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Abstract:

Underground rail transit has become one of the most popular transportation modes because of its advantages such as
fast running speed, large passenger flow and punctuality. This mode of transportation can alleviate urban traffic
congestion to a certain extent, so underground rail transit has been vigorously developed, and the number of rail lines
has increased exponentially. However, with the continuous development of underground rail transit, the energy con-
sumption of train operation is also increasing, resulting in a waste of energy. To solve this problem, this paper pro-
poses to improve the energy-saving technology of train operation by using train autopilot control strategy. Firstly, a
train operation optimization model considering train position and speed limit is established by using automatic train
driving strategy, and the nonlinear problem of the optimization model is solved by genetic algorithm. The micro-field
theory is introduced into the control strategy of automatic train driving, and the energy-saving model of underground
rail transit is established. The energy consumption is optimized from three aspects: train energy-saving technology,
line planning and overall operation planning of rail transit. The simulation results show that the average impact rate
and energy consumption of trains under the proposed energy-saving model are significantly reduced compared with
the other two groups of trains, and the average impact rate and energy consumption are significantly reduced com-
pared with the other two groups of trains. The running time and energy consumption of the energy-saving model are
lower than those of the experimental group. To sum up, the energy-saving model of underground rail transit proposed
in this paper not only reduces the operating energy consumption, but also improves the passenger comfort, which can
provide low-cost energy-saving technology for underground transportation field, and has positive significance for
urban low-carbon development.

Keywords: underground rail transit, field theory, Automatic train driving, energy-saving model

To cite this article:

Wu, S., Chen, Y., Lin, X., (2024). Simulation and analysis of optimal energy-saving
mode in microfield of underground rail transit. Archives of Transport, 70(2), 27-42.
https://doi.org/10.61089/a0t2024.hc8s5k97

Contact:
1) 17327731310@163.com [https://orcid.org/0009-0006-6406-6510] - corresponding author, 2) w15052387587@126.com [https://or-
cid.org/0009-0003-2415-3095], 3) ADoversea@163.com [https://orcid.org/0009-0003-7642-6454]

Article is available in open access and licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0)


https://doi.org/10.61089/aot2024.hc8s5k97
mailto:17327731310@163.com
https://orcid.org/0009-0006-6406-6510
mailto:w15052387587@126.com
https://orcid.org/0009-0003-2415-3095
https://orcid.org/0009-0003-2415-3095
mailto:ADoversea@163.com
https://orcid.org/0009-0003-7642-6454

28

Wu, S., Chen, Y., Lin, X.,
Archives of Transport, 70(2), 27-42, 2024

1. Introduction

Currently, urban transportation congestion has be-
come much worse, and underground rail transporta-
tion has somewhat reduced road congestion since it
first appeared [Zhan et al., 2021]. Due to the ad-
vantages of large capacity, speed and convenience,
underground rail transit has gradually become one of
the preferred ways for people to travel [Yang et al.,
2020]. However, with the continuous development
of underground rail transit lines, its operation energy
consumption is also increasing. The annual energy
consumption of a medium-sized city is equivalent to
the annual electricity consumption of 1 million
households of three [Zhu et al., 2021]. This huge en-
ergy consumption not only increases the operating
cost of underground rail transit, but also increases
the burden on urban environmental management and
increases the consumption of resources [Wen et al.,
2020; Xu et al., 2021]. To solve the problem of ex-
cessive energy consumption of underground rail
transit, this study proposes to use automatic train
driving control strategy to change the energy con-
sumption of rail trains during operation, so as to re-
duce the energy consumption of trains during oper-
ation. The strategy builds an energy-saving model of
underground rail transit with the help of Microfield
theory, and optimizes energy consumption from
three aspects: train energy-saving technology, route
planning and overall operation planning of rail
transit. It is hoped that the model can enable under-
ground rail transit to achieve an optimal energy-sav-
ing operation mode. The first part of this study is a
brief introduction to the research on the develop-
ment of underground rail transit in recent years and
the application of automatic train driving technol-
ogy. The second part introduces the method of using
automatic train driving control strategy to achieve
energy-saving in train operation, as well as the spe-
cific process of establishing an energy-saving model
for underground rail transit using micro field theory.
The third part verifies the practical effect of the pro-
posed energy-saving model of underground rail
transit through simulation experiments, and de-
scribes the experimental results. The last part is the
analysis and summary of all the contents of this
study. The research needs to solve the issue of how
to reduce the energy consumption of underground
rail transit and improve the travel comfort of passen-
gers by optimizing train operation technology and
operation planning. Specifically, how to improve the

energy-saving technology of train operation through
automatic driving control strategy; How to use field
theory to build energy saving model of underground
rail transit; How to optimize energy consumption
from three aspects: train energy-saving technology,
line planning and overall operation planning of rail
transit.

