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+e operation of metro trains with a focus on energy savings can effectively reduce operating costs and carbon emissions.
Reducing traction energy consumption and increasing the utilization efficiency of regenerative braking energy are two important
energy-saving approaches that are closely related to the metro train interstation running strategy and timetable. Changes in train
mass caused by dynamic changes in passenger flow represent one of the important factors affecting the energy consumption and
energy-saving operation of metro trains. In this study, the differences in the temporal and spatial distributions of metro line
passenger flow were specifically considered, and an energy-saving metro train timetable optimization method focused on the
dissipative regenerative braking energy utilization mode was studied. First, a logistic function is used to fit the passenger flow
pattern of the origin-destination (OD) station pairs, and the number of passengers getting on and off at each station is derived by
establishing the OD dynamic demand matrix for the entire metro line. +en, the passenger load in each station segment is
calculated. Next, a timetable optimization model is established to minimize the net energy consumption based on the load
difference between station segments and the train motion equation. +e interstation running time and dwell time of the metro
train are optimized to increase the amount of regenerative braking energy used during the overlap time between the traction and
braking actions of adjacent trains in the train operation timetable. A particle swarm optimization and genetic algorithm (PSO-
GA) structure is designed to solve the model. +e PSO-GA structure has PSO as the main body and integrates the chromosome
crossover and mutation operations of the GA into the iterative process to improve the search efficiency of the algorithm. Finally,
the proposed method and model are tested based on the actual data of a metro line in Qingdao, China. +e goodness of fit of the
passenger flow pattern is 0.997. +e energy consumption during the study period is reduced by 5169.67 kWh using the optimized
timetable. +e energy-saving efficiency decreases by 12.18% at a constant OD ratio during the entire travel time and by 20.23% at
the same constant load for all station segments.+e results of the case analysis prove the effectiveness of the proposed method and
model. In addition, the energy-saving timetable can be better optimized by considering the differences in temporal and spatial
distributions of dynamic passenger flow.

1. Introduction

1.1. Research Background. Metro trains feature fast speed,
large traffic volume, good punctuality, and high safety
standards. +ey are the backbone of a comprehensive urban
transportation system, with vital functions. Compared with
ground transportation, metro transportation consumes less
energy in transporting the same number of passengers: its
energy consumption is 1/3 that of bus transportation and 1/

12 that of car transportation (Su et al. [1]). +erefore, metro
transportation is considered a green transportation option.
However, the energy consumption of the entire metro
system is still very high due to its high operating density and
long operating mileage. For example, 23 metro lines have
been opened and are in operation in Beijing, China, with a
total operating mileage of approximately 762 km, and
consume more than 50 billion kW·h, which accounts for
1.7% of the total electricity consumption and 14‰ of the
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electricity consumption of tertiary industry in China. Re-
search on energy conservation and emission reduction in
metro systems is indispensable for reducing operating costs
and enhancing environmental protection (Bu et al. [2]).

+e energy consumed by the metro system is mainly
used for traction power supply, lighting, ventilation and air
conditioning systems, escalators, water supply and drainage,
and weak current systems.+e energy consumption through
traction power supply accounts for the largest proportion,
namely, 40–50% of the total energy consumption. +is is
closely related to the operating characteristics of metro
trains. Due to the short distance between metro stations and
the requirement to provide faster and more efficient
transportation services for passengers, metro trains are
accelerated quickly and operated at high speeds, so traction
power or braking are applied over most of the distance
between adjacent stations, which results in high energy
consumption.+erefore, reducing the traction power energy
consumption is an important and effective energy-saving
method for the entire metro system (Su et al. [1]).

Energy-saving train operation control, which is the key
to reducing traction energy consumption, is achieved
through automatic train operation (ATO), a subsystem of
automatic train control (ATC). Specifically, ATO adjusts
and converts the four operating modes of traction, cruising,
coasting, and braking of a train based on the route pa-
rameters, speed limit in each station segment, and real-time
train speed, thereby achieving the optimal target speed
curve. During train operation, traction energy consumption
is mainly related to the magnitude, location, and distance of
the traction force, and the speed curve of the train deter-
mines the operating modes, the location of each operating
mode, and the corresponding distance covered in each
operating mode. In other words, multiple sets of speed
trajectories are applicable for a train within a certain station
segment, and different speed trajectories result in different
running time and traction energy consumption between
stations (Su et al. [3]). +e optimization of the train control
strategy can not only effectively reduce the energy con-
sumption during operation and reduce the operation cost
but can also greatly improve the comfort, punctuality, and
stopping accuracy of train operation (D’Acierno et al. [4]).

In recent years, the popularization of regenerative
braking technology has provided a new direction for energy
conservation in metro systems (Xin et al. [5]). When a train
brakes, the control circuit sends a signal to change the
traction motor into reverse work mode, which converts the
kinetic energy of the train into electrical energy and feeds the
electrical energy back to the catenary, thereby generating
regenerative braking energy (Kleftakis et al. [6]). However, if
the regenerative braking energy cannot be absorbed syn-
chronously, a voltage surge occurs in the DC catenary, which
damages the power system (Kleftakis et al. [6]). From the
perspective of the actual operation effect, a certain degree of
technical bottleneck is unavoidable in coordinated control
with an electrical energy storage device or a power grid, and
the regenerative braking energy must be dissipated through
resistors if not utilized in a timely manner. +erefore, if the
train timetable is adjusted to change the arrival and

departure times of trains at each station and the running
time of each station segment in the train operation diagram
so that a train in the braking mode is adjacent to trains in the
traction mode, then the regenerative braking energy can be
transferred from the braking train to the traction trains
through the catenary to effectively save energy.

Adjusting the operation strategy and running time
distribution of a single train in each station segment would
also affect the utilization of regenerative braking energy
during multitrain operation. +erefore, considering these
two aspects is of great significance for comprehensive en-
ergy-saving optimization. In recent years, many scholars
have carried out relevant studies on the comprehensive
optimization of metro train speed trajectories and energy-
saving timetables and havemade certain achievements (Feng
et al. [7]). It is worth noting that the traction force needed by
a train is proportional to the total mass of the train, whereas
the passenger flow distribution in the metro has temporal
and spatial heterogeneity. +e constantly changing load
factor in different station segments in one day results in
changes in the total mass of the train, which affects the
energy consumption and the energy-saving efficiency of the
system.

To address this problem, in this paper, we first establish
an origin-destination (OD) demand time-varying pattern
matrix for a metro line from the perspective of cumulative
passenger flow demand. In addition, the mathematical
models for train operation and timetable-based energy
consumption calculation are constructed to optimize the
factors in the metro line timetable. +en, the passenger load
in each station segment is analyzed and calculated based on
the time-varying ODmatrix to incorporate the impact of the
temporal and spatial distributions of passenger flow on
energy consumption in the modelling process to better
optimize the energy-saving timetable. In Section 1.2, the
current research status of energy conservation in metro
systems and some related literature are introduced.

1.2.RelatedLiterature. +emassive power consumption due
to the continuous growth of the metro network has placed
great pressure on urban resource carrying capacity. Re-
ducing the energy consumption of the metro system satisfies
not only the inherent need to reduce the operating cost but
also the external need for sustainable urban development. In
general, the energy-saving optimization of metro trains
mainly includes two aspects: the optimization of the speed
curve of a single train and the optimization of the regen-
erative braking energy utilization of multiple trains.

