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ABSTRACT 1 
Although train simulation research is vast, most available network simulators do not track the instantaneous 2 
movements and interactions of multiple trains for the computation of energy/fuel consumption. In this 3 
paper, we introduce the NeTrainSim simulator for heavy long-haul freight trains on a network of multiple 4 
intersecting tracks. Trains are modeled as a series of moving mass points (each car/locomotive is modeled 5 
as a point mass) while ensuring safe following distances between them. The simulator considers the motion 6 
of the train as a whole and neglects the relative movements between the train cars/locomotives. 7 
Furthermore, the powers of the different locomotives are transferred to the first locomotive as such a 8 
simplification results in a reduced simulation time without impacting the accuracy of energy consumption 9 
estimates. While the different tractive forces are combined, the resistive forces are calculated at their 10 
corresponding locations. The output files of the simulator contain information pertaining to the train 11 
trajectories and the instantaneous energy consumption levels. A summary file is also provided with the total 12 
energy consumed for the full trip and the entire network of trains. Two case studies were conducted to 13 
demonstrate the performance of the simulator. The first case study validates the model by comparing the 14 
output of NeTrainSim to empirical trajectory data using a basic single-train network. The results confirm 15 
that the simulated trajectory is precise enough to estimate the electric energy consumption of the train. The 16 
second case study demonstrates the train-following model considering six trains following each other. The 17 
results showcase the model’s ability in relation to maintaining safe-following distances between successive 18 
trains. Finally, the NeTrainSim is demonstrated to be scalable with computational times in O(n) for less 19 
than 50 trains and O(n2) for a higher number of trains (n). 20 
 21 
Keywords: NeTrainSim, Network Trains Simulation, Energy Consumption  22 
  23 
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INTRODUCTION 1 
The transportation sector is the largest consumer of total energy accounting for 26% of the US energy use 2 
in 2020 (1). With a cost reduction of about 75% when compared to other ground transportation modes, 3 
railroads account for roughly 40% of long-distance freight volume (2). The energy consumption of trains 4 
is influenced by various factors, including logistical, technical, and operational factors. Logistical factors 5 
are related to the trainload and network characteristics. Technical factors include vehicle physical 6 
characteristics such as the fuel type and aerodynamic parameters. Finally, operational factors include speed 7 
and driving dynamics (3). 8 

The purpose of this paper is to describe an open-source Python simulator for heavy long-haul 9 
freight trains on a network where they interact with each other while producing valid instantaneous energy 10 
consumption estimates. The simulator, named NeTrainSim (Network Train Simulator), has been built 11 
specifically for energy consumption prediction of trains considering the main logistical, technical, and 12 
operational factors impacting them. Each car or locomotive in the train is considered a point mass positioned 13 
at the vehicle’s center of gravity with only a longitudinal degree of freedom while ignoring lateral and 14 
vertical dynamics. The reason behind limiting the degree of freedom to the longitudinal component is 15 
justified by an expectation of a significant reduction in the computational simulation time. 16 

The resistance forces, consisting of the aerodynamics, rolling, curve, and grade resistance, 17 
corresponding to each locomotive and car in the train are modeled at their specific location on the track. 18 
Furthermore, the simulator takes into account additional inputs for the mathematical representation of the 19 
train dynamics such as the network structure, track characteristics, and train parameters. NeTrainSim allows 20 
locomotives to be distributed along the train length in three locations: the head, the middle, and the end of 21 
the train. The distribution of cars with custom loads can easily be modified. NeTrainSim also includes a 22 
graphical user interface to facilitate the user’s experience. 23 

This research paper is structured as follows: First, an overview of the train dynamics model is 24 
presented. Then, a brief description of the NeTrainSim simulator is provided. Lastly, example case studies 25 
of two routes are presented to illustrate the simulator's performance. 26 

 27 
LITERATURE REVIEW 28 

While train simulation research is widespread, most existing simulators are unable to model the 29 
instantaneous train movements at scale. Specifically, multiple train simulators typically ignore the 30 
instantaneous motion of the train in order to achieve scalability. Alternatively, detailed train simulators are 31 
developed to simulate Longitudinal Train Dynamics (LTD) considering the motion of the train as a whole 32 
and/or any relative motion between vehicles in the direction of the train movement (4). Simulators found 33 
in the literature are of two types: whole-trip simulators and sectional or short-trip simulators.  34 