2. Related work

Underground rail transit can not only alleviate urban
traffic congestion, but also provide great conven-
ience for people's travel, so many scholars have ap-
plied many high and new technologies in the devel-
opment of underground rail transit. Vickerstaff et al.
[2020] proposed a lifetime track prediction model
based on circular drawing technology to solve the
problem that the track interface of London Under-
ground was prone to damage. Through empirical
analysis, the model could accurately observe the
damage of the track interface, thereby improving the
accuracy of the predicted value of rolling contact fa-
tigue damage. To solve the problem of high con-
struction cost of underground rail transit, Cai and
Chen [2021] proposed an independent covering ge-
ometric shell model to simulate fabricated lining.
Through empirical analysis, the model could realize
the automatic calculation of some engineering quan-
tities and reduce the user cost of geotechnical engi-
neers. Boyacioglu et al. [2022] proposed a wheel
wear model integrating mechanics theory to solve
the problem of high maintenance cost of rail train
wheels. Through comparative tests, the model could
make the repaired wheel more wear-resistant, reduce
the number of wheel maintenance, and achieve the
purpose of reducing maintenance costs. The Kong
team [2020] proposed a switch based on group per-
ception to solve the problem that the signal of the
vehicle-passenger network is poor during the opera-
tion of underground rail trains. Through simulation
experiment analysis, the switch could accurately de-
scribe the signal distribution and always recommend
the best operator for users to connect. Hou et al.
[2020] proposed an evaluation index and threshold
method for platform noise of underground stations
to accurately detect the noise of underground rail-
way trains during operation. Through comparative
test analysis, this method could effectively observe
the noise in train operation.

Automatic train driving technology has provided a
great contribution to the development of rail transit.
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Feng et al. [2020] suggested a train speed trajectory
optimization model based on notch selection and au-
tomatic train driving system to handle the issue of
train speed optimization in intelligent high-speed
railway. After comparative test analysis, this model
could deal with the problem of train speed change
more effectively. Yuan's team [2021] proposed an
automatic train driving system based on virtual pa-
rameter learning to solve the problem that the accu-
racy of track tracking control of rail trains was not
high. After empirical analysis, the system realized
accurate tracking and control of train speed and dis-
tance track. Jia et al. [2020] proposed a robust non-
linear model predictive control model to handle the
issue of low prediction accuracy of nonlinear models
in trains. Through comparative test analysis, this al-
gorithm improved the precision of the model. Muni-
andi [2020] proposed a new blockchain-based vir-
tual coupled railway traffic collision main line train
automatic driving system to solve the problem that
the operation of rail cars was affected by weather.
Through simulation test analysis, this system had ad-
vantages in resolving train operation scheme con-
flicts. To better balance the running speed and safety
of urban rail trains, Zhang et al. [2022] proposed an
automatic train driving technology based on deep re-
inforcement. This technology could improve pas-
senger comfort and achieve a better balance between
operating efficiency and safety.

The energy consumption of underground rail transit
is more complex, and the relevant scholars at home
and abroad have gradually in-depth research on it.
Zhang et al. [2021] manufactured a wind energy har-
vesting device based on an elastic rotating triboelec-
tric nanogenerator (ER-TENG), which was used to
collect wind energy generated by a high-speed train
and power the associated signal and sensing device.
The experimental results showed that the energy
harvesting efficiency of the ER-TENG was twice
that of the conventional rotating-slip triboelectric
nanogenerator (RS-TENG), and the durability was
four times higher. Isik et al. [2021] used a technol-
ogy rich, bottom-up energy system optimization
model to reduce carbon dioxide emissions from
electric vehicles. This model analyzed the cost and
air emission impacts of proposed CO2 reduction
policies for the transportation sector in New York
City through a scenario framework. The analysis
showed that early electrification of light vehicles
was essential to further reduce air emissions. Meng

