be calculated as

Ver Ver L

+ + —. 9)

To=t1+h+13= g 2am v
r T cr

Equation (9) can also be written as

1 1
< Sor + Fom ) Vi —Teover +L=0. (10)

According to the specific traffic situation, T, is given in ad-

vance. From Eq. (10), we obtain the cruise velocity of the

1 1
Tood|T2—4 L
e \/ €0 <2adr + 2abr>
Ver = T 1 . 1)

- + -
Adr  dor

train movement

In reality, railway traffic, with the planned time T, in-
creasing, v should become smaller. So from Eq. (11), v
should be chosen as

1 1
Teo = \/TC%_4<2ad + 2ay, )L
r T
Ver = i i . (12)

Addr  dbr

In Eq. (12), if v has a real solution, the following condition
must be met:

1 1

T2 —4 L>0 13

«© (2adr+2abr) - (13)
agqr+a

TC20 > 2(M>L. (14)
AdrQpr

From inequality (13), it is concluded that the time interval T,
has a minimum value. In other words, if the given time inter-
val is smaller than such a minimum value, the optimal velocity
curve cannot be obtained. The minimum value of T, is

' 1/2
Too" = [2<adr+abr)L} : (15)

Adrdor

4.2. Improved car-following model

Using the simulation analysis approach, theoretically, op-
timizing the velocity curve of train movement needs to be done
with the help of an accurate simulation model. However, be-
cause of the complex environment of train movement, estab-
lishing the simulation model and designing the corresponding
solving algorithm are the key steps. In our study, we improve
the optimal velocity car-following model, and use it to sim-
ulate the train movement with optimal velocity curve. Here
train energy conservation is realized by following steps: (i)
during the train’s acceleration or deceleration, the train tracts
or brakes with the maximum acceleration or deceleration rate,
(i) as the train moves, its velocity is kept constant. From
Eq. (11), the train’s optimal velocity is determined by the
planned time T, this ensures that the train can arrive at its
destination on time.

In the optimal velocity car-following model, i.e., Eq. (4),
Vopt represents the driver’s desired velocity, which depends
on the headway distance of vehicles. As the optimal veloc-
ity car-following model is used to describe various aspects
of traffic phenomena, one has to postulate a specific function
form for V. Here, we propose a new form of Vi, which is
based on the discussion in Subsection 4.1. Specifically, the
new form of Vg is as follows: (i) in the process of train
acceleration and cruising, Vopy = ver; (ii) as the train brakes,
Vopt = [2ar(Xobj — Xn (t))]l/ 2. Here Xobj is the objective point
of the n-th train. The objective point can be the leader train or
the station in front of the n-th train.

In the new form of Vi, case (ii) is used to keep the
minimum safety distance between two successive trains. As
Xn(t) Z Xobj — &/ (2ap), the n-th train must brake. In addi-
tion, if v¢; > viax, the train movement would use more time
than the planning time T;,. However, because the optimal ve-
locity v, must be smaller than the maximum velocity viax, SO
if Ver > Vmax, Vor must be limited, i.e., ver = vimax. The executed
process of the proposed model can be described as follows.

Step 1 Determining the planning time T¢o, Teo 2 ngi“.

Step 2 According to Eq. (11), calculating the cruise ve-
locity ver; if Ver > Vimaxs Ver = Vmax; EIS€ Ver = Ver.

Step 3 Determining the optimal velocity Vop; if x,, (1) 2
Xobj — Vgr/(zabr)’ Vopt =

Step 4 Calculating the acceleration X, ()

2ap; (Xobj — X (1)); else Vopy = ver.

_ Vopt —Vn (t)
B —

(1)

Step 5 Updating the site of the n-th train

Va(t 4 1) = v, (8) + %, (1),
Xn(t+1) =x,(2) +va(r + 1).

Here v,y represents the maximum velocity of the train move-
ment. The boundary condition used in this paper is open.
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Considering a single-track section with length L, the boundary
condition is as follows. When the section from site 1 to site L
is empty, a train with velocity v, (¢) = 0 is created. Here Ly is
called the minimum safety distance, Ls = TVimax + V20 / (26br)-
The newborn train immediately moves according to the pro-
posed model. At site L, the train simply moves out of the track
section.

5. Numerical simulation

We use the proposed optimal velocity car-following
model to simulate the train movement under moving block
condition. In this case, trains can move only when the min-
imum safety distance is kept among them. The length of the
simulated track section is set to be L = 2000, and the maxi-
mum iteration time step is 7 = 1000. Some other parameters
are taken as follows: viax = 15, agr = 1.5, T =1, and ap, = 1.
A station is designed at the middle of the simulated system.
All trains should stop at the station for time 7y and then leave,
and Ty is called the station dwell time. The T, represents the
planned time that a train moves from x = 1 to x = 1000.