+e related research on reducing the traction energy
consumption of a single train by optimizing the driving
control strategy can be traced back to the 1960s. Ichikawa [8]
was the first to use the Pontryagin maximum principle to
study the energy-saving interstation train operation control
problem and proved that maximum traction, cruising,
coasting, and maximum braking are the optimal train
driving strategies, which have formed the foundation of
modern optimal train control theory. Milroy [9] proposed
an optimal control model for minimizing the traction energy
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consumption of railway trains, with continuously changing
traction and braking forces as control variables. Benjamin
et al. [10] established a model by setting the operation energy
consumption of each operating gear of the train to a fixed
unit value and obtained the final solution of the model by
finding the operation control sequence with the minimum
operation energy consumption. Furthermore, Pudney and
Howlett [11] analyzed the energy consumption problem of
train operation under the horizontal ramp model and the
speed-limited segmented ramp model to determine the
transition point of the operating mode sequence with the
minimum energy consumption. Howlett [12] minimized the
energy consumption of the train by determining the optimal
conversion time of the key equation through the Kar-
ush–Kuhn–Tucker (KKT) conditions. Hwang [13] opti-
mized the positions of the coasting and braking points of the
train by using fuzzy control principles. Khmelnitsky [14]
analyzed the energy-saving operation of a train under fixed
interstation running time and variable slope and speed limit,
but the solution process was complicated. However, limited
by the technical conditions at the time, the train control
process has been simplified in many ways to construct and
solve the models mentioned above.

With the development of computer technology and
modern intelligent optimization algorithms, the key tech-
nology of train control strategies has been greatly improved,
and the study of train speed trajectories has entered a new
stage. Chang and Sim [15] constructed a multiobjective
model for interstation train running to improve operation
energy consumption, punctuality, and ride comfort and
obtained the optimal driving strategy through a genetic
algorithm (GA). Jin et al. [16] divided the operation section
into several representative subsections each containing at
most one undulating ramp, optimized the operating mode
transition point for any representative subsection according
to the operating mode sequence under the given running
time conditions, and simulated the relationship between
energy consumption and running time through a neural
network. Wong and Ho [17] established single-point and
multipoint coast control models and searched for the op-
timal coasting point using a GA to achieve energy-saving
train operation. Ke et al. [18] converted the original problem
to a problem of optimizing the train speed trajectories on the
subsections by dividing the train operation section into
several subsections, solved the problem using an ant colony
algorithm, and proved that the optimization effect of the
algorithm was better than that of the algorithms used in
previous studies. Huang et al. [19] solved the proposed
model using the particle swarm algorithm to obtain an
energy-saving operation strategy for the entire train line.
Ahmadi et al. [20] determined the Pareto frontier with the
optimal speed and energy consumption through two-stage
optimization and then allocated the operating time between
stations. In addition, some scholars have noticed such
problems in the optimization algorithms as slow conver-
gence and trapping in local optima and have made im-
provements in related studies. Cao et al. [21] designed a
stochastic enhancement algorithm to improve the compu-
tational efficiency of speed curve optimization. Liu et al. [22]

improved the search method of the control algorithm of the
ATO system and experimentally proved the superiority of
the improved algorithm-based train operation control over
conventional proportional–integral–derivative (PID) algo-
rithm-based train operation control.

Modern metro regenerative braking technology is be-
coming increasingly mature. +e total energy consumption
of all trains cannot be minimized through the control
strategy of minimizing the energy consumption of a single
train, so multi train collaborative energy-saving optimiza-
tion and train timetable optimization considering the uti-
lization of regenerative braking energy has been drawing
increasingly more attention. Andrés et al. [23] optimized the
acceleration time and braking time of trains and evaluated
the utilization efficiency of the regenerative braking energy
of trains by maximizing time synchronization of traction
and braking between trains as the objective function. Kim
et al. [24] established an integer programming model for
train departure time at the departure station to increase the
utilization of regenerative braking energy. Nag and Pal [25]
established a timetable optimization model considering the
utilization of regenerative energy based on the operation of
railway trains. Fournier et al. [26] improved the utilization
efficiency of regenerative braking energy by optimizing the
dwell time of trains and designed a hybrid GA to solve the
problem. Hu et al. [27] used particle swarm optimization
(PSO) to regulate the train’s dwelling time and optimize the
trains’ schedule, the results of actual optimization examples
show that the energy consumption is significantly decreased.
Luo et al. [28] established a sparse optimization model by
introducing the cardinality function and the square of the
Euclidean norm function as the objective function. Li et al.
[29] established a nonlinear mixed integer program model,
optimized succession time and station dwell act to improve
regenerative braking energy utilization rate. Lv et al. [30]
analyzed the relationship between the transfer and utiliza-
tion of regenerative braking energy among trains running in
opposite directions and established a mixed integer linear
programming model. Liu et al. [31] calculated the energy-
saving effect of the timetable for the Batong Metro Line in
Beijing in batches using the bacterial foraging optimization
strategy and proposed a boundary identification method to
measure the traction energy conservation capability of urban
rail timetables. Zhang et al. [32] established an overlapping
time calculation model to optimize the speed curve, dwell
time, and departure interval in the operation scenarios of
two trains and three trains, which effectively improved the
utilization efficiency of regenerative braking energy. Gao
et al. [33] and He et al. [34] obtained an optimal speed curve
set of a single train under variable running time based on the
Pareto optimal theory and then developed an optimal
scheme for allocating the total running time to each station
segment through sensitivity analysis.

In recent years, the mathematical models in the relevant
literature have been gradually improved. At the same time,
many scholars have taken a series of issues related to metro
operation into account, making the model closer to reality
and more applicable. Jia et al. [35] established a dwell time
calculation model based on the analysis of the fluctuation
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pattern of boarding and alighting time due to uncertain
passenger demands during off-peak hours and allocated the
dwell time margin to the interstation running time to reduce
energy consumption. Li et al. [36] included the waiting time
of incoming and transit passengers as one of the optimi-
zation objectives in energy-saving timetable optimization
modelling in view of the connection between metro and
railway timetables and improved the convenience of transit
between different rail transit modes by adjusting the time
headway and other factors. Gao et al. [37] and Kang et al.
[38] considered the energy-saving problem of trains in skip-
stop operation. Although skip-stop operation can better
meet the travel needs of passengers and reduce energy
consumption, it increases the difficulty of operation and
coordination. Qu et al. [39] established an optimization
model for minimizing passenger waiting time and total
energy consumption considering train delays to enhance the
robustness of the energy-saving timetable. Liu et al. [40] took
into account the situation that the first and last trains run
into operation are both fixed and the travel time duration of
each train should be within a predefined window and
designed an artificial bee colony (ABC)-based algorithm to
solve their model.

+rough the analysis of the above documents, many
scholars have made a lot of detailed research on the model
establishment, algorithm design, and simulation of the
optimization of train energy-saving timetable and have
made rich research results. However, there are still some
shortcomings. In particular, the existing studies often as-
sume that the train load in all station segments is constant,
view the dynamic changes in passenger flow from the
perspectives of transportation organization and service level
(e.g., departure frequency and passenger waiting time), and
analyze their effects on timetable formulation without
considering the effect of changes in passenger load in each
station segment on the calculation of speed curve and energy
consumption. +erefore, it is necessary to integrate the
spatial-temporal distribution factors of passenger flow into
mathematical modelling and to analyze the energy-saving
effect to improve theoretical research on the optimization of
energy-saving metro train timetables.