et al. [2021] found that China's hydrogen energy in-
dustry still faced problems such as high comprehen-
sive utilization cost, imperfect hydrogen energy uti-
lization standards and regulations, obvious trend of
blind industrial development, and structural overca-
pacity risk. Therefore, some policy suggestions were
put forward for future development, such as
strengthening the top-level design, strengthening the
pilot demonstration, promoting the development of
the whole hydrogen industry chain, and reducing the
cost of hydrogen fuel cell vehicles in the field of
transportation. Shao et al. [2021] proposed an opti-
mized operation strategy for the integration of elec-
tricity and hydrogen for transportation using hydro-
gen tube trailers. Taking into account the con-
strained operation of power systems (EPS), transport
systems and variable renewables, the proposed strat-
egy harmonized the stages of hydrogen generation,
transport and storage. The proposed method was
based on alternating direction multiplier (ADMM),
which managed the HES and EPS constraints re-
spectively and coordinates their solutions. The ex-
perimental results showed that the energy efficiency
of the proposed model and its solution was increased
by 42.2%. Tardivo et al. [2021] found that transpor-
tation played an important role in greenhouse gas
emissions during the COVID-19 pandemic. There-
fore, it was proposed that the development of green
transportation should be flexible, rewarding, recon-
sidered, reformed, and researched as necessary steps
for the railway sector to better continue providing
services in future crises.

To sum up, the development of underground rail
transit cannot be separated from the support of vari-
ous high and new technologies, among which auto-
matic train driving technology is widely used in the
construction of rail trains. However, nowadays,
most scholars pay more attention to the development
of underground rail transit in terms of speed, safety
and maintenance, but pay less attention to the huge
energy consumption of underground rail transit. To
fill the data gap in this research direction, this study
proposes to optimize the energy-saving technology
of underground rail trains by using the control strat-
egy of automatic train driving system. It is hoped
that this study can realize the purpose of energy sav-
ing of underground rail transit and provide a new re-
search idea for the field of energy saving of rail
trains.
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3. Research on energy-saving model of under-
ground rail transit combined with micro-
field theory

Because of its high speed and high on-time rate, un-

derground rail transit has become one of the im-

portant transportation modes for people to travel,

which effectively alleviates the pressure of urban
traffic. Recently, however, the underground rail’s
energy consumption has doubled with its expansion.

To solve this problem, this chapter applies the con-

trol strategy of automatic train driving system to im-

prove the energy-saving technology, and the interval

operation model of underground rail train is opti-
mized with the micro-field theory.

3.1. Train energy saving technology based on
ATO control strategy

The energy consumption of underground rail trains
is mainly affected by traction force, resistance force
and braking force [Rautiainen et al., 2021]. Train
tractive force refers to the rotating torque produced
by the train wheel. The tractive force generation di-
agram is shown in Fig. 1. In Fig. 1, M; generates
couple F; and F;" for the driving torque; The couple
F; causes the wheel to move to the left, creating a
force £, on the rail and friction f;, or traction. The
tractive force calculation Equation is shown in
Equation (1) [Novak H et al. 2021].

A

m Y

Traction force KN

(a) Schematic diagram of
traction force generation
Fig. 1. Traction generation and characteristic curve

{Fz =F = M;/R; )

fi=f =F xR

In Equation (1), R; is the radius of the wheel; When
F; increases, fi, increases accordingly; The amount
of traction is closely related to the speed of the train.
The characteristic curve of traction force related to
velocity is shown in Fig. 1 (b).

In Fig. 1(b), the tractive force value is inversely pro-
portional to the train running speed, and the tractive
force value increases with the increase of the net-
work pressure. The calculation equation of the ac-
celeration and train acceleration is shown in Equa-
tion (2).

F= (Mm + Mt) ‘g a(v, Vtarg et) (2)

In Equation (2), M,, is the train mass; M, denotes
the mass of the trailer; a(v, v;qrge¢) IS the acceler-
ation of the train speed in relation to the target speed;
g is the acceleration of gravity. The resistance of the
train includes basic resistance and additional re-
sistance, among which the additional resistance is
caused by the ramps and bends in the train running
line. The calculation equation of additional re-
sistance is shown in Equation (3).

Wi = Wo + w; + Wy + ws 3)

1000V| 1500V 2000V

\

Speed Km/h

(b) Characteristic curve related to
traction and speed
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In Equation (3), wy, is the additional resistance; wy,
is the basic resistance; w; is the additional resistance
of the ramp; w,. is the additional resistance to the
curve; wg is the additional resistance of the tunnel.
The calculation equation of wy, is shown in Equation

(4).
Wo = aq + av + azv? 4)

In Equation (4), v is the train running speed; w,., a,,
as are constants. The calculation equation of w; is
shown in Equation (5).

wy, =sinf = tand =i
I ©)
WL'Z = [ I

In Equation (5), w;, is the additional resistance of
the ramp; i is the slope; 6 is the Angle between the
ramp and the level ground. w;, is the additional re-
sistance of the ramp when there are multiple ramps;
n is the number of multiple ramps; i,, is the slope of
ramp n; L, is the length of the train on ramp n; L de-
notes the total train length. The calculation equation
of w, is shown in Equation (6).

