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Abstract: With its large capacity, the total urban rail transit energy consumption is very high; thus,
energy saving operations are quite meaningful. The effective use of regenerative braking energy
is the mainstream method for improving the efficiency of energy saving. This paper examines the
optimization of train dwell time and builds a multiple train operation model for energy conservation
of a power supply system. By changing the dwell time, the braking energy can be absorbed and
utilized by other traction trains as efficiently as possible. The application of genetic algorithms is
proposed for the optimization, based on the current schedule. Next, to validate the correctness and
effectiveness of the optimization, a real case is studied. Actual data from the Beijing subway Yizhuang
Line are employed to perform the simulation, and the results indicate that the optimization method
of the dwell time is effective.

Keywords: genetic algorithm; dwell time; energy saving; braking energy; multi-train;
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1. Introduction

Urban rail transit is an important part of urban public transport. With the characteristics of
large capacity, high speed, security, punctuality, environmental protection, energy saving, and so on,
urban rail transit is very popular and is especially suitable for large- and medium-sized cities [1].
China is the most populous country in the world and is very suitable for the development of urban
rail transit. The first subway line in China was constructed in Beijing. Its planning began in 1953;
the project was founded in 1965 and completed in 1969; and operations began in 1971. Today, the
Beijing urban rail transit system is the second largest city subway system in the world. According to
statistics from Beijing Subway;, in the first three days of 2016, 16,367,700 passengers were transported,
and 16,567 trains ran according to plan. In 2015, 2,832,000,000 passengers were transported, and a total
of 2,324,486 trains ran according to plan [2]. Energy consumption of urban rail transit is much lower
than buses or cars per passenger per km. However, the energy consumption of urban rail transit has a
considerable scale with a large capacity. How to effectively reduce this energy consumption is a very
significant matter.

Gonzalez-Gil [3] provided a comprehensive appraisal of the main practices, strategies and
technologies currently available for minimizing the energy use of urban rail systems. The two main
methods are energy-efficient driving and regenerative braking. The former has been well studied by
many researchers [4-7], while the latter is a rather new approach [8-10]. The braking system of subway
trains typically adopts regenerative braking as the main system and air brakes (friction brakes) as a
supplement. When the vehicle uses regenerative braking, the motor works in the state of the generator,
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and the electric energy generated returns to the traction power grid. In an urban rail transit system,
the distance between stations is relatively short; thus, the train must perform frequent starting and
braking, and this aspect of the braking energy has a great potential for recycling. The regenerative
braking energy can reach up to more than 30% of the traction energy. If the regenerative braking energy
cannot be used, then it is converted to a resistance brake or air brake, and the braking energy is wasted
in vain. The energy that is not used accounts for more than 40% of the total braking energy used.

At present, the effective utilization of regenerative braking energy involves two main aspects of
research [9]. One is using energy storage devices, such as flywheels [11-14], supercapacitors [15-21] and
batteries [22-25]. New infrastructure requires a large amount of investment and is not easy to realize.
The other method is operation optimization, which is more convenient. This method has also been
studied by some researchers. Chen [26] optimized the timetable to reduce the maximum traction power.
Kim et al. [27,28] developed a mixed integer programming model to minimize the maximum traction
energy, which occurs when trains are running simultaneously. Gordeon [29] coordinated multi-trains
to reduce the total traction energy. Ramos [30] coordinated a train’s acceleration and braking time to
make full use of renewable energy. Yang et al. [31] increased the traction and braking overlap rate of
different trains to optimize the timetable, thereby improving the utilization efficiency of regenerative
braking. Zhao et al. [32] optimized schedules using the simulated annealing algorithm, by analyzing
the relative position and running state of the adjacent train. The above researchers did not consider
the effect of the traction power supply network. The following research considers the traction network
model. Nasri et al. [33] optimized a timetable for maximum usage of regenerative braking energy
and discussed the headway and stop time effect on the energy consumption. Albrecht et al. [34,35]
researched the headway and stop time effect on the energy consumption based on a route in
Berlin. In addition, there has also been other research with different parameter optimizations and
methods [36-38].

In the present paper, the train dwell time is optimized to achieve the purpose of the use of
regenerative braking energy. This paper is arranged as follows: Section 2 outlines the overall situation.
A multi-train system for urban rail transit is introduced. The constraint conditions of multi-train
operation optimization, considering regenerative braking energy, are analyzed. The principle of
dwell time optimization is introduced. In Section 3, a train operation model and tractive power
supply system model are established. The optimization goals of multi-train energy saving operation
are settled. The calculation flow of multi-train operation is proposed. In Section 4, the genetic
algorithm optimization is described. A mathematical model is established, and the genetic algorithm
is introduced briefly. The optimization method and calculation flowchart are proposed. Finally, the
actual train data, line data and power supply system data of the Beijing Yizhuang subway line are
employed for simulation, and the performance of the simulation system is tested.

