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Abstract

Besides energy-efficiency, people also want train operation to be comfortable, punctual and parking precise. In this paper, a multi-
objective model for automatic train operation in urban railway is proposed by unifying dimensions of different objectives firstly.
This model is built by applying multi-objective decision with the penalty function, based on the analysis of train performance and
its operation environment. Then a genetic algorithm is developed to solve this model and obtain the optimal recommended speed
profiles. Thirdly, fuzzy controller is designed to achieve track recommended speed profiles. Finally, with the help of Matlab software,

control effect is verified based on simulation. From the simulation results, it can be seen this strategy can meet the requirement of

multi-objective, which are energy-saving, parking precisely, running punctually and comfort.
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1 Introduction

When the automatic train operation (ATO) was just
beginning to emerge, maximum speed strategy is one of
the simplest trains running strategies and widely used.
The maximum speed strategy will use the maximum
acceleration to start until the speed reaches the speed
limits of the track. The braking is also used the maximum
deceleration to make the train stop. This strategy
often makes the speed profile close to the speed limit,
energy consumption is large and acceleration switching
frequently.

Energy-efficient train control (EETC) is one of the
research hotspots in railway train operation. EETC or
eco-driving means drive a train with the least amount of
energy (Scheepmaker et al., 2017). Even the energy-effi-
cient is important, it's not the only one aim of the train
operation. A good train operation strategy should be safe,
punctually, comfort, parking precisely, etc.. Now lots of
researchers try to find the best running operation sequence
of automatic train operation system to reduce energy con-
sumption. It's proved that proper strategy can make big
decrease in energy saving (Dominguez et al., 2011).

The new Communication Based Train Control (CBTC)
system can largely improve the communication band width,
which can load more speed profiles (Carvajal-Carrefio et
al., 2014). Usually, the route is separated as several sec-
tions according the route characteristics, and several train
control strategy is set, then algorithm is used to solve the
optimal problem (A¢ikbag and S6ylemez, 2008). There are
many algorithm used to solve this problem, such as genetic
algorithm, particle swarm optimization algorithm, Hybrid
Evolutionary Algorithm, etc. (Dominguez et al., 2014;
Miyatake and Ko, 2010; ShangGuan et al., 2015). As for
speed tracking, fuzzy control is the most popular control
method (Sicre et al., 2014; Yang et al., 2017).

This paper focuses on the multi-objective and uses the
advantages of this two main study methods, which com-
bines with intelligent optimization algorithm and fuzzy
control. The multi-objective optimization method has been
used to train operation control, but the different dimension
of the problem has not been solved (Xun et al., 2008; Zhu et
al., 2013). Based on the analysis of train performance and
its operation environment, this paper unifies dimensions of
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different objectives by applying multi-objective decision
with the penalty function. This method is of great signifi-
cance to improve the operation efficiency and to reduce the
operating costs of urban railway.

The structure of this paper is as follows:

» Section 2 analyzes the multi-objective model

* and Section 3 gets the strategy which generated
by genetic algorithm.

» Section 4 designs the fuzzy control system, then
use the speed profile generated in last section as the
input to verify the control effect.

» Section 5 draws the conclusions.

2 Multi-objective model

2.1 Mechanical analysis

The train is considered as an entirety to analyze the
force of the train. This paper defines the unit resultant
force of the train as Eq. (1). F, is traction, ¥ is resistance
(which includes basic resistance and additional resistance)
and B is braking force. The P is the mass of the trailer and
G is the mass of the traction locomotive.

F x1000 (F, + R+ B)x1000

TSP (Rrro)e

=f+n+r+b

(1)

Calculating the actual train traction need find out
the corresponding type of train traction characteris-
tic curve, and then the value of the traction of different
speed can be getting. There are three types train in China,
which are Type A (3 m in width), Type B (2.8 m in width)
and Type C (2.6 m in width). Type A is the most com-
mon urban railway train type in China, so the charac-
teristics used in this research is accord with Type A
Train. According to the Specification for Train Traction
Computation (Ministry of Railways, 1999), the unit trac-
tion of the Type A train is as the following Eq. (2).
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The resistance R is composed of basic resistance R, and

f’:
40 km/h <v <90 km/h

additional resistance R , namely R = R, + R . Referring the
research of Lu (2016), the unit basic resistance is shown
in Eq. (3), and the constants 4, B and C is varies from the
different train type. When trains run on the ramp, curve or
tunnels, additional resistance can be calculated as Eq. (4)
(Liu et al., 2008). The 7, is the additional resistance, which

contains ramp resistance r , curve resistance r, and tunnel
resistance 7. [ is the value of slope which is positive when
uphill and negative when downhill, R is curve radius of
the curve rail track. 4 is an empirical constant determined
by experimental method and it varies from countries to
countries, is usually 600 in China. L _is the length of the
tunnel when the train runs in the tunnel.

r, = A+ Bv+Cv =2.7551+0.14v +0.00075v* 3)
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From the study of Ding (2011), the equation of unit
braking force of type A4 is as following Eq. (5). K is brak-
ing force of each brake shoe of train.
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2.2 Dynamics equations
The dynamic equations are analyzed in this section, such
as distance, speed and acceleration etc..