I, 600
.
L R @
600 Ly,
2= LR, L

In Equation (6), wy, is the additional resistance of
the curve in a single curve segment; [, is the length
on the curve of the train; R denotes the radius of the
curve. wy, is the additional resistance of the curve
when multiple curve segments appear simultane-
ously; n, is the number of trains across the curve;
Ry, is the radius of the n, curve; L, is the length
of the train on curve n,. In the urban rail transit sys-
tem, the train adopts the power distribution struc-
ture, and the resistance is divided into basic re-
sistance and additional resistance according to the
source. Additional resistance is mainly caused by
line conditions. The additional resistance of the
curve in Equation (6) is affected by many factors,
such as the extra friction between the wheel rim and
the rail caused by the pressure of the outer (inner)
side of the wheel rim, and the longitudinal sliding of

the rolling radius of the two wheels on the same axis
due to the different length of the rail inside and out-
side the curve section. The calculation equation of
wy is shown in Equation (7).

w, = 0.00013L;
O]
Ws, = Lg - v?/107

In Equation (7), w, is the additional resistance of
the tunnel when there is no limit ramp in the tunnel;
w;, is the additional resistance to the tunnel when
there are restricted ramps in the tunnel; L is the
length of the tunnel. Common braking of trains is
divided into air braking and electrical braking. The
mathematical expression of the train's braking dy-
namic model is shown in Equation (8).

b= 10009;,([7;, (8)

In Equation (8), 8, is the converted braking rate of
the train; ¢, is the coefficient of friction is con-
verted. In the process of train operation, energy con-
sumption caused by traction is the most significant,
and its calculation equation is shown in Equa-
tion (9).

T
E = f F(t)v(t)dt 9)
0

In Equation (9), T is the total running time; F(t) is
the traction force on the train at ¢ time; v(t) is the
train speed at time t. To sum up, the key to saving
energy in train operation is to reduce the traction of
the train or the speed of the train, but meanwhile to
meet the on-time rate of the train [Mironiuk W et al.
2023]. Automatic train operation (ATO) system can
realize automatic train running, accurate parking and
other functions. Therefore, ATO control strategy is
proposed to improve the energy-saving technology
of train operation. The running process of under-
ground rail trains can be divided into four stages:
traction, cruise, idle running and braking, as shown
in Fig. 2.

When the train is in traction stage, the energy ex-
penditure generated is the work done by the traction
force to overcome the resistance. In the cruise phase,
traction equals resistance, and energy consumption
is the work that traction does to overcome resistance.
In the idling and braking stages, traction does not
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produce energy consumption. According to the train
operation law and ATO control strategy, the train
operation optimization model is established based
on train position and speed limit, and its mathemati-
cal expression is shown in Equation (10).

[minE = [ fwD)) - v(®)de

st.yt; =T,
Xsi=$ (10)
0<s1<5;...<5;<S
0O=sv<Vy
0<n<1
5 A Traction : Cruise
% stage - phase

In Equation (10), D is the solution of the model; ¢;
denotes the time of the section in which the train op-
erates; T, is the planned running time of the seg-
ment; s; is the running distance; S is the station dis-
tance; V;; indicates the zone speed limit value; s; to
s; are the locations of the transition points for each
working condition; 7 is the coefficient of use of trac-
tion force and braking force. Since this optimization
model is a nonlinear problem with single objective
and multiple independent variables, GA is applied
[Wang et al. 2022]. The solution flow chart is shown
in Fig. 3.

Coasting Braking
- stage

stage

Fig. 2. Four stages of the train operation

[y
|

Distance

N Is the number of Y

Input train operation
information

Calculate fitness
value

Fig. 3. Flow chart of the optimization model solution

iterations sufficient?

Mutation

Cross operation

Select action

A 4
Output optimal
fitness value

Calculate the optimal
operating plan
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In Fig. 3, the algorithm produces an interval opera-
tion scheme based on the basic train parameters,
routes and other information, and then constrains the
fitness value through the restriction condition of sav-
ing train energy consumption. The optimal fitness
value is obtained by iterating through four work-
flows, namely, calculating fitness value, selecting
operation, crossing operation and mutation opera-
tion. The fitness value can be used to calculate the
optimal plan of train operation.