1.3. Main Work. +e main work of this study is as follows:

(1) +is study establishes an energy-saving metro
timetable optimization model considering factors
such as the variation in the actual horizontal and
longitudinal sections of the metro line and the re-
generative energy utilization relationship between
trains running in opposite directions. +e simplifi-
cation of these factors in some previous studies
might have reduced the model applicability.

(2) +is study characterizes the dynamic pattern of
passenger flow based on statistical data to quanti-
tatively reflect the variation in passenger load in each
station segment, which provides a basis for model
calculation and further improves the relevant the-
ories of energy-saving timetable optimization.

(3) +is study verifies the effectiveness of the model and
method proposed in this paper through an actual
case; the model results under different control var-
iables are comparatively analyzed so that the impact
of the dynamic passenger flow distribution on the
energy-saving efficiency can be reflected intuitively.

+e structure of the rest of this paper is as follows:
Section 2 describes the energy-saving train timetable opti-
mization problem considering the dynamic passenger flow
distribution. Section 3 constructs mathematical models for
the interstation running process, timetable-based energy
consumption calculation, and timetable optimization. Sec-
tion 4 introduces the algorithm design of model solving.
Section 5 presents the case analysis. Section 6 shows the
discussion in the study. Section 7 is the conclusion.

2. Problem Description

2.1. SpeedCurve andRegenerative Braking EnergyUtilization.
In general, train operating modes include traction, cruising,
coasting, and braking, which correspond to the four stages of
the speed curve. If the distance between adjacent stations is
small, the cruising stage can be omitted. Taking the train
operation process in a certain section as an example, the
train departures from station 1 and arrives at station 2.
Figure 1 shows the four-stage speed curve and operating
mode transition points.

When the train is operating in traction and cruising
modes, it needs to obtain electrical energy from the catenary.
However, the electrical energy required by the traction mode
far exceeds the electrical energy required by the cruising
mode. To highlight the research focus, the former is called
the energy consumption stage. When the train is operating
in braking mode, the electrical energy is generated by re-
generative braking technology and fed back to the catenary.
+is process is referred to as the energy production stage in
this paper.+e ATC system generates multiple feasible speed
trajectories based on the route parameters, train parameters,
and interstation running time constraints. Each speed curve
has a different interstation running time and operation
energy consumption.

+e regenerative braking energy utilization of two trains
running in the same direction as shown in Figure 2 is used as
an example for illustration. When the energy production
time window of train 1 overlaps with the energy con-
sumption time window of train 2, the regenerative braking
energy generated by train 1 can be utilized by train 2.
However, if the transmission distance is too long, the energy
loss increases significantly. +erefore, a metro line usually
uses multiple power supply zones, and regenerative braking
energy generated in one power supply zone cannot be used
in another zone. +erefore, although the energy production
time window of train 2 overlaps with the energy con-
sumption time window of train 3, the regenerative braking
energy cannot be utilized by train 3 since their locations are
in different power supply zones. Similarly, the utilization of
the regenerative braking energy in trains running the op-
posite directions can be analyzed.
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By extending the utilization of regenerative braking
energy from a single train to multiple trains, the elements in
the train timetable (such as departure interval, dwell time,
and interval running time) can be adjusted and optimized, so
that to change the spatiotemporal relationship of multiple
train operation in the train diagram, we increase the overlap
time of the energy consumption and energy production of
different trains in each power supply zone and we make full
use of regenerative braking energy as possible. At the same
time, based on the analysis and calculation of historical
passenger flow statistics, the relationship between the space-
time distribution of passenger flow and the optimization of
energy-saving schedule can be established, making the
optimization effect more realistic.

2.2. Passenger Load in Each Station Segment. +e passenger
flow of the metro exhibits volatility in both the time and
space dimensions. +e main issue affecting the change in

passenger flow over time is that the travel behavior of
passengers is different within a day, resulting in dynamic
changes in passenger flow over a day with certain regularity.
+erefore, the passenger flow density of the same station in
each time period is basically the same, and the patterns of the
passenger flow changes at different stations are different.+e
spatial variation in passenger flow is mainly a result of the
uneven distribution of passenger flow at each cross section
caused by different numbers of boarding and alighting
passengers due to the different scales and numbers of
passenger entering and leaving at different stations.

To express the characteristics of the dynamic change in
passenger flow, the following parameters are defined: S �

1, 2, . . . , 2n{ }. +e index is s, where 1, 2, . . . , n are the
identifiers of upstream stations, and n + 1, n + 2 . . . , 2n are
the identifiers of downstream stations. Station 1 shares the
same platform with station 2n, station 2 shares the same
platform with station 2n − 1;. . .; station n shares the same
platform with station n + 1. ρs1 ,s2

(t) is the passenger flow
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Figure 1: Speed curve of a train running between stations.
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density from station s1 to station s2 (s1 < s2) at the time point
t. When s1 ∈ 1, 2, . . . , n{ } and s2 ∈ n + 1, n + 2, . . . , 2n{ },
ρs1 ,s2

(t) � 0. Πs1 ,s2
(t) is the cumulative passenger flow de-

mand from station s1 to station s2 from the time point 0
when the train starts operating to the time point t. +e
relationship between Πs1 ,s2

(t) and ρs1 ,s2
(t) is expressed as

follows:

Πs1 ,s2
(t) � 

t

0
ρs1 ,s2

(t)dt. (1)

+e cumulative passenger flow demand from station s1
to station s2 within the time window [t1, t2] is defined as
Φ[t1 ,t2]

s1 ,s2
. +en, the following equation can be derived from

equation (1):

Φ t1 ,t2[ ]
s1 ,s2

� Πs1 ,s2
t2(  − Πs1 ,s2

t1(  � 
t2

0
ρs1 ,s2

(t)dt − 
t1

0
ρs1 ,s2

(t)dt � 
t2

t1

ρs1 ,s2
(t)dt. (2)

Within the daily operating time of the metro, the re-
lationship between ρs1 ,s2

(t) and Φ[t1 ,t2]
s1 ,s2

and the relationship
between Πs1 ,s2

(t) and Φ[t1 ,t2]
s1 ,s2

are shown in Figure 3.
According to Canca et al. [41]and Barrena et al. [42],

although the cumulative passenger flow demand curves of
different ODs are different, they have a commonality,
namely, the presence of several peak demand periods for
each OD within the daily operating time, which are caused
by the existence of peak passenger flow periods. +erefore,
the cumulative passenger flow demand for each OD pair can
be represented by J number of linear combinations of
S-shaped curves, where J is the number of peak hours, j is
the index, and Ωj

s1 ,s2
is the jth time period. Γstarts1 ,s2

(j) and
Γends1 ,s2

(j) are the starting and ending time points of the time
period Ωj

s1 ,s2
, respectively. +e cumulative passenger flow

demand in this period can be obtained by fitting the logistic
function, which is expressed as follows:

zs1 ,s2
(t) � 

j∈J

K
j
1 − K

j
2

1 + t/tj
0 

r + K
j
2

⎛⎝ ⎞⎠, (3)

where K
j
1, K

j
2, t

j
0, and r are the fitting parameters. Equation

(3) is solved using the nonlinear least squares method and
the values of J and zs1 ,s2

(t) to obtain the fitting parameters of
the cumulative passenger flow demand curve in each peak
period. +e value of the logistic function of the passenger
flow from station s1 to station s2 in any time period, namely,
the passenger flow demand Z

[t1 ,t2]
s1 ,s2 , can be calculated by

substituting the fitting parameters into equation (3) and
considering the distribution of [t1, t2]:

Z
t1 ,t2[ ]

s1 ,s2
�

Φ t1 ,t2[ ]
s1 ,s2

, t1, t2 ∈ Ω
j
s1 ,s2

Φ
t1 ,Γends1 ,s2

(j) 
s1 ,s2 +Φ

Γstarts1 ,s2
(j+1),t2 

s1 ,s2 , t1 ∈ Ω
j
s1 ,s2

, t2 ∈ Ω
j+1
s1 ,s2

.