According to Newton's second law of motion, the accel-
eration of the train can be calculated as Eq. (6) (Zhu and
Xu, 2011).

F

T (Zrrxo)

The rail track between two stations can be divided into

(©)

several sections, and it is assumed that the train runs in a
uniform acceleration in one section due to the fast speed of
the train and the short distance of each section. From the
definition of velocity and acceleration of classical mechan-
ics, the speed and distance at section i can be known as
Egs. (7), (8). v, is the velocity when train runs to 7 distance.
t, is the train running time of / distance. a, is the accelera-
tion of train running to 7 distance. s, is the displacement of
the train running to i distance.

V=V, g, (ti _ti—l) (7
2 2
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2.3 Multi-objective model

ATO control system is a complex nonlinear system,
which has multiple input and output variables to realize
multi-objective optimization. This paper proposes the



multi-objective model in Eq. (9), which represents the
optimal aim. K, K , Kp, and K represent the various per-
formance indicators of the train operation.

min £ (v,v,,...,v,,,T,8") = min(Ke,Ka,Kp,Kc) )

K, is the value of the energy consumption, and from
the power definition of classical mechanics, Eq. (10) is
obtained. If the smaller the K is, the less energy will be
used. F', is a resultant force on the i section. §'is the actual
distance that the train run.
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This paper proposes Eq. (11) to calculate the K , which

means the stop accuracy of the train. The smaller the
value of K indicates more accurate. S is the stand dis-
tance of the train that should be run. This paper chooses
the difference value between S’ and S to represent the
accuracy of train. Penalty coefficient ¢ is making the cal-
culation more precisely. The o means the unit additional
energy when the train parks on the standard parking posi-
tion. The o, is the deviation of train position that obtained
with the maximum traction force.
Is'-sl

K,=(+0) o (11)

K represents the index of train punctuality. Referred to
the research of Chang and Sim (1997), Eq. (12) is established
to express K . T represents the time that the train should
finish the running, which is get from running schedule.
The actual time, that the train is running the whole route,
is T". 7, represents the time limit that passengers can accept-
able the train arrive early or late. 7 is also set to be a time
penalty coefficient, which represents energy consumption
value which can make train finish running at time 7.

I7'-1

Kp=(l+r) 7 (12)

The index of passengers comfort is K , and it's expres-
sion is proposed in Eq. (13). C' represents the uncomfort-
able level, which is measured by the jerk and calculated
by da / dt (Ke et al., 2011). The smaller C' means more
comfortable, that passengers feel. The maximum jerk that
passengers can bear is C. « is a penalty function of train
energy consumed to make train running meet the com-
fortable level.

I (R of

¢ i=1

1 c'<c

(13)
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3 Strategy generation
3.1 Algorithm and parameter
Speed profile is the speed that the train should be at time ¢,
different speed profile will lead to different optimization
result. Appropriate algorithm need to be chosen to gener-
ate the recommended speed profile. The train operation is
a complex, nonlinear multi-objective optimization prob-
lem. It's hard to get exact solution, genetic algorithm is
used to get the speed profile. Genetic algorithm is an opti-
mization algorithm based on biological natural selection
and natural genetic mechanism, which is widely used in
combinatorial optimization, machine learning, adaptive
control and other fields. Good convergence, higher preci-
sion, less computation time and higher robustness are the
advantages that genetic algorithm own (Xia et al., 2006).
Before the genetic algorithm applied, it is necessary
to explicit the environment of train operation and the
train attributes as a basic experimental characteristics.
This study of the automatic train running strategy is based
on the vehicle of 64 formation. The property parameters
of the train are shown in the Table 1. The environment
parameters between two stations in Beijing Railway is
acquired and shown in the Table 2.