3.2. Energy-saving model of train operation

based on Microfield theory
Underground rail transit is composed of many run-
ning lines, which are crisscross and complex in
structure. And the situation of each running line is
different, how to rationally plan the running of trains
between each line is essential. Reasonable operation
model can not only improve the efficiency of train
operation, but also reduce the energy consumption
of each line [Yin et al., 2021; Kargwal et al., 2022].
The central idea of field theory is that "a network, or
a configuration, of objective relations between vari-
ous locations”. That is, each field has relatively in-
dependent autonomy and strong or weak correlation
to other fields [Anaet al., 2020; Mccord et al., 2020].
Therefore, field theory is widely used in the field
that emphasizes the "relation" Angle. Therefore, the
field theory is proposed to optimize the operation of
underground rail transit. Each train station is re-
garded as a field, and quantities of fields form a mi-
cro-field. The application of field theory in spatial
relations focuses on spatial and external relation-
ships, actors and habitus. The spatial relationship
network refers to that each field in the Microfield is
an independent space, but closely related to each
other. Meanwhile, these Spaces are divided into dif-
ferent levels of subspaces; The complex relation-
ships of subspaces form different network relation-
ships. Actors and habitus refer to the actors with sub-
jective initiative and their behavior habits in the
field. In the underground rail transit, the running di-
agram of all trains can be regarded as "spatial and
external relationship network". Passengers and their
behavior habits are regarded as "actors and habitus".
The operating diagram of underground rail transit
trains is divided into single-line operating diagram,
double-line operating diagram, single-double line
operating diagram, etc. The schematic diagram is
shown in Fig. 4

(@) Single line
operation diagram

2'6\2'6 26| 2]6\ 2|

6\ 2(6

a g |1\d |\ g :\g

81 ;81 |81 /[8} /:81 /8

NENENEND
&6? 6|26 26/ 26|

(b) Dual track
train diagram

THITR
of | 3 6
o?\ 9
g i |4
6
8
3 2 2

(c) Single and double
track operation diagram

Fig. 4. Operation diagram of single line, double line
and single line and double line
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In Fig. 4, the downward train operation line is from
the upper left to the lower right, and the upward train
operation line is from the lower left to the upper
right. Each box represents time, usually one or two
minutes. The ordinate indicates the actual mileage of
the train, scaled down. The horizontal lines are di-
vided according to a certain proportion, indicating
the center line of the station. Transfer stations and
terminals are represented by solid red lines [Zhao et
al., 2023; Maheshwari et al., 2022; Srivastava et al.,
2022]. Various conditions occurs during the opera-
tion of underground rail transit, which are generally
divided into common conditions and accidental con-
ditions. Such as travel peak, holidays, weather
changes, etc., these conditions affect passenger
travel behavior. The specific classification of under-
ground rail transit operating conditions is shown in
Fig. 5.

Combined with the running diagram of underground

analysis in the model are shown in Equations (11),
(12) and (13).
1 &
s —
CL NI — 1

J=1j#i

Eucl

(11)
In Equation (11), cf' denotes the directness of node
i; N’ is the number of network nodes; d‘f]-““ denotes

the Euclidean distance between nodes i and j; d;;
denotes the shortest distance between nodes i and j.

Nf
= -1/ Y dy (12)

J=1j#i

In Equation (12), ¢£” is the proximity of node i.

rail transit and the running condition, the optimiza- N' ,
tion model of energy consumption of underground cB = ; e (D) (13)
rail transit is constructed by using the micro-field W=D - z)jzl-kzl-kii N
theory. The calculation equations of network line o
‘(Morning and evening\
] eak
P Y
Frequent occurrences
a N
» Festival and holiday
N /
Train operating N
conditions Flood

Accidental condition

Signal distortion

Fig. 5. Operation status of underground rail transit

Major events
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In Equation (13), (;f’ is the mediation of node i. ny
denotes the number of shortest paths between nodes
j and k; nj (i) denotes the number of shortest paths
between nodes j and k passing through node i; In
this case, node i denotes the passing point. The cal-
culation equations of spatial density analysis in the
model are shown in Equations (14) and (15).

n'

1o =y k() 19

i=1

In Equation (14), K (%) denotes the kernel den-

sity equation; h denotes the threshold value; n' de-
notes the number of points in the range; x — x; is the
distance from the valuation point x to the event
point x;.