2. Multi-Train System for Urban Rail Transit

2.1. Multi-Train System for Urban Rail Transit

The multi-train operation optimization is based on the single-train operation model.
The calculation of the operation of each train is constrained by the traction braking characteristics
of the vehicle and line condition. Vehicle characteristics include traction performance of the vehicle,
braking performance, performance of the train running resistance, vehicle formation, weight of the
vehicle itself and load, etc. Line conditions include the ramp of the line, curve, speed limit, station
spacing, etc. For multiple trains operating on the same route, the line conditions of a train running on
the same line (uplink or downlink) are the same, and vehicle characteristics are generally the same,
while the load of each train varies with the passenger flow.

The traction substation in the traction power supply system transfers the three-phase high voltage
alternating current (AC) into low voltage direct current (DC) used by urban rail trains. The DC-side
power supply system is the part of the whole traction power supply system that directly provides
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power for the train. It mainly includes the catenary (three rail), the feeder line, the track and the reflux
line. The feeder line delivers direct current from the traction substation to the catenary; the train
obtains the electric energy through the direct contact of the current collector (pantograph or collector
shoe) and the catenary; and the drive traction motor causes the train to operate. The track not only has
the function of a guide rail, but also that of conduction reflux, leading the reflux from the track into the
traction substation through the reflux line, as shown in Figure 1.

TSS1 TSS2 TSS3

traction
return rail

uphnk downlink

I\ catenary
= \// . = ’l /
- -

Figure 1. Schematic diagram of the urban rail transit power supply system. TSS, traction substation.

2.2. The Constraints of the Traction Power Supply System

The constraints of the traction power supply system when the train is operating are mainly as
follows [39]:

1. For urban rail transit traction power supply systems, due to the fact that the DC traction substation
adopts the diode rectifier, the energy has unidirectional liquidity, and regenerative braking energy
cannot flow from the substation to the power supply network.

2. Feeder loss. Due to the resistance of the traction network, line loss is inevitable, and the line
resistance changes with the change of the train operation position.

3.  The train’s traction and regenerative braking curve are constrained by the traction network
voltage, as shown in Figure 2, and the drop of traction network voltage, train tractive and
regenerative braking capacity will be limited.

F A tractive UsU»Us B A regenerative
force braking
U U1
Us U2 U2
Us
> >
A% \'%

Figure 2. Tractive and regenerative braking curve under different net voltages.

4. The regenerative braking is restricted by the traction network voltage. With the increase of
traction network voltage, the regenerative braking power is limited. As shown in Figure 3,
when the network voltage rises to Ul, the train limit motor current reduces the output of the
regenerative braking power; when the network voltage reaches the maximum limit voltage U2,
then the regenerative braking is removed, and the motor current is zero.
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Figure 3. Squeezing curve of regenerative braking.

5. If there are energy storage devices (such as a super capacitor) in the line, they will affect the
charging state of the energy storage device. For multi-train operation, to accurately calculate
the energy consumption of the system and the utilization of the regenerative braking energy,
a complete simulation model of the train and traction power supply system is required. The model
of the traction power supply system includes the model of the substation, the model of the
rectifier unit, the resistance model of the line, the model of the train, the model of the braking
resistance, efc.

2.3. Principles of Dwell Time Optimization

Urban rail transit system station spacing is relatively short, usually 1.5-2 km; thus, it must be
able to quickly start or stop; the train’s traction acceleration is generally 0.9-1.0 m/s?, and braking
deceleration is about 1.0 m/s?. Taking the Yizhuang Line as an example, it takes about 39 s to
accelerate to 80 km/h; the maximum power needed for traction is about 3.6 MW; and traction energy
consumption is 28 kW- h. It takes about 27 s from the speed of 80 km /h to stop, the maximum power
of regenerative braking is approximately 3.6 MW; the produced regenerative braking energy is about
16 kW h; and train dwell time in the stop is generally 30-35 s. A reasonable adjustment of the dwell
time can improve the possibility that traction conditions and braking conditions occur at the same time
with different trains, thus allowing the traction train to absorb greater regenerative braking energy
and improve the regenerative braking energy utilization rate of the train.