In order to verify our proposed model, firstly, we com-
pare the simulation result and the theoretical calculation of the
optimal velocity curve for To, = T.2I". The reason is that as
the constraint time of train movement is taken as 7", we
can find some major characteristics of the railway traffic flow
under high-velocity condition. The theoretical calculation is
derived from Subsection 4.1. The compared result is shown in
Fig. 2, which displays how the velocity varies with the train’s
position. In Fig. 2, the dotted line denotes the simulation val-
ues using the proposed model, and the solid line denotes the
theoretical values. From Fig. 2, it is clear that the simulation
values using the proposed model are close to the theoretical
ones. Only small differences exist between them when the
train brakes. This is because the theoretical values are derived
using the maximum acceleration rate and the maximum decel-
eration rate, but the simulation results use some varied accel-
eration rates and decelerating rates. Despite these factors, the
simulation results demonstrate that the proposed model can be
successfully used for optimizing the train movement.
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Fig. 2. The v versus x for /2" = 57.74.

In order to further verify the proposed model, we mea-
sure the headway distance D;(r) of one tracked train. Here
D; (1) is the distance from the i-th train to the (i 4 1)-th train at
time ¢. Figure 3 shows the distribution of the distance head-
way of one tracked train which departures at t=600. In Fig. 3,
the solid line denotes the simulation result, and the dotted line
denotes the minimum safety distance L. From Fig. 3, we can
see that the simulation results are almost larger than the safety
distance Ls. Only a few of them are slightly smaller than the
safety distance Lg. In fact, when the headway distance of the
tracked train is smaller than the safety distance L, the tracked
train will decelerate quickly so that its headway distance can
become larger. This further demonstrates that the proposed
model is successful for simulating the train movement.

Headway distance

0 50 100 150 200
Time

Fig. 3. Distribution of the distance headway of one tracked train for
e =57.74.
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Fig. 4. Velocity versus time for T¢, = 87.74.

During train movement, the leader train has a great effect
on the following train, because the minimum safety distance
must be kept between them. Only when the headway distance
is larger enough, can the following train move according to the
optimal velocity curve. In this case, the train can arrive at its
destination at the planned time. Figure 4 displays the velocity
and time of one tracked train, in which the horizontal lines de-
note that the train moves with a constant velocity. The tracked
train departures from site x = 1 at time ¢t = 138. In Fig. 4, it is
obvious that in order to keep the minimum safety distance, the
following train adjusts its velocity at any time. As the simula-
tion time ¢ is between 15 and 65, the tracked train moves with
the optimal cruise velocity. The time that the tracked train

050205-4



Chin. Phys. B  Vol. 22, No. 5 (2013) 050205

takes is larger than the planned time 7;,. However, a number
of simulations indicate that when the departure time interval
is larger enough, the time that all trains take is equal to the
planned time 7;,. The result demonstrates that the proposed
model is effective for train energy conservation.

Finally, we measure the energy consumption E of train
movement under a different planned time. The E is calculated
by Eq. (5), where the Davis coefficients rg, r, r» are respec-
tively set to 2.25, 0.019, 0.00032, which correspond to the SS8
electric locomotive in China. Figure 5 displays the measured
results, which shows how the total energy and the electrical
peak power vary with the optimal velocity respectively. From
Fig. 5, it is clear that when the optimal velocity of train move-
ment is smaller, the total energy consumption is smaller, and
the electrical peak power is also smaller. These measured re-
sults are consistent with some empirical observations. More-
over, the data in Fig. 5(a) show a power law distribution, i.e.,
E o< T,y", where 7 is an exponent, and that the relationship be-
tween total energy consumption and optimal velocity is linear.
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Fig. 5. (a) The total energy consumption and (b) the electrical peak

power vary with the optimal velocity. The insert shows the total energy
consumption versus the planned time.

6. Conclusion

Based on the optimal velocity car-following model, a new
simulation model is proposed to capture the major character-
istics of train movement. Using the proposed model, we an-
alyze and discuss the optimal control of train movement. In
our study, the train moves with the cruise velocity, so the en-
ergy consumption of train movement can be reduced under the
constraint of a specified planned time. The numerical results
demonstrate that our proposed model can not only well cap-
ture some major characteristics of train movement, but also is
suitable for simulating its optimal control.

We believe our proposed model is a good choice, which
provides a new way to obtain the optimal velocity curve. How-
ever, the proposed model also has some disadvantages, for ex-
ample, some complex traffic environments and advanced con-
trol strategies have not been considered.
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