3.2 Speed profile generation

Matlab software and genetic algorithm are used to find the
optimal speed profile in this paper. The route is divided
into n sections (n = 100), after the 96" calculation, the opti-
mum solution can be get. So the 100 is set to be the stop of
the operation in the speed profile generate. Then, the value

ofv,v,, ..,V

cos Vogs Vi 15 S, etc. can be get from the optimum

Table 1 The property parameters of the train

Parameter name Size parameters

64 formation,4 motor cars and 2 trailers
Organization form: Tc-Dc-De-De-De-Te
Tc refers to trailer having the driver cab
Dc refers to train without the driver cab
Train length 22.8m

Body width 3m

Train Formation

The passenger Seating capacity is 56 people per cab
capacity of the Standard capacity is 310 people per cab
train Over capacity is 430 people per cab

Weight under no-load: 220 t
Weight under standard load: 332 t
Weight under over load: 375 t
(Weight is calculated on 60 kg per passenger)

80 Km/h

Train weight

Top speed

The total pressure

of brake shoe > K =810 KN
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Table 2 The environment parameters between the two stations

Basic attributes of line The values
Total route length S 1000 m
Orbit curve radius R 1200 m
The tunnel length L_ 1000 m
The slope i between 0-500 m =5 %o
The slope i between 500-1000 m 10 %o

solution. In the recommended speed profile of the multi-ob-
jective strategy, the running time is 120.3 seconds and the
energy consumption is 5.63 x 107 joule. Potting each speed

value v, v, vy, ..., v at corresponding section point,

Voo Vigo
Fig. 1 can show the v-s relationship.

Combing figures and numeric results of multi-objective
strategy, it can be seen that within the time, the energy
consumption and stop accuracy meet the requirement,
and the comfortable level of passengers is smooth.
Synthesize the relevant data, the speed profile that gener-
ate by multi-objective strategy performs good. The results
above is generated based on the specific train and route
environment in Beijing, but the way generate the multi-ob-
jective recommended speed profile is suitable for other
train type and environment. The speed profile gener-
ated in this section would be the input of ATO control-
ler. Under the circumstance that the controller can make
train operate according to the speed profile, multi-objec-
tive automatic train operation can be realized.

4 Speed profile tracking

4.1 Simulation system design

To realize the multi-objective control strategy is generating
train ideal speed profile of ATO and controlling the train
on the accurate tracking process. Simulink environment of

gl
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0 100 200 300 400 500 GO0 700 8O0 900 1000
Sim)

Fig. 1 The speed profile under multi-objective strategy

Matlab is applied to build simulation system, Fig. 2 shows
the simulation system framework. The simulation system
of multi-objective control strategy consists of ideal trajec-
tory module of train, fuzzy controller module, predictive
controller module and the module of the controlled object.
Train ideal trajectory module inputs the ideal speed curve
to the system as the tracking targets of ATO control sys-
tem. Fuzzy controller outputs control commands to con-
trol train operation according to the variation of the input
state. Predictive controller predicts the next time actual
speed of the train based on the current operation speed
and the change of ideal speed curve, which regards the
error rate between predictive speed and ideal speed and
make them to be the input of the fuzzy controller of the
next moment. In addition, predictive controller makes the
change of the external environment real-time feedback to
the system to achieve the dynamic optimization.

4.2 Fuzzy control design

Fuzzy logic controller is the most important part of the
fuzzy control system. The input and output of the fuzzy
control system should be clarified. Forecast error e and
forecast error change rate e’ = de / dt are set to be the input
of the fuzzy control. The output of the fuzzy system is the
resultant force u.

Each fuzzy language is corresponding to a fuzzy set.
Fuzzy segment is to confirm the number of fuzzy lan-
guage name, which decided the accuracy of fuzzy control.
In this paper, NB (Negative Big), NM (Negative Medium),
NS (Negative Small), ZR (Zero), PS (Positive Small),
PM (Positive Medium), PB Positive Big) is set to represent
the space of input and output of the fuzzy control.

The precise value should be fuzzy to meet the require-
ment of fuzzy control. According to the research of Li and
Yang (2013), Eq. (14) can be obtained to make the con-
version. The fields of fuzzy parameter e is [-10, +10],
the fields of e'is [~6, +6] and u is [-10, +10].

2n(x _az_b) (14)

b-a
The triangular-shaped function is used to describe the

y:

membership function of fuzzy input and output. When the
triangle is narrow, the control will be more sensitive, and
wide triangle means the stable control. The shape of the tri-
angle usually is decided by the input error. In order to make
control more efficient, the middle triangle of e is the nar-
rowest, and gradually be wide to the sides, shown as Fig. 3.
The membership function of e’ and u is Fig. 4 and Fig. 5.
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Appropriate fuzzy control rule is a critical part to real-
ize fuzzy control. The fuzzy control rule is imitating the
operation of the train driver, which is a knowledge set
get by experiment. Use language to conclude the manual
manipulation rule is actually to establish the fuzzy con-
trol rule. Generally speaking, conditional statements can
describe the manual manipulation rule, such as if A and
B, then C. It should be noticed when chose the variation
range of control variables, if the input error is big, out-
put variable should cancel the errors. If the input error is
small, output variable should prevent overshoot. Table 3 is
the fuzzy control rule used in this paper.