⎧⎪⎪⎨

⎪⎪⎩
(4)

According to the abovementioned method, the time-
varying patterns of the cumulative passenger flow for dif-
ferent ODs are fitted, and a dynamic OD demand matrix of
the entire metro line is established based on the fitting
results:

O D(t) �

0 z1,2(t) · · · z1,2n(t)

z2,1(t) 0 · · · z2,2n(t)

⋮ ⋮ ⋱ ⋮

z2n,1(t) z2n,2(t) · · · 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (5)

In the metro system, a large amount of passenger travel
data has been collected though the extensively installed
automatic fare collection (AFC), and the time-varying
pattern of passenger flow between stations can be obtained
by mining the ticket and card transaction data provided by
the AFC (Yang et al. [43]). +erefore, this paper uses the
dynamic OD demand matrix model to characterize the
dynamics of passenger demand, which is used as the basis for
calculating the passenger load in each station segment in
Section 3.1.

3. Model Construction

In this section, an energy-saving metro train schedule op-
timization model is established, and the dynamic distribu-
tion of passenger flow on the line are focused, while other
actual conditions are also taken into account to enhance the
practical value of the model.

3.1. Assumptions and Notations. +e following assumptions
are made to construct the model for the studied problem:

(1) Based on the actual operation conditions, it is as-
sumed that the transportation capacity of the metro
line meets the travel demand of passengers with no
passenger retention at the platform; that is, all
passengers can take the first arriving train to leave
after entering the station.

(2) +e train timetable is optimized offline; that is, the
train operation scheme is determined before de-
parture, and no real-time adjustment is performed
after departure. +e complete operation process of a
train includes the process from the starting station to
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the ending station, and the other trains are translated
based on departure interval to form a complete train
operation diagram.

(3) All trains on the metro line should be the same type
with the same number of carriages, and all-stop
operation is adopted as the stop mode.

(4) Regenerative braking energy is dissipated, and no
energy storage device is installed on the metro line.

Let the interval index be s′, s′ and s have a one-to-one
correspondence, and s’≠ n, 2n. +e train set is I and the
index is i. +e power supply zone set is P and the index is p.
+e new notations, including symbols, parameters, and
decision variables, are shown in Table 1 to describe the
proposed mathematical model.

3.2. Analysis of Interval Passenger Load. +e passenger load
of the train in each station segment varies with the passenger
flow changes during its operation through the entire metro
line, which is expressed as follows:

qis′
�

bis, s’ � 1, n + 1

qi(s′− 1) − dis + bis, otherwise.

⎧⎪⎨

⎪⎩
(6)

+e number of passengers boarding a train at a certain
station is calculated according to equation (5) in Section 2.2,
which is expressed as follows:

bis �



n

s0�s+1
zs,s0

k
A
is  − zs,s0

k
D
(i− 1)s  , 1≤ s< n,



2n

s0�s+1
zs,s0

k
A
is  − zs,s0

k
D
(i− 1)s  , n + 1≤ s< 2n,

0, s � n, 2n.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

Furthermore, the number of passengers alighting from a
train when the train arrives at a certain station is the number
of passengers with the current station as the destination
among all the passengers boarding at the previous stations,
i.e.,

dis �



s

s0�1
bis0

, 1< s≤ n



s

s0�n+1
bis0

, n + 1< s≤ 2n

0, s � 1, n + 1

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

3.3. Analysis of Train Operation Process. +e train can be
treated as a single mass point when it runs between stations.
According to the Newtonian equation, the speed and

position of the train running within a station segment at a
certain time tk are expressed as follows:

vis′ tk(  � v k
D
is  + 

tk

kD
is

ais′(t)dt · tk − k
D
is , tk ∈ k

D
is , k

A
i(s+1) ,

(9)

lis′(t) � 
tk

kD
is

vis′ tk( dt · tk − k
D
is , tk ∈ k

D
is , k

A
i(s+1) , (10)

When running between stations, the train is affected by
gravity and running resistance in addition to the traction
and braking forces. +e model in this paper considers only
the external forces that are in the same plane parallel to the
running direction of the train and affect train operation, i.e.,
traction force, braking force, and running resistance.
According to Newton’s second law of motion and the

Φs1,s2
[t1,t2]

0 t

ρs1,s2
 (t)

Пs1,s2
 (t)

Пs1,s2
 (t2)

Пs1,s2
 (t1)

t2t1

Figure 3: Cumulative passenger flow demand.
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descriptions in Section 2.1, the motion equations of the train
under the four operating modes when running between
stations are as follows:

Mis′ais′(t) �

F
T
is′ (t) − fis′(t), t ∈ k

D
is , τ(1)

is′ 

0, t ∈ τ(1)

is′
, τ(2)

is′ 

− fis′(t), t ∈ τ(2)

is′
, τ(3)

is′ 

− F
B
is′(t) − fis′(t), t ∈ τ(3)

is′ , k
A
i(s+1) 

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Because the passenger flow distribution of the metro line
has a spatiotemporal heterogeneity, the total mass of the

train changes with the variation in its passenger load in each
station segment and can be expressed as follows:

Mis′ � M0 + qis′ · m. (12)

+e resistance experienced by trains during operation can
be categorized into two types, basic resistance and additional
resistance, and their magnitudes are related to the running
speed. +e basic resistance includes the friction between the
various parts of the train, the friction between the wheels and
the tracks, and the air resistance. +e additional resistance
mainly includes the bend resistance, ramp resistance, and
tunnel resistance. According to Gao and Yang [44], the re-
sistance on a train can be expressed as follows:

Table 1: Notations of the proposed mathematical model.

Symbols and
parameters Descriptions

kA
is Time when train i arrives at station s

kD
is Time when train i departs from station s

τ(1)

is′
, τ(2)

is′
, τ(3)

is′
Time points when train i transits from traction mode to cruising mode, from cruising mode to coasting mode, and

from coasting mode to braking mode in the station segment s’, respectively
qis
′ Passenger load of train i during its operation in the interval s’

bis
′ Number of passengers boarding on train i at station s

dis
′ Number of passengers alighting from train i at station s

FT
is′
(t) Magnitudes of the traction force on train i when the train is running in the station segment s’ at time t

FB
is′
(t) Magnitudes of the braking force on train i when the train is running in the station segment s’ at time t

fis′(t) Magnitudes of the resistance on train i when the train is running in the station segment s’ at time t

fis′(t) Unit basic resistance
wis′(t) Unit additional resistance
wgre, wcre, wtre Additional resistances at the bend, on the ramp, and in the tunnel, respectively
C1, C2, C3 Empirical coefficients
Mis
′ Total mass of train i during its operation in the interval s’