Figures 4 and 5 are the power curves of two trains running in the same power range, and the blue
and red curves represent Train 1 and Train 2, respectively. Train 2 starts 50 s after Train 1. The two
train power curves are the same. In Figure 4, Train 2 operates at the first station. At 118-135 s, then
the traction and braking of Train 1 and Train 2 overlap, and Train 1 can use the regenerative braking
energy of Train 2; at 179~198 s, Train 2’s traction condition and Train 1’s braking condition overlap,
and the regenerative braking energy of Train 1 is partly used by Train 2; at 210 s and later, Train 1 stops,
Train 2 brakes, and the regenerative braking energy of Train 2 cannot be used. In Figure 5, the dwell
time of Train 2 is extended, and the starting time of Train 2 in the second station is delayed. It can be
seen that, compared to Figure 4, in Figure 5, the train operating condition overlapping time is extended
from 179~198 s to 179~205 s, and Train 2 uses more regenerative braking energy from Train 1, while
the overlapping time of one train’s traction condition and another train’s braking condition is added
to the 235~260 s. From Figures 4 and 5 it can be seen that the adjustment of the stop time has a great
impact on the regenerative braking energy.

Therefore, based on the existing schedule, reasonably adjusting the stop time of the train can
effectively increase the overlapping time of the train traction and braking, so that more regenerative
braking energy is utilized by the traction train nearby, thereby improving the utilization efficiency of
regenerative braking energy and reducing the system total energy consumption.



Energies 2016, 9, 208 5o0f 21

r r r r

I'\TRAINl I'\ TRAIN2 I'\ I'\ I'\ l'\
| / / | TS
. [ | [ |
/ | | | |
-1 } /Lc-lv_v;l } /
. [ | Jue LS|/
: VAR VY

4 Regenerative braking

| | energy cannot be used
0 50 100 150 200 250

w

N

Train power / MW
o

Figure 4. Train power curves before dwell time modification.
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Figure 5. Train power curves after dwell time modification.

3. Train Operation and Power Supply System Modeling

3.1. Train Operation Model

A multi-train operation model is established based on the single-train operation model, in which
the train operation state equation and the constraint conditions that need to be satisfied, such as the
dynamic performance of the train and the line conditions, are the same, but the traction network
voltage constraints on the operation of the train are added. Assuming that there are N trains on the
line, for train j, the train operation model must meet the following conditions:

Train kinematics model:

)
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fj (uj, Urj,05) =1 (x;,95) (o <t <ty)
0 (fS]‘O <t < tij)

where x; is the position of train j at f time; v; is the speed of train j at t time; u; is the traction or braking
control parameters of train j; Ur; is the pantograph voltage of train j; f; is the unit mass tractive force or
braking force with current control parameters f;, voltage Ur; and speed vj; 7; is the sum of the running
resistance and accessories resistance of the unit mass of train j in the current position x; with speed v;;
tjo is the starting time of train j; ¢;; is the dwell time of train j; fsjo is the start moment of the dwell time
of train j; and fs;y is the end moment of the dwell time of train j.

Beginning and end state constraints of the train:

)

U]'=

x(to) =xp, v (tp) =0 ©
w(br) =, v (nr) =0 ¥
x(t) = xjf, v(t)=0 (tSjO <t < tS]'f) ®)

Train dynamic performance constraint:
—-1< Uuj <1 (6)

Figure 6 is the schematic diagram of u;, where, when the value of u; is greater than zero, f; is
positive, as the traction force; when the value of u i is less than zero, then f] is negative, as is the braking
force; when the value of u i is zero, then f] is zero, and the train is in the coasting drifting condition, as
shown in Equation (7).

A
force f

maximum tractive
force

fmaxj-—----—-

+
H
Cvy

maximum braking

——————— fmin ... force . .

Figure 6. Definition of control parameter u.

According to Equation (6) and the relationship between traction force and network voltage
(Figure 2), the relationship among train force f; (traction or braking force), control parameters u;,
network voltage Ur; and train speed v; can be obtained, as shown in Equation (7):

My e Uj+ fimax (UT'/U‘) (u‘>0)
f] (MJ/VTJ/?)]) - { uj"f;min (UT;/ v]]) (u]] < 0) ()

where fj4y is the maximum traction force of train j with the current speed v; and voltage Ur;j; and fjuin
is the maximum braking force of train j with the current speed v; and voltage Ur;.
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Line speed limit constraint:
0< Uj < ijax (X]) (8)

where V', is the maximum speed allowed of train j in the current location x;.

3.2. Traction Power Supply System Model

In a multi-train operation process, power taken from the catenary and position of every train
is constantly changing. In terms of circuit theory, the traction power supply system is a complex
time-varying network; the power supply system state is related to location x(t), speed v(t), pantograph
voltage U(t) and train control parameters u(t) of each train, as well as the number of circuit equations
and the train number and locations.

With a normal bilateral power supply, the traction substation bus link uplink and downlink
catenary (third rail) and, similarly, uplink and downlink rail are linked through the return line.
The substations of the traction network all contribute. Due to the parallel operation of the uplink and
downlink trains, it is necessary to consider the interaction between the upper and lower catenary and
track when establishing the mathematical model of the DC side [40].

3.2.1. Power Substation Model with Rectifier Units

The external characteristic of the rectifier unit is that the DC output voltage curve changes with
the load current or short-circuit current. The rectifier unit in the DC traction power supply system
simulation is often treated as a constant ideal voltage source with internal resistance, as shown in
Figure 7.