_ONZXE B Cy(XE - XD (XD — Ky)
T T Cy N (K = R (K] = K)

(14)

In Equation (15), N, denotes the total number of
space units; C;; denotes the weight matrix between
two spatial units; X{* is the value of attribute a in the
space; X, is the average value of attributes in the
space; X? and X}’ both represent the value of

attribute b in the space; X, is the average value of
attributes in the space. The optimization of train en-
ergy saving technology and the operation optimiza-
tion of underground rail transit are integrated. Mean-
while, the basic Settings in the station are optimized,
such as lighting, fan and other energy consumption,
and the energy-saving model of underground rail
transit is built. The model structure is shown in Fig.
6 [Barma and Modibbo, 2022].

In Fig. 6, energy conservation of underground rail
transit is mainly optimized from four aspects: train
operation, route planning, overall operation plan-
ning of rail transit, and infrastructure. Through ATO
control strategy and micro-field theory, the research
mainly optimizes energy consumption of train en-
ergy-saving technology, route planning and overall
operation planning of rail transit, and finally realizes
the optimal energy saving of underground rail
transit.

4. Simulation test analysis of energy-saving
model of underground rail transit
To test the application effect of the proposed
method. The research applies MATLAB simulation
software, and collects the actual basic data of under-
ground rail transit operation in a city for experiment.
In this experiment, indicators such as train speed and
rail transit line energy consumption are used to eval-
uate the energy-saving model proposed in the study.

Improving energy-saving technology for
underground rail train operation

Optimizing the operation model of
underground rail train sections

Energy consumption optimization

Train operation itself

Operation

Overall operation
planning of rail transit

I

I

I

: I
route planning :‘

I

Infrastructure | |

I

ATO control
—>
strategy
Microfield
—>
theory
oo
Realize :
o |
energy- |,
saving |
optimization | |
|
L

Fig. 6. Energy-saving model of underground rail transit
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4.1. Basic test data

The basic information of underground rail trains
used in a certain city is collected and screened, and
the content required for the test is selected and rec-
orded. Table 1 shows the basic parameters of the
trains.

In Table 1, the maximum width of underground rail
trains used in this city is 2.9m, the length is 120m,
and the self-weight is 198t. The train has a maximum
operating speed of 80km/h. The average accelera-
tion is not less than 0.6m/s2. The average decelera-
tion is not less than 1.0m/s2. Emergency decelera-
tion is not less than 1.21.0m/s2. The adhesion coef-
ficients of traction force and braking force are 0.18
and 0.17. When the electric braking function of the
train is normal, it is not necessary to use air braking
for auxiliary braking. In Table 2, the research test
requires not only the basic data of trains, but also the
statistics of all running lines and stations in the city.

Table 1. Basic parameters of the train

In Table 2, the research conducts statistics on the un-
derground rail transit lines and stations of the city.
The city's underground rail trains cover eight dis-
tricts of the city, with a total of eight operating lines.
Among them, Line 1 has 33 stations, the slope value
of the line is -24%o, and the curve speed limit is
70km/h. Line 2 has a total of 44 stations, the slope
value of the line is 23%o, and the curve speed limit is
62km/h. Line 3 has 38 stations, the slope value of
the line is -21%o, and the curve speed limit is
67km/h. Line 4 has 22 stations, the slope value of
the line is 27%o, and the curve speed limit is 73km/h.
Line 5 has 31 stations, the slope value of the line is
34%o, and the curve speed limit is 68km/h. Line 6
has a total of 30 stations, the slope value of the line
is 30%o, the curve speed limit is 77km/h; Line 7 has
35 stations, the slope value of the line is 31%o, and
the curve speed limit is 76km/h. Line 8 has a total of
40 stations, the slope value of the line is -31%o, and
the curve speed limit is 74km/h.

Number Performance/Parameters Concrete content Nnit
1 Maximum width of train 2.9 m

2 Train length 120 m

3 Train self weight 198 t

4 Maximum train speed 80 km/h
5 Average acceleration >0.6 m/s?
6 Adhesion coefficient of train traction force 0.18 /

7 Average deceleration of train service braking >1.0 m/s?
8 Average deceleration of train emergency braking >1.2 m/s?
9 Adhesion coefficient of train braking force 0.17 /