M0 No-load mass of the train
m Average passenger mass
ais
′(t) Acceleration of train i in the station segment s’ at time t

vis
′(t) Speed of train i in the station segment s’ at time t

lis′(t) Position of train i in station segment s’ at time t

FT,max Maximum traction forces
FB,max Maximum braking forces
α Maximum acceleration
β Maximum deceleration
vmax Maximum running speed of the train
Lis
′ Length of station segment s’
Δt Time granularity
ET

table Total traction energy consumption of the timetable
Etable Net energy consumption of the timetable
ET

p,Δt Total amount of traction energy consumed by all trains in the power supply zone p during Δt
EB

p,Δt
Total amount of regenerative braking energy produced by all trains in the power supply zone p during Δt

φis′ 0–1 Binary variable, if the station segment s’ is located in the power supply zone p, then, φis′
� 1; otherwise, φis′

� 0

ηme, ηem

Efficiency of conversion from mechanical energy to electrical energy and the efficiency of conversion from
electrical energy to mechanical energy, respectively

xs′ ,max, xs′ ,min Upper and lower limits of the running time in the station segment s’
ys,max, ys,min Upper and lower limits of the dwell time at station s

R1,max, R1,min Upper and lower limits of the full-line upstream running time, respectively
R2,max, R2,min Upper and lower limits of the full-line downstream running time, respectively
Hmax, Hmin Maximum and minimum departure intervals, respectively
Decision variables Descriptions
xis
′ Interstation running time of each train in the station segment s’

ys Dwell time of each train at station s
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fis′(t) � C1 + C2 · vis′(t) + C3 · vis′(t) 
2
, (13)

wis′(t) � wgre lis′(t)(  + wcre lis′(t)(  + wtre lis′(t)( ,

(14)

fis′(t) � fis′(t) + w(t)  · Mis′ . (15)

+e energy-saving control strategy of a train in a single
station segment prioritizes the use of the maximum traction
or braking force. However, when the acceleration exceeds a
certain range, passengers feel obvious discomfort and may
easily fall or be involved in other accidents. +erefore, the
traction and braking forces must be limited to ensure ride
comfort. +e traction and braking forces on a train running
between stations are expressed as follows:

F
T
is′ (t) �

min FT,max, Mis′α + fis′(t) , t ∈ k
D
is , τ(1)

is′ 

fis′(t), t ∈ τ(1)

is′
, τ(2)

is′ 

0, otherwise

,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(16)

F
B
is′(t) �

min FB,max, − Mis′β − fis′(t) , t ∈ τ(3)

is′ , k
A
i(s+1) 

0, otherwise
.

⎧⎨

⎩

(17)

+e decision variables according to the logical rela-
tionship of the train operation diagram can be expressed as
follows:

xs′
� k

A
i(s+1) − k

D
is , (18)

ys � k
D
is − k

A
is . (19)

+e train should meet the maximum speed limit during
operation, which is expressed as follows:

vis′(t)≤ vmax. (20)

In addition, the train should meet the speed and position
limits at the boundary of the interval, which is expressed as
follows:

v k
D
is  � v k

A
i(s+1)  � 0, (21)

l k
A
i(s+1)  − l k

D
is  � Ls′ . (22)

3.4. Energy-Saving Train Timetable Optimization Model

3.4.1. Objective Function. +e total traction energy con-
sumption of the timetable is the sum of the energy consumed
by each train to overcome the running resistance and to

increase the kinetic energy of the train when it is running in
each station segment. +is is expressed as follows:

E
T
table � 

i∈I

s∈S


kA

i(s+1)

kD
is

F
T
is′ (t) · vis′(t)dt. (23)

+e amount of regenerative braking energy utilized is
determined by the overlap time of energy consumption and
energy production of all trains in the same power supply
zone.+e time granularity Δt is used to calculate the amount
of energy consumed and the amount of energy produced,
which is expressed as follows:

E
T
p,Δt � 

i∈I

Δtφis′ · F
T
is′ (t) · vis′(t)dt 

ηme

, (24)

E
B
p,Δt � 

i∈I

Δt
φis′ · F

B
is′(t) · vis′(t)dt  · ηem. (25)

In a metro line without an energy storage device, re-
generative braking energy is used immediately after gen-
eration, and regenerative braking energy that is not used in
time is dissipated in the form of heat energy through re-
sistors. +erefore, the net energy consumption of the
timetable is the difference between the total traction energy
consumption and the effective utilization of regenerative
braking energy, i.e.,

Etable � E
T
table − 

p∈P

Δt

min E
T
p,Δt, E

B
p,Δt . (26)

By adjusting the train interval operation time and the
arrival and departure time of stations along the way, the
coordinated optimization of single train operation strategy
and the utilization of regenerative braking energy among
multiple trains can be realized, so as to achieve the purpose
of energy saving of metro system.+e optimization objective
of the model is to minimize equation (14).

3.4.2. Constraints. With the goal of minimizing the net
energy consumption of the timetable, the interstation
running time of the train and the arrival time at each station
are adjusted to achieve the coordinated optimization of the
single-train operation strategy and the utilization of re-
generative braking energy among multiple trains. +e ob-
jective function of the timetable optimization model is
equation (27).

+e constraints of the energy-saving train timetable
optimization model are expressed as follows:

xs′,min ≤xs′ ≤xs′,max, (27)

ys,min ≤ys ≤ys,max, (28)

R1,min ≤ 
n− 1

s′�1

xs′ ≤R1,max, (29)
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R2,min ≤ 
2n− 1

s′�n+1

xs′ ≤R2,max, (30)

Hmin ≤ k
D
(i+1)s − k

D
is ≤Hmax. (31)

Equation (27) represents the interstation running time
constraint. Equation (28) represents the dwell time con-
straint. Equations (29) and (30) represent the full-line
running time constraint. Equation (31) represents the de-
parture interval constraint.

4. Algorithm Design

+e train timetable optimization problem has a clear ap-
plication background and is a typical discrete nondeter-
ministic polynomial (NP) problem. An intelligent search is
the first choice for solving this type of problem. Intelligent
algorithms are particularly effective in solving a train
timetable problem that does not consider express service. It
should be pointed out that it is important to find a reliable
algorithm for the timetable optimization problem. It is of
great theoretical and practical significance to design a tar-
geted heuristic algorithm by using the existing solution
architecture and combining the characteristics of the
problem, or to use the research results of other related
disciplines for reference to build a new solution algorithm or
architecture.

In this section, a hybrid optimization algorithm based on
particle swarm optimization and a genetic algorithm (PSO-
GA) is designed, which combines the simple operation and
ease of implementation of PSO with the strong global search
capabilities and fast convergence of the GA to better solve
the model. +e solution process is shown in Figure 4.

4.1. Population Initialization. +e real-number encoded
forms of both decision variables are used as the initial
positions of the particle: Υ � x1, x2, ..., xs′ , y1, y2, ..., ys . A
total of N feasible particles are randomly generated as the
initial population, and the particle index is denoted as u.
Each particle is randomly assigned an initial speed with the
interval [Vmin, Vmax]. +e maximum number of iterations is
denoted by G, and the index of the number of iterations is
denoted by g.

4.2. Fitness FunctionCalculation. +e fitness of each particle
Fit(Υu) is calculated. +e feasibility of Υu as a solution is
judged. If it is feasible, then, Fit(Υu) is calculated by using
equation (25) as the fitness function; if it is not feasible, then,
Fit(Υu) is set to infinity. Let the current particle optimal
solution be ou. +en, the optimal solution for the population
is oN.