4.3 Result analysis
The train characteristics and operation environment of the
simulation is shown in the Table 1 and Table 2. The simu-
lation is running with interference, then the energy saving,
punctuality, accuracy and comfort are analyzed based on the
simulation results, which aims to verify whether each per-
formance index meets the requirements of automatic train
operation. ATO simulation curve, the speed tracking error
and jerk with interference are shown in Fig. 6, Fig. 7 and
Fig. 8 respectively. And Table 4 shows the simulation results.
As it can see from the simulation results under the cir-
cumstance with interference, the maximum speed of auto-
matic train operation is controlled under the 80 km/h and
the deviation between actual operating speed and ideal
speed is not more than 2 m/s. The actual energy consump-
tion ranges from 6.643 x 107 J to 6.664 x 107 J that is smaller
than without applying ATO multi-objective control strat-
egy, which is 7.924 x 107 J. Running time is controlled
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Table 3 Fuzzy control rule Table 4 Simulation results
ee’ NB NM NS ZR PS PM PB Energy Running  Running Maximum
NB PB PB PB PB PM PS ZR Times consumption time distance absol}x?e \l/(alue
NM PB PB PM PM PS ZR ZR J s m Onf/zra
NS PBPM PM PS ZR ZR NS 1 6.643 x 107 124.82 999.95 1.33
NR PM PS PS ZR NS NS NM 2 6763 x 107 12399 1000.01 1.41
PS PS ZR ZR NS NM NM NB 3 6.622 x 107 11744 1000.07 1.42
PM ZR ZR NS NM NM NB NB 4 6.589 x 107 122.84 999.99 141
PB ZR NS NM NB NB NB NB 5 6.684 x 107 123.99 999.80 1.46
6 6.593 x 107 11828 1000.20 139
. , , 7 6.545 x 107 12098 1000.01 1.20
A : : 8 6.627 x 107 116.29 999.97 127
9 6.745 x 107 120.96 999.93 1.40
T | 10 6.664x 107 12386  1000.09 1.36

speed tracking error (km/h)
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Fig. 6 ATO simulation speed profile
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Fig. 8 ATO jerk plot

within the range 115 s and 125 s and the error limitis £ 5 s
compared with the ideal operation time 120 s. Actual run-
ning distance between the train stations are within the
specified interval 999.75 and 1000.25. The actual accel-
eration of the train has larger changes only in the start-up
phase and it changes small in the interval running that the
jerk all the way is within the range —1.5 m/s* and 1.5 m/s®.
The above analysis shows that automatic train operation
have achieved the multiple requirements of safety, energy
saving, punctuality, accuracy and comfort. In addition, the
train will fluctuate after the interference, but soon return
to track the ideal speed curve that embodies the good
anti-interference and stability of the fuzzy predictive con-
troller of the ATO multi-objective control strategy.

5 Conclusion

This study focuses on the problem of ATO strategy optimiza-
tion. To overcome the contradiction between objectives and
unify theirs measurement unit, penalty function is used to
establish the multi-objective model. Then the recommended
speed profile is obtained by genetic algorithm. To confirm
the effectiveness of the method used in this paper, a simu-
lation is implemented by the Simulink of Matlab software.
The simulation result shows that all the performance indexes
meet the requirement of train operation according to the
actual operation environment. Furthermore, the system is
robust under the circumstances of some interferes.

The main result of this paper is our multi-objective
model of ATO is well-performed in the verification by
simulation. From Table 4, we can know that:

1. Theaverage energy consumptionis 6.6475 x 107 joule,

which decrease the energy consumption about 16 %
compare with before.



2. Running time meet the requirement of £ 5 s.

3. The train meets the requirement of the stop accuracy
+0.25 m.

4. The absolute value of jerk meet the requirement of
less than 1.5 m/s®.

It can be seen that the energy saving, stop accuracy,
punctuality and comfortable all qualified. The effective
speed profile means the multi-objective model is effective.

The method used in this paper does not limited by the
specific train type and route, other situations can also
applied by change the parameters.

In this study, the running train is abstracted as an math-
ematic model, which simplifies some complex situations.
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