-l =

J I il rail ,:> Tss x Vo I:> e Vs
] . / | | | Etss
=] 1], ‘i B

Figure 7. Schematic diagram of rectifier units.

TSS2 . TSS3
traction

third return

The TSS is the traction substation; Ryss is the substation equivalent resistance; Ergg is the
equivalent voltage source of the substation; and Vrsg is the substation busbar voltage. In fact, the
external characteristic of the rectifier unit is nonlinear. In this paper, the output characteristic curve
of the two parallel 12-pulse rectifier circuits is equivalent to the external characteristic curve of the
24-pulse rectifier circuit, and the substation external characteristic curve adopts the multi-linear model
proposed in [41].

3.2.2. Train Model

The train power taken from the network is often dependent of the network voltage, and the
current is greatly influenced by the network voltage; thus, the power source model is used for the
train model in the traction power supply system. The speed, position and power of each train at each
moment can be obtained using the train operation model. As the train is based on the power source
model, the circuit equations are a nonlinear equation set and must be solved using the iterative method.
When train traction occurs, the power value is positive, which means that electrical power must be
obtained from the DC net; when the train is coasting, the power used is train auxiliary power obtained
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from the DC net power; and during regenerative braking, the power is negative, which means that
regenerative braking power flows from the train to the power grid [42].

3.2.3. Traction Network Model

The line resistance of the traction network changes with the change of the location of the train
and the position between trains, which mainly includes the line resistance between the train and the
substation, the line resistance between trains and the leakage resistance of the track to the ground.
The leakage resistance is generated due to the fact that the most traction current flows back to the
traction substation along the rail line, as part of it leaks into the ground, then flows back to the rail
and then back to the traction substation. When calculating the equivalent resistance, it is necessary
to consider the leakage resistance. According to the uniform transmission line theory, the accurate
equivalent 7t circuits [43,44] are used for each section of the line tracks. Considering the precision of
the modeling, the upper and lower rails should be modeled separately, as shown in Figure 8.

substation up conductor rail ¢ bstation substation substation

conductor raj

Figure 8. Equivalent circuit of the DC power supply system.

3.3. Optimization Goal of Multi-Train Energy Saving Operation

3.3.1. Calculation of Energy Consumption Parameters

According to the circuit solution of the traction power supply system, the dynamic electrical data,
such as voltage, current of each train and substation, can be obtained, and according to the voltage
and current integral, the train and substation’s energy consumption values can be obtained.

When the train current is positive, it is in the traction state, and the power integration of the
corresponding time is the train traction energy consumption.

T T
Etra = fO Ptradt = L Itra : utraindt (9)

where Py, is the train traction power; I, is the train traction current; Uy, is the train pantograph
voltage; and T is the total running time.

When the train current is negative, it is in the regenerative braking state, and the power integration
of the corresponding time is the train regenerative braking energy.

T T
Ereg = L Pregdt = fO Ireg : Utraindt (10)

where Prega is the train regenerative braking power; and I,gg is the train regenerative braking current.
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According to the calculated results of the substation, the power integration at the time substation
current is positive, which means that the output energy is the substation traction energy consumption
within the corresponding time.

T T
ESS = .[ Pssdt = J‘ uS . Isdt (11)
0 0

where Egg is the substation energy consumption; Pgg is the substation power; Ug is the substation
voltage; and Is is the substation current.

In this paper, the model of the braking resistor is added to the actual simulation to calculate the
unemployed regenerative braking energy. The braking resistance absorption power integration is the
regenerative braking energy, which is not being used at the running time.

T T
Ereg_unuse = f Pbr?resdt = J Us - Ibrjes dt (12)
0 0
where Ej¢ ynused 1S the braking resistance absorption energy; Py, . is the braking resistance absorption

power; and I, . is the braking resistance absorption current.

3.3.2. Optimization Goal of Multi-Train Operation

When operating multi-trains, considering the utilization of regenerative braking energy, the
energy consumption of the system consists of the following;:

2 Ess = Z Etra - Z Ereg_used + Z Eloss (13)
2 Eregfused = 2 Ereg - Z Ereg_unuse (14)

where ) Egg is the total energy consumption of all substations; > Eyy, is the total traction energy
consumption of all trains; ZEmg_used is the system total used regenerative braking energy; > Ejy is
the total traction power supply network line loss; ZE,eg_Lmuse is the system total unused regenerative
braking energy; and } Ey is the total regenerative braking energy of all trains.

As can be seen, the effective use of multi-train regenerative braking energy can reduce the system’s
total substation energy consumption. The multi-train operation optimization aims to optimize the
substation total energy consumption, as shown in Equation (15).