Since the interstation distance of the urban metro lines is
generally short, a three-stage (traction, coasting, and
braking) speed curve is first calculated. τ(1)

is′
and τ(3)

is′
are

calculated using equations (19-21) and (28). If v(τ(1)

is′
)≤ vmax,

then the operating mode transition time of the three-stage
speed curve is output. If v(τ(1)

is′
)> vmax, then v(τ(1)

is′
) � vmax;

at this time, τ(1)

is′
has been converted into a known quantity.

Next, the cruising stage is introduced into the speed curve,
and the speed curve is recalculated with τ(2)

is′
as an unknown

quantity. Last, the operating mode transition time of the
four-stage speed curve is output.

4.3. Particle Speed and Position Update. +e speed and
position of the particles are updated according to the fol-
lowing equations:

Vu(g + 1) � ω · Vu(g) + λ1 · rand1

· ou − Υu(g)(  + λ2 · rand2 · oN − Υu(g)( ,
(32)

Υu(g + 1) � Υu(g) + Vu(g + 1), (33)

where ω is the inertia weight; λ1 and λ2 are the learning
factors; and rand1 and rand2 are random numbers between
0 and 1.

4.4. Selection, Crossover, and Mutation Operations. Two
different parent particles u

(1)
1 and u

(1)
2 are randomly selected.

A probabilistic genetic search is performed by simulating
binary crossover and polynomial mutation. First, the pa-
rameter δ is determined according to the following equation:

δ �

(2 · ran d)

1
1 + ε, ran d≤ 0.5

1 − [2(1 − ran d)]

1
1 + ε, otherwise

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(34)

where ε is a custom distribution factor. +e daughter par-
ticles are denoted by u

(2)
1 and u

(2)
2 , and the simulated binary

crossover is expressed as follows:

u
(2)
1 � 0.5 × (1 + δ) · u

(1)
1 +(1 − δ) · u

(1)
2 

u
(2)
2 � 0.5 × (1 − δ) · u

(1)
1 +(1 + δ) · u

(1)
2 

.
⎧⎪⎨

⎪⎩
(35)

+e polynomial mutation is expressed as follows:

u
(2)

� u
(1)

+ δ. (36)

4.5. Termination Decision. +ere are two criteria for ter-
minating the algorithm: (1) the number of iterations g

reaches the upper limit G; (2) the value of the optimal fitness
function of the population oN remains unchanged for G′
continuous generations. If any criterion is met, the algo-
rithm is terminated, and the result is output; otherwise, the
iteration continues.

5. Case Analysis

5.1. Basic Data. Based on the relevant data of Qingdao
Metro Line 3, a case study was conducted to verify the
feasibility and effectiveness of the constructed energy-saving
timetable optimization model, and the results were com-
pared with the test results in other scenarios.
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Qingdao Metro Line 3 has a total length of approxi-
mately 24.9 km and a total of 22 stations. It uses 6-carriage
B-type trains, with a maximum running speed of 80 km/h
and running time between 6 : 00 and 23 : 00. +e average
departure interval is 210 s at the peak periods and 390 s at the
nonpeak periods. +e interstation running time and dwell
time are shown in Table 2. +e adjustment range of the
interstation running time under the existing scheme shown
in Table 2 is set to ±5 s, and the adjustment range of the full-
line running time is ±20 s.+e energy-saving optimization of
the timetable is performed without changing the peak pe-
riods or departure intervals of the existing scheme.

According to the information provided by the Qingdao
Metro Group Co., Ltd., the parameters in the proposed
model are as follows: M0 �192000 kg; the average pas-
senger mass m � 60 kg; the empirical coefficients in the
unit basic resistance equation C1 � 2.031, C2 � 0.062, C3
� 0.001807; the maximum acceleration α � 0.8m/s2; the
maximum deceleration β � -1m/s2; the maximum traction
and braking forces meet the operational requirements (i.e.,
the maximum acceleration and maximum deceleration are
used in the traction stage and the braking stage, respec-
tively); the efficiency of conversion from mechanical en-
ergy to electric energy ηme � 0.9; the efficiency of
conversion from electrical energy to mechanical energy
ηem � 0.85; and a total of 7 power supply zones are located
along the metro line.

+e algorithm solution process is performed using
MATLAB (version R2021a) on a personal computer
equipped with Windows 10 (CPU: i5-10200HQ 2.40GHz

with eight threads, 16.00GB RAM). +e algorithm pa-
rameters are set as follows: population size N � 50, maxi-
mum number of iterations G � 200, inertia weight ω � 0.9,
learning factors λ1 � 2.0 and λ2 � 2.0, crossover proba-
bility� 0.8, and mutation probability� 0.1.

5.2. Results and Analysis. Taking the time period 16 : 00–19 :
00 as an example, the cumulative passenger flow demand
from Station 1 to Station 22 in the upstream direction is
fitted. +is time period contains a complete evening peak J

� 1. +e OD travel data in the AFC system are extracted for
fitting, and the fitted curve and the actual data are shown in
Figure 5.

Figure 5 shows that the fitted curve basically coincides
with the curve of the actual data. +e fitting parameters are
K

j
1 � 37.44, K

j
2 � 1499.73, t

j
0 � 103.97, and r � 4.52. +e

goodness of fit is 0.997. +erefore, the use of the logistic
function to fit the cumulative passenger flow demand has a
high reliability. +e passenger flow demand in other station
segments is similar to that of this station.

Taking the station segment 1 as an example, the variation
patterns of traction energy consumption with train mass and
running time are obtained by calculating the speed curve
under the premise of changing only the train mass and
interstation running time without changing other condi-
tions, as shown in Figure 6.

Figure 6 shows that the traction energy consumption
increases with increasing train mass and decreases with
increasing running time. When the running time increases
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Figure 4: Flowchart of the solution algorithm.
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from 104 s to 114 s, the traction energy consumption de-
creases by 3.02 kWh (21.45%) and 4.59 kWh (23.03%) when
the train masses are 192 t and 292 t, respectively, which
indicates that when the train mass is different, the energy-
saving potential varies under different running times.
+erefore, the differences in the temporal and spatial dis-
tributions of the passenger flow along the metro line must be
considered to optimize the energy-saving metro train
timetable.

+e time period 16 : 00–19 : 00 is selected as the study
period, and the departure time of all trains in this period is
shown in Table 3. +ere are a total of 41 departures in the

upstream direction and 43 departures in the downstream
direction. +e net energy consumption of the timetable is
25092.64 kW·h. +e following four scenarios are set: in
Scenario 1, calculations are performed using the parameters
provided in the previous section. In Scenario 2, a 6-carriage
A-type train is used, and M0 � 222000 kg. In Scenario 3, the
difference in the time distribution of passenger flow is not
considered, and the passenger load in each station segment is
calculated by dividing the cross section passenger flow
calculated according to the cumulative OD demand in this
period by the total departure frequency of the above-
mentioned downlink trains to calculate the average

Table 2: Interstation running time and dwell time.