-
o

Train braking characteristics

When the electric braking of the train is normal, the

combination does not require Railway air brake /

Table 2. Basic data of the underground rail transit line in a certain city

Line Line 1 Line 2 Line 3 Line 4 Line 5 Line 6 Line 7 Line 8 Statistics
Zone A 8 4 4 6 3 / / / 25
Zone B / 10 / 2 9 8 / 9 38
Zone C 10 3 8 4 / / 7 / 32
Zone D / / / / 13 / / 6 19
Zone E 6 4 6 / / / 8 12 36
Zone F / / 9 10 / 5 5 29
Zone G / 16 / / 6 7 / 6 35
Zone H 9 7 11 / / 10 15 7 59
Total Line 33 44 38 22 31 30 35 40 /
Slope value %o -24 23 -21 27 34 30 31 -31 /
Curve speed limit 62 67 73 68 77 76 74 /

km/h
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4.2. Analysis of application effect of energy-sav-
ing model of underground rail transit

The train parameters and traffic route data of the city
underground rail is taken as the basic data of the ex-
periment. The experiment is divided into three
groups, among which the experimental group using
the energy-saving model of underground rail transit
proposed in the study is group A; The energy saving
model of opportunity constraint planning is used in
group B. The experimental group without energy-
saving model is group C. The test results of the three
groups are compared, and the optimization of the
train running speed curve is shown in Fig. 7.

In Fig.7, when the speed threshold is limited to 0.8,
the actual running state of group A trains changes
when running 100m, 200m, 300m, 800m, 900m and
1120m, and the actual train speed is very close to the
target speed. The actual running state of group B
trains changes at 200m, 850m, 900m and 1130m,
and the actual speed of trains is close to the target
speed. The actual running state of group C trains
changes at 250m, 400m, 900m and 1150m, and the
actual speed of trains fluctuates, and there is a cer-
tain gap between them and the target speed. In Fig.
7(b), when the speed threshold is limited to 0.5, the
actual running state of trains using the model and the
actual running state of trains not using the model
both fluctuate to some extent. The energy-saving
model of underground rail transit proposed in this
study is more accurate for train speed control. When
the threshold limit is higher, the control effect is bet-
ter. The test results of average impact rate and en-
ergy loss during train operation are shown in Fig. 8.
The smaller the average impact rate means that the

70
60
50
<
£ 40
B3
2% Speed limit
20H —— Target speed
Group A
Group B
10
Group C
0 1 1 1 1 1
0 200 400 600 800 1000 1200
Distance/m

(a) The threshold is 0.8
Fig. 7. Train running speed curve

train runs more smoothly and the passengers in the
train are more comfortable.

In Fig. 8, the average impact rate of group A trains
during operation is 0.66m/s2km-1; The average im-
pact rate of Group B train during operation is
0.84m/s2km-1. The average impact rate of Group C
trains during operation is 1.23m/s2km-1. In Fig. 8
(b), the energy consumption of group A trains during
operation is 38kW.h. The energy consumption of
Group B trains during operation is 43kW.h. The en-
ergy consumption of Group C trains during opera-
tion is 47 Kw. h. The energy saving model of under-
ground rail transit proposed in the study minimizes
the average impact rate and energy consumption
during train operation, which is better than the com-
parison group.

In Fig. 9, in the group A test, the running time of 8
lines is 69min, 98min, 67min, 42min, 60min, 61min,
70min and 81min respectively, which are all shorter
than that of the other two test groups. The energy
consumption of the 8 lines during operation is
298kW.h, 394kW.h, 341kW.h, 199kW.h, 280kW.h,
279kW.h, 324kW.h and 367kW.h, respectively,
which are lower than the energy consumption of the
other two test groups. The energy-saving model pro-
posed in this study can improve the overall line run-
ning speed and reduce energy consumption mean-
while. To further determine the stability of the
model, a certain number of track operation cases can
be extracted from RailNet data set for comparative
tests. The time consumed by the model to calculate
all cases is taken as the evaluation index, and the test
results are shown in Fig. 10.

701
60
50
<
£ 40
3
;)',- 30 Speed limit
20 —— Target speed
Group A
Group B
104+
Group C
0 1 1 1 1 1
0 200 400 600 800 1000 1200
Distance/m

(b) The threshold is 0.5
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In Fig. 10, in the test of 0-800 run cases, the opera-
tion time of group A model has been maintained at
the lowest level. From this time curve, the running
time of Group A model is 10min when 450 cases are
calculated. Subsequently, with the increase of the
number of cases, the calculation time remains basi-
cally unchanged. Based on all the above evaluation
indexes, the energy-saving model of underground
rail transit proposed in this study has the best perfor-
mance.

5. Analysis of practical application effect of en-
ergy-saving model

To test the application effect of the theoretical model
designed in the research in the actual scene, the re-
search put it into the subway of A city for a week to
analyze the energy-saving effect before and after
use. A total of eight lines of the city subway have
completed energy-saving tests and debugging, and
the subway uses the urban rail transit train traction
energy measurement equipment and data analysis
platform based on accurate space-time information.
Data is collected by sensors in the middle of the train
and the final energy consumption is calculated by
the device. The energy saving results before and af-
ter putting into use are shown in Table 3.