M
]: Z Ess (15)
5=1

where | is the substation total energy consumption; and M is the number of traction substations.

To more accurately measure the use of the regenerative braking energy before and after
optimization, we define the regenerative braking energy utilization, namely the ratios of total
regenerative braking energy used by the trains and total regenerative braking energy generated
by the trains, as shown in Equation (16):

)y Ereg -2 Ereg?unuse
Mreg-used =
Z Ereg

x 100% (16)

where 77,654 15 the regenerative braking energy utilization.

3.4. Calculation Flow of Multi-Train Operation

3.4.1. Calculation of Train Operation

In this paper, the discussion of multi-train operation is built on the assumption that each of the
trains is strictly restrained by schedule, and the models are simplified: the former means assuming the



Energies 2016, 9, 208 10 of 21

operation curves of each train running in the same direction are the same; and the latter means not
considering the effect of traction network voltage to train traction and braking performance, assuming
that the current network voltage can meet the needs of the train traction and braking performance.
As shown in Figure 9, dwell time, running time, train date and line data are the input data of
single train operation calculation. Additionally, the time-power curve and the time-distance curve
obtained by single-train operation calculation are the input data of multi-train operation simulation.

power traction
system > energy
parameter >
headwa | simulation regenel.'atlve
Y model braking
. £ ener
timetable synchronization o &Y
time > traction
power substation
dwell supply energy
time time-power system consumption
- curve
runnin, i o
utime & single > » unutilized
tral:,‘ time-distance regenerative
operation brakin
train data i curve &
calculation energy
line data '—»

Figure 9. Flowchart of multiple train operation calculation.

3.4.2. Multi-Train Operation Simulation

First, the simulation model of the traction power supply system is built according to the actual
parameters of the line. Via the position, power and other information of the uplink and downlink trains
at each moment obtained by single-train running calculation, and based on the constraint of headway
and synchronization time according to the schedule, the time, position and power of multiple train
operation are obtained, to be used as the input of the traction power supply system simulation model.
As shown in Figure 9, according to the input multi-train operation data, the structure current traction
network equivalent circuit in the model of the traction power supply system, we can determine the
electrical parameters of the traction network and obtain the total traction energy consumption and
regenerative braking energy of the multi-train operation, as well as the total energy consumption and
unused regenerative braking energy of the traction power system in a given period of time.

3.4.3. Overall Process of Calculation

Based on MATLAB, this paper next carries out the programming of the multi-train operation
simulation model, and the basic framework and data structure of the model are shown in Figure 9.
Figure 9 is the summary of the content of Sections 3.4.1 and 3.4.2.

4. Genetic Algorithm Optimization

Based on the mathematical model of the multi-train operation established above, the dwell time
influence on the regenerative braking energy utilization and total energy consumption of the system is
researched. The energy consumption model based on the dwell time is established and is optimized
with genetic algorithms. Simulation and verification are performed based on the actual data of the
Yizhuang Line.

4.1. Mathematical Model

The research of the dwell time is based on the assumption that the headway, synchronization time
and inter-station travel time are all fixed.
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Figure 10 is the schematic diagram of the dwell time modification. Assuming that the number of
stations in the line is N, then the dwell time at each station of the line are: t1, tp, ... , ty, where ty is the
dwell time at the N-th station. The total energy consumption of the system is different with different
dwell time combinations; thus, the problem can be abstracted as a combinatorial optimization problem
of dwell time and energy consumption, such as shown in Equations (17) and (18).

operation time dwel
between stops  time

Lt ‘___| t2

Figure 10. Schematic diagram of dwell time modification.

For N stations, assuming that the dwell time of train, ts1yp, has k combinations, then tstop_i 18 the
i-th dwell time combination.

tstop_i = {t1/t2/ e ti Tty tN—l/ tN} (17)

k combinations of dwell time have corresponding system total consumption E;:

Ei = f (tstop_i) (18)

For urban rail transit, there are typically 10-15 stations. Assuming that the dwell time of
each station is adjusted by —5 s—+5 s on the basis of the original schedule, there are 1010-1015
combinations of dwell time. The number of combinations is very large, too large to be enumerated;
thus, an optimization algorithm is required for the solution. In a variety of heuristic algorithms,
genetic algorithms operate directly on the structure of the object, with no derivation or function
continuity limit, thus allowing the use of a very complex fitness function (also known as the target
function), and the variable range of variables can be restricted. Randomization optimization methods
can automatically obtain and guide the optimization search space and do no need to identify the rules;
thus, they are more suitable for optimization in which time is the variable. Therefore, this paper uses a
genetic algorithm to optimize the dwell time.