As summarized in (5), whole-trip LTD simulators (6, 7) replicate one fixed-configuration train 35 
running on a fixed route. Whole-trip simulators such as those developed by (8, 9) are focused on calculating 36 
the in-train forces and their patterns with the vehicle connection system and draft gear behavior taken into 37 
consideration on a single track. Similarly, (10) provided a positioner model that optimizes the speed of the 38 
train to protect wagons from damage. According to (5), a drawback of these simulators is related to their 39 
lengthy simulation time due to the complexity of the involved models and computing strategies. The 40 
complexity of these models comes from the numerical solvers of differential equations ― such as Runge-41 
Kutta (11, 12), Park Method (13), and others ― that have been incorporated into these simulators.  42 

A short-trip simulator has the same limitations as whole-trip simulators. Yet, they run relatively 43 
fast compared to their counterparts. While whole-trip simulators provide a more detailed assessment, short-44 
trip simulators provide a microanalysis of a single train vehicle or the train as a whole (14). Other 45 
researchers proposed discrete mathematical models for the simulation of specific train systems. (13) 46 
provided a predictive model for couplers’ forces in train cars due to electrodynamic braking. (15) developed 47 
a different type of simulation; their model optimized the train trajectory, number of vehicles, and hauled 48 
weights based on the track profile. Finally, (16) developed a simulator to predict pressure values in the air 49 
brake system.  50 
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Another simulator type is the one that was developed by the Federal Railroad Administration 1 
(FRA). The FRA-sponsored simulator is the Train Energy and Dynamics Simulator (TEDS). TEDS was 2 
developed for multiple purposes including conducting safety and risk evaluations, energy consumption 3 
studies, incident investigations, train operation studies, and ride quality evaluations. TEDS simulates the 4 
behavior of the train along the centerline of an ideal track with one degree of freedom (longitudinal motion) 5 
while discarding the vertical and lateral motion (17). Despite the robustness of the simulator, it only 6 
simulates one train on a single track. 7 

The FRA sponsored another simulator named (ATTIF) to perform accident investigation, train 8 
configuration evaluation, and assist in the training of train operators. The ATTIF simulator uses simplified 9 
nonlinear dynamics of railroad vehicles that allow for maintaining a fair degree of accuracy and a relatively 10 
short simulation time (18). According to (19), ATTIF integrated a detailed multi-body dynamics coupler 11 
system model starting in 2012. In addition, the Train Dynamics and Energy Analyzer/train Simulator 12 
(TDEAS) was developed by the Chinese State Key Laboratory of Traction Power to perform detailed 13 
whole-trip longitudinal train dynamics and energy analyses (7).  (19) summarize other simulators of friction 14 
draft gear modeling. Nevertheless, none of these simulators consider train energy consumption with respect 15 
to train forces and terrain topology. 16 
Lastly, Cipek et al. (20)convert and simulate a conventional 103-ton and 1.6-MW heavy-haul diesel-electric 17 
locomotive to a battery hybrid equivalent and derive fuel consumption and related greenhouse gas 18 
emissions models. The results of this research are an accurate representation of train fuel and energy 19 
consumption. However, as concluded, the model cannot be generalized but could be considered as a basis 20 
for later studies. 21 
  22 
MATHEMATICAL MODEL 23 
The proposed train dynamics model is developed based on the 1992 Canadian National variation for 24 
resistance forces cited in (21) and refers to the models proposed in (22, 23) for a tractive force and train-25 
following model. TABLE 1 shows the model variable definitions. 26 
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 1 
 2 
Wang-Fadhloun-Rakha Throttle Forces 3 
The dynamics model proposed in (23) is based on a prior one developed by (22). In both models, the throttle 4 
position is assumed to be hyperbolically proportional to vehicle speed. The throttle level increases up to a 5 
maximum with increasing speed and decreases when the speed approaches the desired speed (23). Equation 6 
(1) demonstrates the proposed hyperbolic throttle function. 7 

TABLE 1 Model Variables Definition 

Variable Definition 
𝑎𝑎𝑛𝑛(𝑡𝑡) Acceleration of train 𝑛𝑛 at instant 𝑡𝑡 (m/s2) 
𝑎𝑎�𝑛𝑛(𝑡𝑡) Smoothed acceleration of train 𝑛𝑛 at instant 𝑡𝑡 (m/s2) 
𝐹𝐹𝑛𝑛(𝑡𝑡) Tractive force of train 𝑛𝑛 at instant 𝑡𝑡 (N) 
𝑅𝑅𝑛𝑛(𝑡𝑡) Resistive force of train 𝑛𝑛 at instant 𝑡𝑡 (N) 
𝑢𝑢𝑑𝑑(𝑡𝑡) Desired speed or max speed a train can go by at instant t (m/s) 
𝑢𝑢𝑛𝑛(𝑡𝑡) Speed of train 𝑛𝑛 at instant 𝑡𝑡 (m/s) 
𝑢𝑢𝑚𝑚(𝑡𝑡) Train speed at maximum throttle at instant t (m/s) 
𝑥𝑥𝑛𝑛(𝑡𝑡) Position of the back of train 𝑛𝑛 relative to the start of the trip (m) 
𝑠𝑠𝑛𝑛(𝑡𝑡) Spacing from rear bumper of train 𝑛𝑛 to the rear bumper of train 𝑛𝑛 − 1 and is computed 