Station name Up direction
number

Interval running
time, s

Dwell
time, s

Down direction
number

Interval running
time, s Dwell time, s

Qingdao Railway Station 1 104 — 44 104 —
Hall of the PEOPLE 2 96 40 43 96 40
Huiquan Square 3 78 30 42 78 30
Zhongshan Park 4 84 30 41 84 30
Taipingjiao Park 5 107 30 40 107 30
Yan’an 3rd Road 6 70 45 39 70 45
May 4th Square 7 113 45 38 113 45
Jiangxi Road 8 78 40 37 78 40
Ningxia Road 9 71 35 36 71 35
Dunhua Road 10 74 45 35 74 45
Cuobuling 11 105 45 34 105 45
Qingjiang Road 12 95 40 33 95 40
Shuangshan 13 75 45 32 75 45
Changsha Road 14 111 30 31 111 30
Metro Building 15 84 35 30 84 35
Hai’er Road 16 103 30 29 103 30
Wannianquan Road 17 91 35 28 91 35
Licun 18 86 45 27 86 45
Junfeng Road 19 80 35 26 80 35
Zhenhua Road 20 93 35 25 93 35
Yongping Road 21 110 40 24 110 40
Qingdao North Railway
Station 22 — — 23 — —

Total 1908 1908
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Figure 5: +e fitted curve and actual data of the cumulative passenger flow demand.
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passenger load in each station segment. In Scenario 4, the
difference in the spatial distribution of passenger flow is not
considered, and the passenger load in each station segment is
calculated according to the average full-line load factor of
each train. +e model proposed in this paper is used to
calculate the energy consumption in the four scenarios, each
scenario uses PSO-GA to calculate 10 times, and the solution
with the lowest net energy consumption is taken as the final
optimization scheme for analysis.

One iteration of the algorithm requires 1–2 minutes, and
a total of approximately 4 hours is required to obtain the
complete optimization results. Figure 7 shows the variation
process of the total energy consumption of the optimal
individual timetable in the iteration process of scenario 1.
+e target value of the optimal individual exhibits a
downward trend before the 134th iteration and stabilizes and
reaches the optimal solution after the 134th iteration.

Table 4 compares the energy-saving effects of the four
scenarios. According to Table 4, in Scenario 1, the net energy
consumption of the optimized timetable is 5169.67 kW·h
lower than that of the existing scheme, showing a significant

energy-saving effect. +e net energy consumption of the
timetable in Scenario 2 is 10282.91 kW·h more than that in
Scenario 1, and the total traction energy consumption and
the amount of regenerative braking energy utilized are also
higher than those in Scenario 1, but the two scenarios have
the same utilization efficiency of regenerative braking en-
ergy. +is is because the maximum traction force and
braking force in the example can bothmeet the requirements
of maximum acceleration and maximum deceleration
during train operation between stations. +erefore, the
energy-saving optimization strategy for the entire metro line
is the same. Increase in train mass lead to increases in energy
consumption and production, which again shows that
changes in train mass affect the energy consumption cal-
culation results. +e net energy consumption values of the
timetables in Scenario 3 and Scenario 4 are 1,673.30 kW·h
and 3,301.98 kW·h higher than that in Scenario 1, respec-
tively, and their total traction energy consumption values are
1029.32 kW·h and 1999.80 kW·h higher than that in Scenario
1, respectively, whereas their energy utilization efficiencies
are 12.18% and 20.23% lower than that in Scenario 1, re-
spectively. +e results indicate that the regenerative braking
energy cannot be fully utilized by considering the passenger
flow distribution from the temporal or spatial perspective
alone. In addition, the optimization effect of Scenario 3 is
slightly better than that of Scenario 4, which indicates that
the analysis of the spatial distribution pattern of passenger
flow is more conducive to improving the energy-saving
efficiency than considering the temporal distribution of
passenger flow alone. However, the study period is only an
evening peak, when most of the passengers travel for
commuting purposes, with the relatively fixed OD points of
companies, schools, and homes. +erefore, this result is
applicable only to the periods with relatively stable OD along
the whole line.

Table 5 compares the optimization schemes for the in-
terstation running time and dwell time of Scenario 1 and
Scenario 4. According to Table 5, the full-line running times
of Scenario 1 in the upstream and downstream directions
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Figure 6: Traction energy consumption in the station segment 1
under different interstation running times and train masses.

Table 3: Departure timetable for the time period 16 : 00–19 : 00.

Up direction departure
station: Qingdao Railway
Station

Down direction departure
station: Qingdao North

Railway Station
16 : 04 17 : 03 18 : 01 16 : 02 17 : 01 18 : 00
16 :10 17 : 07 18 : 05 16 : 06 17 : 05 18 : 04
16 :17 17 :11 18 : 09 16 :11 17 : 09 18 : 08
16 : 23 17 :15 18 :13 16 :15 17 :13 18 :12
16 : 30 17 :19 18 :17 16 :18 17 :17 18 :16
16 : 36 17 : 22 18 : 21 16 : 22 17 : 21 18 :19
16 : 43 17 : 21 18 : 25 16 : 26 17 : 25 18 : 22
16 : 47 17 : 30 18 : 29 16 : 30 17 : 29 18 : 27
16 : 51 17 : 34 18 : 33 16 : 34 17 : 33 18 : 31
16 : 55 17 : 38 18 : 37 16 : 38 17 : 36 18 : 34
16 : 59 17 : 42 18 : 40 16 : 42 17 : 40 18 : 41

17 : 46 18 : 44 16 : 46 17 : 44 18 : 47
17 : 50 18 : 48 16 : 50 17 : 48 18 : 54
17 : 54 18 : 52 16 : 54 17 : 52
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Figure 7: Iterative process finding the optimal total energy con-
sumption value of the timetable.
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each increases by 20 s after the optimization, and the in-
terstation running time and dwell time at each station either
increases or decreases. +e running time of the 1st, 2nd, 9th,
14th, and 17th station segments in the upstream direction
and the 29th, 32nd, 33rd, 34th, and 36th station segments in
the downstream direction increase the most (by 5 s); the
running time of the 13th and 16th station segments in the
upstream direction and the 37th and 40th station segments
in the downstream direction decrease the most (by 5 s).
Although the variations in the full-line running times in the
upstream and downstream directions in the optimization
results under Scenario 4 are the same as those in Scenario 1,
there is a certain difference in the specific time adjustment
durations of each station segment and station. +e train
departing at 17 : 03 is used as an example for further analysis.
Figure 8 shows the variation in the actual passenger load of
this train over the whole line, and Figure 9 compares the
power curves of this train in Scenarios 1 and 4.

Figure 8 shows that the spatial distribution of the
passenger flow in the upstream direction of Qingdao Metro
Line 3 during the evening rush hours exhibits the char-
acteristics of low passenger loads in the station segments at
both ends of the line and high passenger loads in the middle

station segments. In Figure 9, a positive power value means
that the train is in the traction mode, while a negative value
means that it is in the braking mode, and positive peak
values and negative peak values appear alternately. Each
pair of adjacent positive and negative peaks indicates that
the train passes through a station segment. Figure 9 shows
that in Scenarios 1 and 4, the different turning points of the
power curves indicate that there are differences in the time
nodes for implementing the traction and braking modes
during the full-line train operation. In addition, for the
same running time, the maximum power of Scenario 4 in
station segments 1 and 21 is greater than that in Scenario 1,
and the maximum power of Scenario 1 in station segments
8, 13, and 15 is greater than that in Scenario 4. In example,
it is assumed that the speed curve of the train in each station
segment is three-stage or four-stage and that the train can
run at the maximum acceleration and deceleration. Hence,
only one speed curve exists for each interstation running
time. As shown in Figure 8, when the passenger load in
each station segment is higher than the average passenger
load of the entire line, greater traction and braking forces
are needed in Scenario 1 under the same running time,
which results in a greater absolute power value during the

Table 4: Comparison of energy-saving effects under the four Scenarios.