4.2. Introduction of Genetic Algorithm

A genetic algorithm is a random search algorithm, referencing biological natural selection
and genetic mechanisms. Different from traditional algorithms, genetic algorithms search from a
randomly-generated initial solution, and through the selection, crossover and mutation operations iterate
step by step to produce new solutions. Each individual in a group is a solution, called chromosomes.
The merits of chromosomes are evaluated by the fitness function. According to the fitness value, we
select a certain number of outstanding individuals from the previous generation, to form the following
group through crossover and mutation operations. After several generations of evolution, the algorithm
converges to the optimal chromosome, i.e., the final solution of the problem.

4.3. Optimization Method

Different combinations of dwell time have different impacts on the energy consumption of the
power supply system. By means of the genetic algorithm to encode each dwell time, the optimal
combination of the dwell time can be solved.
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Assuming that the train headway and synchronization time of the uplink and downlink train
are fixed at the same period, the train operation curves in the same direction are the same (i.e., the
operation curves of the uplink trains are the same, and the operation curves of the downlink trains are
the same), and the dwell times of the uplink and downlink trains at the same station are the same, as
shown in Equation (19).

taown = {t1,to, -+ i+ EN—1, EN} (19)
tup = {tn,EIN—1, ottt}

where N is the number of stations; f; is the dwell time of the i-th station; f;,,, is the dwell time
combination of downlink line; and tup is the dwell time combination of the uplink line.

Based on the above assumptions, we can build a dwell time optimization model based on the
genetic algorithm.

4.3.1. Encoding

The optimization parameter is the train dwell time; thus, the collection of the train dwell time
at each station is encoded as a chromosome, and each station dwell time is the gene forming the
chromosome. Using real numbers to encode the dwell time, the schematic diagram of dwell time
encoding is shown in Figure 11.

serial number of
stations

1 2 3 ...... n
dwell time 30 35 27  eeeee 36 —» chromosome
¥
gene

Figure 11. Schematic diagram of dwell time encoding.

In an urban rail transit system, the length of the train dwell time is related to the number of
passengers, the number of train doors and other factors [45]. In order to ensure the boarding/alighting
needs of passengers during actual operation, this paper optimizes the dwell time based on the existing
train schedule in a certain range. Therefore, the encoding must restrain the size of the gene, e.g.,
the dwell time is required within 25-45 s for each station, or adjusted within —5 s—+5 s on the basis
of the original dwell time, to ensure the feasibility of the dwell time after optimization. Using the
genetic algorithm, the initial population is generated, and for each chromosome, the genes must satisfy
Equation (20).

tlow_limt <<t

up_limt (20)

where typ jimit is the upper limit of dwell time; and t1oy, Jimit is the lower limit of dwell time.

4.3.2. Generating the Initial Population

According to the genetic algorithm, the initial population of the combination of different dwell
times is randomly generated, as shown in Figure 12.
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serial number of stations

1 2 3 ...... n
dwell time 30 35 27  eeeee 36
chromosome 30 35 27  eeeee 36 1\
30 35 27 e 36 2
I— population
30 35 27 e 36 m /

Figure 12. Initial population of dwell time.

4.3.3. Fitness Function

The optimization of the train dwell time affects the utilization of the regenerative braking energy
when the multi-train is operating. The electric energy used by the train originates from the traction
substation, thus the optimization objective function is the total energy consumption of the traction
power supply system. The negative value of the energy consumption of the fitness function is shown
in Equation (21).

T
Fit_function = —f P,dt (21)
0

where P; is the total power of all substations; and T is the total operation time.

4.4. Calculation Flowchart

Figure 13 is the algorithm flowchart of the train dwell time optimization using a genetic algorithm.

1.  The first generation of the population is generated randomly, and the m individuals generated
correspond to the collection of dwell time, where m is the population quantity.

2. Combining the dwell time in Step 1 and train operation data, the input direct current supply
model is used to establish the corresponding circuits to calculate the electric and energy
consumption data of the trains and power substation.

3. According to the fitness function, Equation (20) is used calculate the fitness value of
each individual.

4. According to the fitness value calculated in Step 3, we perform genetic manipulation, such as
selection, cross, mutation, and so on, to generate a new population.

5. We determine whether the termination conditions are met, and if they are not satisfied, the new
generation of population data will be input into Step 2 to continue the calculation; if they are
satisfied, then the calculation and output results are terminated.
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Figure 13. Flowchart of the dwell time optimization algorithm.

5. Dwell Time Optimization Based on Yizhuang Subway Line

The traction power supply system of the Beijing subway Yizhuang Line adopts the distributed
power supply mode, with a total of 12 traction substations. The traction substation adopts the 24-pulse
rectifier, as described in detail in Section 3.2.1. Regenerative braking absorbing resistors are set in each
of the traction substation. Using the third rail power supply mode, the rated voltage is DC 750 V.