as 𝑥𝑥𝑛𝑛−1(𝑡𝑡) − 𝑥𝑥𝑛𝑛(𝑡𝑡) (m) 
𝑇𝑇𝑛𝑛 The time it takes to activate the brakes of the train plus the operator perception reaction 

time (s) 
𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3  Calibration parameters for throttle level 
Δ𝑡𝑡 The solution time step (s) 
𝑠𝑠𝑛𝑛
𝑗𝑗  Train spacing at jam density (m). Equal to the length of train 𝑛𝑛 plus a buffer (taken to 

be 2m) 
𝑁𝑁 Notch Number 
𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚  Number of Notches in the given locomotive 
𝑚𝑚𝑙𝑙 Total mass of locomotive 𝑙𝑙 (kg) 
𝑚𝑚𝑐𝑐 Total mass of car 𝑐𝑐 (kg) 
𝑚𝑚𝑙𝑙
𝑎𝑎  Mass on single axle of locomotive 𝑙𝑙 (kg) 

𝑚𝑚𝑐𝑐
𝑎𝑎  Mass on single axle of car 𝑐𝑐 (kg) 

𝑚𝑚  Train total mass 𝑚𝑚 =  ∑ 𝑚𝑚𝑐𝑐,𝑙𝑙𝑐𝑐,𝑙𝑙  (sum of locomotive and car masses) (kg) 
𝜂𝜂  Mechanical efficiency of the transmission and gear 
𝜆𝜆𝑛𝑛(𝑡𝑡)  Throttle level of train 𝑛𝑛 at instant 𝑡𝑡 (0 ≤ 𝜆𝜆 ≤ 1) 
𝜆𝜆∗ Throttle level that equates resistance forces at instance t (0 ≤ 𝜆𝜆 ≤ 1) 
𝑃𝑃𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚  Maximum engine power of locomotive 𝑙𝑙 (kW) 
𝜇𝜇 Coefficient of friction between the wheel and the track 
𝑔𝑔 Gravitational acceleration (9.8066 m/s2) 
𝐾𝐾𝑐𝑐,𝑙𝑙 Canadian National streamlining coefficient of car 𝑐𝑐 or locomotive 𝑙𝑙 
𝐴𝐴𝑙𝑙   Frontal area of locomotive 𝑙𝑙 (m2) 
𝐴𝐴𝑐𝑐  Frontal area of car 𝑐𝑐 (m2) 
𝐺𝐺𝑐𝑐,𝑙𝑙 Track gradient of car 𝑐𝑐 or locomotive 𝑙𝑙 (%) 
𝐶𝐶𝑐𝑐,𝑙𝑙 Track curvature of car 𝑐𝑐 or locomotive 𝑙𝑙 (degrees) 
𝑢𝑢𝑓𝑓 Track free-flow velocity (km/h) 
𝐺𝐺(𝑡𝑡) Grade of track at instant 𝑡𝑡 (percent) 
‖𝑐𝑐+ 𝑙𝑙‖ Number of cars and locomotives 
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 𝜆𝜆𝑛𝑛(𝑡𝑡) =

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
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⎧

𝑢𝑢𝑛𝑛(𝑡𝑡)
𝑢𝑢𝑑𝑑(𝑡𝑡)

𝑡𝑡1 + 𝑡𝑡2
1 − 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑢𝑢𝑑𝑑(𝑡𝑡)
+ 𝑡𝑡3

𝑢𝑢𝑛𝑛(𝑡𝑡)
𝑢𝑢𝑑𝑑(𝑡𝑡)

, 0 ⩽ 𝑢𝑢𝑛𝑛(𝑡𝑡) ⩽ 𝑢𝑢𝑚𝑚(𝑡𝑡)

max

⎝

⎜⎜
⎛

𝑢𝑢𝑛𝑛(𝑡𝑡)
𝑢𝑢𝑑𝑑(𝑡𝑡)

𝑡𝑡1 + 𝑡𝑡2
1 − 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑢𝑢𝑑𝑑(𝑡𝑡)
+ 𝑡𝑡3

𝑢𝑢𝑛𝑛(𝑡𝑡)
𝑢𝑢𝑑𝑑(𝑡𝑡)

