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to minimize substation energy usage by taking full advantage of train regenerative braking 

energy. Appropriate train trajectories between stations can also provide a means of 

minimizing energy consumption during train operation. However, the timetable and train 

trajectory are not independent elements of metro operation and so should be considered 

jointly. 

A number of researchers have studied various methods designed to improve railway operation 

performance. Chang introduced an appropriate coasting control method to optimize train 

movement using a genetic algorithm [1]. Bocharnikov presented a novel approach to calculate 

the best train coasting operation using a mixed searching method including a genetic 

algorithm in combination with fuzzy logic [2]. Lu developed a distance-step single train 

movement model, and implemented one exact algorithm (dynamic programming) and two 

exhaustive search methods (an ant colony optimization and a genetic algorithm) to optimize a 

single train trajectory. A comparison of the results has shown that the exact algorithm 

produces more accurate results but with a longer computation time than the exhaustive search 

methods [3]. In order to reduce the searching time, a number of researchers have developed 

mathematical models and computer programs to optimize the single train trajectory from a 

theoretical point of view [4-6]. The authors have previously presented a multiple train 

trajectory optimization paper to consider the balance between energy consumption and train 

delays [7]. However, only a small number of trains were included in the methodology. 

Therefore, the network is too small to be considered as a timetable. Methods have been 

proposed to obtain optimal synchronized timetables to minimize waiting times for passengers 

when transferring to other lines, or onto buses [8, 9]. Yang proposed a scheduling approach to 

optimize the metro timetable so that the regenerative braking energy from braking trains 

could be directly used by motoring trains within the same power network [10]. Bin presented 

an integrated method to optimize train headway by adjusting the train arrival time at 

platforms to improve train headway regulation [11]. The use of train regenerative braking is 

recognized as the main method to improve railway energy efficiency [12, 13]. In order to 

achieve a global optimality of driving strategy and optimal timetable, Shuai Su analyzed a 

hierarchy of energy-efficient train operation and proposed an integrated algorithm to generate 

a globally optimal operation schedule [14, 15]. Xiang and Hong developed a joint model to 

optimize timetable and train speed profile based on Genetic Algorithm. The results show at 

the maximum energy saving rate is around 25% [16, 17]. 

Most of the previous works have discussed train optimization for single-objective problems. 

In practice, train operation performance is affected by a number of different systems that are 

closely interlinked. For example, the inter-station journey time plays a key role in not only the 
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where f[v(t)] is the maximum tractive effort at the current vehicle speed v(t); si is the number 

of sections; sn is the number of stations; ITs is the scheduled inter-station journey time; ITr is 

the maximum variation between scheduled journey time and optimal journey time; 

3.2 Timetable Optimization Algorithm 

When air braking systems are used to slow down the vehicles by mechanical braking, the 

vehicle kinetic energy is converted to thermal energy and thus wasted. However, modern 

metro railways are usually equipped with regenerative braking systems, which work as an 

energy recovery mechanism. Such systems slow down the vehicles by converting kinetic 

energy to electrical energy, which can be used by other vehicles immediately via the power 

network, or stored if energy storage systems are provided. Regenerative braking systems 

improve the overall energy efficiency of metro networks and play a key role in timetable 

optimization.  

Unfortunately, the application of energy storage systems is currently limited because of the 

high weight of batteries, short battery life, and insufficient overload capacity [22]. Therefore, 

most metro railways are not equipped with energy storage systems. If the regenerated 

electrical braking energy cannot be used immediately by other trains, the electricity will be 

converted into heat using resistances. Therefore, in this study, the aim of the algorithm is to 

create an optimal timetable to take full advantage of the regenerative braking energy. The 

timetable should meet the following requirements: 

1. Braking synchronization: If a train is braking while another train in the same power 

supply network is motoring, the regenerative braking energy produced from the 

braking train can be used by the motoring train instantly, thereby reducing the overall 

energy consumption, as shown in Figure 4. The braking train and motoring train pair 

is defined as a braking synchronized group (BSG). The overlapping time of braking 

and motoring is defined as a braking synchronized time (BST). Due to the power 

supply network characteristic and transmission loss, the distance between the pair of 

trains should be as small as possible; 

2. Motoring synchronization: If a train is motoring while another train in the same 

power supply network is also motoring at the same time, the substation load will 

become heavier due to the increase in power demand, as shown in Figure 4. The pair 

of motoring trains is defined as a motoring synchronized group (MSG). The 

overlapping time is defined as a motoring synchronized time (MST). However, due to 
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timetable for such a typical metro line requires optimizing at least another 24 variables (20 

different inter-station journey times for two directions and 4 different service intervals). 

Consequently, if implementing a genetic algorithm to solve such a complex integration 

optimization problem, the algorithm could easily obtain a local rather than global optimum.  

Therefore, in this study, the train trajectory optimization and timetable optimization are 

processed separately. However, as the two optimizations are closely related to each other, it is 

necessary to ensure the train trajectory optimization produces all the potential trajectory 

results to be further used in the timetable optimization. Firstly, optimal train trajectory 

solution for every possible inter-station journey time for each inter-station running will be 

calculated and stored in a Database. Secondly, an optimal timetable will be produced 

considering the train synchronization performance and the results from the developed 

Database. Finally, the train whole day movement and the network energy consumption can be 

calculated using the corresponding optimal train trajectory and optimal timetable, as shown in 

Figure 5.  
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Figure 5. Flow chart of the integrated optimization. 

In order to achieve this objective, in the single train trajectory optimization, a brute force 

algorithm is implemented. Such an algorithm enumerates all possibilities in the solution 

domain to find the optimum [7, 23]. The details are shown as follows: 
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Figure 8. Guangzhou Metro Line gradient and speed limits. 

In order to deal with variable passenger demands throughout a day, different train service 

intervals are used for the services on this metro line. For example, during peak time services 

(7 am to 9 am and 5 pm to 7 pm), the trains depart every 200 seconds. During off-peak time 

services, the service intervals are 300 seconds, 360 seconds or 600 seconds depending on 

demand. A 1500 V overhead line (OHL) power supply system supplies electrical energy to 

the trains. The traction characteristics of the train are shown in Table 3 and Figure 9. Each 

train set is composed of 6 cars, including 4 motor cars and 2 trailer cars. The maximum 

service speed and average operation speed are 80 km/h and 41 km/h respectively.  

Table 3. Train traction characteristics. 

Parameters Value/Equation 

Overall train mass, tonnes 279 (4M2T) 

Train formation 4M2T 

Train length, m 118 

Rotary allowance 0.12 

Resistance, N/tonne 27+0.0042V2 (V: km/h) 

OHL power DC 1500V 

Maximum power, kW 4227 

Engine efficiency from electrical to 

mechanical power 
87.88% 

Max operation speed km/h 80 

Max tractive effort kN 352 (AW2 4M2T) 

Train control  
Automatic Train Operation 

(ATO), human operation 

Passenger number (AW2) 1860 

 

 
Figure 9. Train traction system characteristic. 






