The train equivalent mass of Beijing Yizhuang subway line with different load cases is listed
in Table 1. In Table 1, AW represents the train passenger capacity. AWO represents no passengers.
AW?2 represents rated passenger capacity. AW3 represents overload passenger capacity. M represents
motor car, T represents trailer car and Tc represents trailer with a cab. AW3 is the normal operation
condition of Beijing Yizhuang subway line. The simulation data are AW3 level. Train and line
parameters are listed in Table 2. A single motor rated power is 180 kW. There are four motors.

Table 1. Train equivalent mass of Beijing Yizhuang subway line with different load cases.

Train Equivalent Mass (t) Tcl M1 T M3 M2 Tc2
AWO0 33 35 28 35 35 33
AW2 46.56 50.24 43.24 50.24 50.24 46.56
AW3 50.4 54.5 47.5 54.5 54.5 50.4

Table 2. Train and line parameters.

Parameters Value Parameters Value
Nominal voltage 750 V Efficiency of inverter 0.93
Maximum voltage 900 V Efficiency of motor 0.915
Minimum voltage 680 V Efficiency of gear 0.975
Power-factor of load 0.85 Motor rated power 180 kW*4
Regeneration limit voltage U1/U2 900 V/950 V Maximum acceleration 1m/s?
Maximum speed 80 km/h Maximum deceleration 1m/s?

Resistance of traction network 50.007 O3/km Resistance of rail 0.009 O)/km
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The Yizhuang subway line has a total of 14 stations. According to the current actual operating
schedules, the dwell times of each station are listed in Table 3. The dwell time throughout the day of
each train is the same, and the dwell time of the same station of up trains and down trains is the same.

Table 3. Dwell times of Yizhuang subway line.

Nsuerill:}er Station Name Tli)rrv::ae}l) Station Name Tli)rrv::ae}l)
1 Songjiazhuang / Yizhuang Railway Station /
2 Xiaocun 30 Ciqu 35
3 Xiaohongmen 30 Ciqu South 35
4 Jiugong 30 Jinghailu 30
5 Yizhuangqiao 35 Tongjinanlu 30
6 Yizhuang Culture Park 30 Rongchandongjie 30
7 Wanyuanjie 30 Rongjingdongjie 30
8 Rongjingdongjie 30 Wanyuanjie 30
9 Rongchandongjie 30 Yizhuang Culture Park 30
10 Tongjinanlu 30 Yizhuanggiao 35
11 Jinghailu 30 Jiugong 30
12 Ciqu South 35 Xiaohongmen 30
13 Ciqu 35 Xiaocun 30
14 Yizhuang Railway Station / Songjiazhuang /

Using the genetic algorithm to encode the 12 dwell times, the upper and lower bounds of the
dwell time of each train are bound to the —5—+10 s range of the original stop time. In the simulation,
the headway is 5.5 min; the synchronization time of the up train and the down train is 3.5 min; and the
train operation data use automatic train operation (ATO) actual operation data. The genetic parameter
settings are shown in Table 4. Figure 14 is an evolution of the search for the optimal solution in the
algorithm calculation process.

Table 4. Simulation parameters.

Simulation Parameters Value
Population size 40
Maximum number of generations 100
Generation gap 0.95
Crossover probability 0.7
Mutation probability 0.01
1025 T T F F
1020
1015
1010

1005 ‘_\j
1000

995

990 0 20 40 60 80
Iterations

Total energy consumption of traction substation
kW-h

Figure 14. Evolution of searching for the optimal solution.

100
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Table 5 shows the constraint conditions of dwell time and the results of the dwell time optimization
in the simulation. It can be seen that the dwell time after the optimization is only increased by 29 s,
while the whole running time of the Yizhuang Line is about 34 min; thus, the impact on the running
time is minimal.

Table 5. Dwell time of Yizhuang subway line before and after optimization.

Serial Station Name Dwell Optimization Scope (s) Post-Optimization lefzf;;:tszore
Number Time (s) Lower Upper Time (s) Ovtimizati
Limit Limit ptimization
1 Songjiazhuang / / / / /
2 Xiaocun 30 25 40 35 5
3 Xiaohongmen 30 25 40 35 5
4 Jiugong 30 25 40 32 2
5 Yizhuangqiao 35 30 45 36 1
6 Yizhuang Culture Park 30 25 40 34 4
7 Wanyuanjie 30 25 40 35 5
8 Rongjingdongjie 30 25 40 33 3
9 Rongchandongjie 30 25 40 34 4
10 Tongjinanlu 30 25 40 34 4
11 Jinghailu 30 25 40 35 5
12 Ciqu South 35 30 45 31 —4
13 Ciqu 35 30 45 30 -5
14 Yizhuang Railway Station / / / / /
The total time 375 404 29

Table 6 shows the energy consumption changes before and after dwell time optimization. It can be
seen that the system total energy consumption is decreased from 1084 down to 995 kW- h, a decrease
of 8%; meanwhile, the utilization rate of regenerative braking is improved from 71%-79%, for an
improvement of 8%. Based on the genetic algorithm, the dwell time optimization effect is significant;
the total energy consumption is reduced; and the utilization rate of regenerative braking is improved.