Table 3. Energy saving effects of train operation on
various subway lines in City A
Before investment After investment

Line Energy con- Travel Energy con-  Travel

name sumption  time sumption time
(kW. h) (min) (kw. h) (min)

1 7245 93 682.4 80

2 684.9 75 641.0 60

3 648.2 88 598.2 75

4 701.5 84 653.1 71

5 712.5 67 674.6 55

6 682.3 60 632.5 47

7 644.7 98 601.3 81

8 637.5 90 594.8 75

In Table 3, the energy consumption of the eight lines
exceeds 600kW.h one week before the model is put
into use. After the model is put into use, the energy
consumption of the eight lines is reduced by 5.8%,
6.3%, 7.7%, 6.8%, 5.3%, 7.9%, 6.7% and 6.8% re-
spectively. Before it is put into use, the one-way
time of each route is more than one hour, and after it
is put into use, it is basically reduced by about 10
minutes, and the minimum journey time is 47

minutes. The energy-saving model proposed in the
study can effectively reduce the train energy con-
sumption in the practical application process.

6. Discussion

The energy-saving effect and performance of the de-
signed energy-saving model are analyzed through
simulation analysis and practical application. From
the analysis results, the designed model can effec-
tively reduce energy consumption in subway lines.
After putting 8 subway lines in A city into use, the
energy consumption of trains decreased by 5.8%,
6.3%, 7.7%, 6.8%, 5.3%, 7.9%, 6.7%, and 6.8%, re-
spectively. From this, the research and design model
can effectively reduce energy consumption from the
perspective of energy-saving technology. The one-
way travel time of the eight routes has also been re-
duced by 14.0%, 20%, 14.8%, 15.5%, 17.9%,
21.7%, 17.3%, and 16.7%. From this, the energy-
saving model designed in the study can help trains
plan more suitable scheduling routes and further
achieve energy consumption optimization. During
the simulation experiment, it is found that the en-
ergy-saving train designed in the study has the clos-
est speed to the target speed when the speed thresh-
old limits are 0.8 and 0.5, which is better than the
trains in the comparative test group. Moreover, its
energy consumption and running time are signifi-
cantly lower than those in the test group, which in-
dicates that the research designed model can opti-
mize train energy consumption from the overall op-
erational planning of rail transit.

7. Conclusion

Due to the enhancement of underground rail transit,
the number of rail routes has doubled, resulting in a
large amount of energy waste. Aiming at this situa-
tion, this research puts forward the technology of
improving train operation energy saving by using
automatic train driving control strategy. On this ba-
sis, the energy saving model of underground rail
transit is built by Microfield theory. To verify the
practical application effect of this model, simulation
and comparison tests are carried out in the study: the
average impact rate and energy consumption of
trains using the energy-saving model of under-
ground rail transit proposed in the study are
0.66m/s2km-1 and 38kW.h respectively during op-
eration. When the speed threshold is limited to 0.8
and 0.5, the train speed is closest to the target speed,



40

Wu, S., Chen, Y., Lin, X.,
Archives of Transport, 70(2), 27-42, 2024

which is better than the train in the comparison
group. The total running time of the eight tracks us-
ing this model is 69min, 98min, 67min, 42min,
60min, 61min, 70min and 81min respectively. The
total energy consumption is 298kW.h, 394kW.h,
341kW.h, 199kW.h, 280kW.h, 279kW.h, 324kW.h
and 367kW.h, respectively, which are better than the
comparison experimental group. To sum up, the en-
ergy-saving model proposed in this study compared
with the underground rail transit has the best energy-
saving effect and good stability, which can provide
passengers with a more comfortable travel experi-
ence. However, this model is insufficient to study
the energy consumption of train infrastructure, such

as lighting and air conditioning, which will be a new
direction for future research on energy conservation
and emission reduction. Developing energy-saving
methods for underground rail transit through re-
search and design can help alleviate energy pressure,
reduce operating costs of rail transit, and improve
operational efficiency. Meanwhile, by implement-
ing energy-saving measures, optimizing train opera-
tion speed and scheduling routes, reducing passen-
ger travel time and improving travel efficiency. And
by energy-saving train operation, the impact of rail
transit on the environment can be further reduced,
which is conducive to achieving green and low-car-
bon development of rail transit.
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