Indicators/test conditions Scenario 1 Scenario 2 Scenario 3 Scenario 4
Net energy consumption of the timetable/(kW·h) 19922.97 30205.82 21596.27 23224.95
Total traction energy consumption/(kW·h) 25542.56 38725.83 26571.87 27542.36
Regenerative braking energy utilization/(kW·h) 5619.59 8520.02 4975.61 4317.41
Regenerative braking energy utilization efficiency/% 54.27 54.27 47.66 43.29

Table 5: Comparison of optimization schemes between Scenario 1 and Scenario 4.

Station number
Interval running time

adjustments
Dwell time adjustment,

s Station number
Interval running time

adjustment, s
Dwell time adjustment,

s
Scenario 1 Scenario 4 Scenario 1 Scenario 4 Scenario 1 Scenario 4 Scenario 1 Scenario 4

1 +5 +5 — — 44 − 4 − 4 — —
2 +5 +4 +5 +3 43 − 3 +2 +2 − 2
3 − 2 − 1 0 − 2 42 0 +4 − 2 +5
4 − 3 +2 +2 +3 41 +2 +5 − 5 +2
5 +2 − 1 − 5 − 5 40 − 5 − 1 − 5 − 4
6 − 4 +5 +5 +5 39 +4 +5 +5 +2
7 +3 +1 − 5 − 5 38 0 − 2 +5 − 1
8 − 1 − 1 +1 +5 37 − 5 +5 − 2 − 5
9 +5 +1 +4 +4 36 +5 − 4 +4 +1
10 +3 − 1 0 − 5 35 − 3 − 5 0 − 2
11 +2 − 2 +5 − 2 34 +5 +5 +5 +4
12 − 3 +2 0 +2 33 +5 +2 +5 +5
13 − 5 − 5 +5 +5 32 +5 +5 +5 +5
14 +5 +3 − 5 − 5 31 +4 − 5 − 5 +5
15 +2 +2 − 3 +4 30 +4 +1 − 1 +5
16 − 5 +5 − 5 − 5 29 +5 +5 − 3 +5
17 +5 − 1 +5 +5 28 − 1 − 3 +5 − 5
18 +3 − 1 − 5 − 5 27 +1 − 1 − 3 − 2
19 − 2 − 3 − 1 − 3 26 − 1 +5 − 1 − 5
20 +2 +3 +5 − 2 25 − 2 − 1 − 5 0
21 +3 +3 +5 +5 24 +4 +4 +5 +5
22 — — — — 23 — — — —
Total +20 +20 +20 +20
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traction and braking processes. Similarly, the situation
when the passenger load in each station segment is lower
than the average passenger load of the whole line can be
analyzed. +e above results show that considering the
difference in the passenger load between station segments
affects the energy-saving strategy of train operation and the
timetable optimization scheme to a certain extent and can
improve the regenerative braking energy utilization effi-
ciency compared with that obtained at the same constant
passenger load for all station segments. In general, in the
study of the energy-saving train timetable optimization
problem, accurate analysis of passenger flow patterns and
consideration of the difference in the dynamic distribution
of passenger flow between station segments can maximize
the energy-saving potential and increase the energy

efficiency of the metro system.+e experimental design and
results in this section can provide reference for the daily
operation strategy of metro corporations, further save
energy consumption costs, achieve energy conservation,
and emission reduction and conform to China’s national
policy of building an environment-friendly society.

6. Discussion

+e pattern of cumulative passenger flow demand was fitted
using the AFC data, and the OD demand time-varying
matrix is established for the entire line. +e calculation of
passenger load in each station segment is included in the
modelling of the energy-saving train timetable optimization
problem. +e effectiveness of the optimization method and
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the necessity of considering the dynamic passenger flow
distribution are verified by a case study. However, there are
still some issues worth discussing in this process.

(1) +e passenger flow demand is continuous and time-
varying, while the timetable is discrete and stable.
+erefore, effectively coupling the two has a great
impact on the calculation of the speed curve and the
energy consumption associated with the timetable.
In this paper, it is not possible to balance the
computational speed and the accuracy of the results
during themodel computations.When the departure
frequency in the timetable increases greatly, the total
computation time increases substantially. +erefore,
finding an efficient and reliable solution method or
further optimizing the solution architecture of the
model is a direction worth further exploration.

(2) Although the changes in the passenger load in each
station segment have been incorporated into the
model construction, many factors have not been
taken into account, such as the uncertainty of the
number of boarding and alighting passengers or the
passenger retention on the platform. Further con-
sideration of these factors in future studies would
make the model more practical.

(3) If the speed curve between stations is more complex
(e.g., including more than one traction or coasting
stage), the solution method for the speed curve in
this paper is no longer applicable. In this case, it is
feasible to select the speed curve between stations
generated by the ATC system and to adjust the total
running time of the whole line to the running time
distribution of each station segment.

7. Conclusion

+e energy-saving operation of the metro system plays an
important role in reducing operating costs and protecting
the environment. When the passenger flow changes, the
difference in train mass between different station segments
changes the energy-saving strategy. +is paper considers the
impact of passenger load variation on train energy con-
sumption during the actual metro operation and aims to
study the energy-saving train timetable optimization
method when the temporal and spatial distributions of
passenger flow vary.

(1) +is study analyzes the cumulative travel demand of
station segments of the metro line, uses the logistic
function to fit the passenger flow pattern. +e OD
dynamic demand matrix of the entire line passenger
flow is established to calculate the passenger load of
trains in each interval, so that the dynamic distri-
bution of passenger flow can be correlated with the
optimization of energy-saving schedule.

(2) +e passenger flow change, train operation process,
and train timetable optimization are analyzed, the
mathematical model aiming at minimizing the net
energy consumption of the timetable is established.+e

decision variables are interstation running time and
dwell time of trains, and constraints such as departure
interval and full-line running time are considered. To
deal with the large-scale and NP hard characteristics of
the problem, a PSO-GA is designed to solve the model.
+e chromosome crossover and mutation operations
in the GA are integrated into the PSO solution process,
thus, improve the search efficiency.

(3) Taking Qingdao Metro Line 3 in China as an example,
the traction energy consumption, the utilization of
regenerative braking energy, and the net energy con-
sumption under different scenarios are quantitatively
analyzed, and their energy-saving potential and time-
table optimization effect are compared. It is found that
(1) the goodness of fit of the cumulative passenger flow
demand curve is 0.997, with high reliability; (2) when
the total trainmass changes, the energy consumption of
the train running between stations changes, which
indicates that the variation in passenger load between
station segments should be considered in the optimi-
zation of the energy-saving timetable. (3) +e net en-
ergy consumption of the timetable of the optimized
scheme in this paper is 5169.67 kW·h lower than that of
the existing scheme, which proves the effectiveness of
the method proposed in this paper. (4) +e utilization
efficiency of regenerative braking energy drops by
12.18% and 20.23%, respectively, if the temporal and
spatial distribution differences are ignored. +e dif-
ference in passenger load between station segments
leads to changes in the maximum train power and
consequently changes in the timetable optimization
scheme. Considering the differences in the temporal
and spatial distributions of the passenger flow would
further improve the optimization potential of the en-
ergy-saving timetable.
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