Assuming that the train operation curve is unchanged in simulation, namely the train running
time between stations is fixed, only the dwell time is optimized. As for the train, because the operation
curve is the same, the train traction energy consumption and regenerative braking energy are the
same before and after optimization. The fact that the energy consumption of the train traction and
regenerative braking energy before and after optimization have a certain difference, as shown in
Table 6, is a result of the simulation results when compared to the multiple trains running results in
fixed 15 min; before and after optimization, the dwell time of the train changes; the input power of
train operation is different in the same time.

Table 6. Energy consumption after dwell time optimization.

. Before After Rate of

Energy Consumption (kW-h) Optimization Optimization Change
Train traction energy consumption 1674 1655
Train regenerative braking energy 930 922

Substation total energy consumption 1084 995 —8%
Braking resistance absorption energy 270 195
The line losses energy 70 67
Utilization rate of regenerative braking 71% 79% 8%

Figures 15 and 16 are the total output power of the traction substation and the absorption power
of braking resistance before and after dwell time optimization, respectively. For the convenience of
comparison, in the figure, the power curve is filled with color; the envelope curve is the power value;
the area surrounded by the envelope is the value of energy consumption. The blue curve is the total
power of the substation, and the red curve is the total power absorbed by the braking resistance, i.e., the
regenerative braking energy cannot be used. By comparison, it is clear that the optimized substation
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output energy consumption value is smaller; the energy consumption in the simulation time is quite
average; and the energy absorption of the braking resistors decreases significantly.

Substation power

Braking resistance |
power

Power / MW

Operation time / s

Figure 15. Total output power of traction substation and absorption power of braking resistance before
dwell time optimization.

12 T T T T T T

Substation power

Braking resistance -
power

Power /| MW

Operation time / s

Figure 16. Total output power of traction substation and absorption power of braking resistance after
dwell time optimization.

From the peak value of power, the peak value of the output power of the traction substation
and absorption power of braking resistance are both decreased. After optimization, the peak value
of the output power of the traction substation decreases from 11.5 down to 9.9 MW, for a decrease of
14%; and the peak value of the absorption power of braking resistance is decreased from 6.2 down to
4.4 MW, for a decrease of 29%.

Figure 17 is the energy consumption comparison chart of each substation before and after dwell
time optimization. It can be seen that the energy consumptions of the Yizhuang Railway Station,
Ciqu South, Jinghailu and Tongjinanlu substations change greatly, while those of Songjiazhuang and
other stations do not change significantly or are increased. Taking Yizhuang Railway Station and
Songjiazhuang as examples, the substation power and absorption power of braking resistance are
analyzed. Figures 18 and 19 show the substation output power curve and braking resistance absorption
power curve of Yizhuang Railway Station before and after dwell time optimization, respectively. For the
convenience of comparison, the power curve before optimization is red, and that after optimization is
blue. After the dwell time optimization, the substation traction power decreases obviously, and the
absorption power of braking resistance also decreases; thus, the traction energy consumption values of
the Yizhuang Railway Station substation decreased significantly.
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Figure 17. Energy consumption of each substation before and after dwell time optimization.
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Figure 18. Power of Yizhuang Railway Station’s substation before and after dwell time optimization.

Bl Before optimation

— | After optimation

1.5

Power of braking resistance / MW

Operation time / s

Figure 19. Power of Yizhuang Railway Station’s braking resistance before and after dwell
time optimization.

Figures 20 and 21 respectively show the substation output power curve and braking resistance
absorption power curve of Songjiazhuang before and after dwell time optimization. It can be seen that
the substation power and absorption power of the braking resistance are not significantly reduced
nor increased at Songjiazhuang before and after the optimization; thus, the change of the power
consumption of the substation at Songjiazhuang is minimal.
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Figure 20. Power of Songjiazhuang’s substation before and after dwell time optimization.
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Figure 21. Power of Songjiazhuang’s braking resistance before and after dwell time optimization.

6. Conclusions

In this paper, the basic principles of train energy saving optimization based on dwell time are
introduced, and the optimization model based on dwell time is established. With the system total
energy consumption minimum as the objective function and based on the multi-train operation model
and power system simulation model, while using a genetic algorithm, the optimization model of the
dwell time is solved. In addition, taking the Yizhuang Line as an example, based on the Yizhuang Line
current dwell time and under the condition of the train running time increasing by 29 s, the regenerative
braking rate of the system is increased by 8%, and the total traction energy consumption is reduced by
8%; thus, the total traction energy consumption is reduced by 8%. The results show that using this
method is practical and effective.
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