,𝜆𝜆∗

⎠

⎟⎟
⎞

,𝑢𝑢𝑚𝑚(𝑡𝑡) < 𝑢𝑢𝑛𝑛(𝑡𝑡) ⩽ 𝑢𝑢𝑑𝑑(𝑡𝑡)

 (1) 

Where variables 𝑡𝑡1, 𝑡𝑡2 & 𝑡𝑡3 are calibrated parameters that were originally introduced in (22). These 1 
parameters are calculated based on the fact that the full capability of the vehicle motor power is never used 2 
and only around 60% of the vehicle capacity is used. However, in trains, this does not apply. Accordingly, 3 
these parameters are calibrated to reflect full usage of the train power as proposed in the (23) model. (23) 4 
proposed using 0.190, 0.152, and 0.050 for t1, t2, and t3. However, these values were obtained for passenger 5 
trains and freight trains use more aggressive throttle levels. Thus, these values were adjusted to be 0.001, 6 
0.050, and 0.030 respectively. It should be noted that the user can alter these default values as needed. 7 

𝜆𝜆∗ is the minimum throttle that is allowed to overcome resistance when the desired speed is reached. 8 
Equation (2) is used to calculate the 𝜆𝜆∗ that allows the vehicle to remain at the desired speed. 9 

 min �1000𝜂𝜂𝑛𝑛𝜆𝜆𝑛𝑛(𝑡𝑡)𝑃𝑃𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

𝑢𝑢𝑛𝑛(𝑡𝑡) , 𝜇𝜇𝑚𝑚𝑙𝑙𝑔𝑔� − 𝑅𝑅(𝑢𝑢𝑑𝑑)

𝑀𝑀
= 0 (2) 

Unlike motor vehicles controlled by continuous throttle behavior functions, trains are controlled by 10 
discrete throttle notches, which results in incremental changes in throttle with running speed (23). 11 
Accordingly, the continuous function in Equation (1) is not to be directly applied to the train throttle forces 12 

without discretizing it first. To discretize the function (1), � 𝑁𝑁
𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚

�
2
 is used the approach described in (4). 13 

The rest of the procedure is addressed in (23). 14 
NeTrainSim uses Equation (1) to calculate the throttle level based on the desired speed. The desired 15 

speed is a variable set to the maximum speed the locomotive can theoretically achieve. This variable value 16 
within the simulation framework is user-specified, however, based on a comprehensive review of relevant 17 
literature, a default value of 120 km/h was selected. Figure 1-left shows the discretized throttle level based 18 
on eight train notches and desired speed. The resulting discretization is aligned with the train number of 19 
notches in TABLE 2. The throttle level is then used to calculate the train tractive forces. Figure 1-right 20 
shows the tractive forces at different notches. 21 

  
Figure 1 Throttle/notch level (left) and tractive force (right)  22 
 23 
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The net tractive force after overcoming the resistance forces is available to accelerate the train 1 
forward. The resistance forces change instantaneously on the track for each locomotive/car based on their 2 
attributes and location on the track. When the tractive forces are equal to the resistance forces, the train is 3 
unable to accelerate and travels at a constant speed. Alternatively, when the resistance force is higher than 4 
the tractive force, the train decelerates. 5 
 6 
Hay Brake Force 7 
(4, 24) studied the brake forces of trains and concluded that the brake force is a piecewise function of train 8 
speed. With increasing speed, the brake force rises to its maximum retardation and is limited to a stable 9 
force level within a defined speed range. It then decreases at high speeds. In our model, we assume a 10 
constant desired deceleration level. 11 
 12 
Canadian National Variation 13 
The modified Davis Equation coefficients have been updated to reflect modern trains as demonstrated in 14 
Equation (3). 15 

𝑅𝑅𝑟𝑟 = 1.5 +
18𝑁𝑁
𝑚𝑚𝑙𝑙,𝑐𝑐

+ 0.03𝑢𝑢𝑛𝑛(𝑡𝑡) +
𝑘𝑘𝑐𝑐,𝑙𝑙𝐴𝐴𝑐𝑐,𝑙𝑙𝑢𝑢𝑛𝑛2

10,000𝑚𝑚𝑙𝑙,𝑐𝑐
 (3) 

 16 
Longitudinal Motion Model 17 
The tractive force on each locomotive is computed using Equation (4). The model includes the basic tractive 18 
forces and the maximum force that can be sustained between the locomotive wheels and the track and 19 
includes a throttle function, as proposed by (22). The throttle function is discretized as described previously. 20 
The max train acceleration 𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) is computed using Equation (5) as the difference between the total 21 
tractive force 𝐹𝐹𝑛𝑛(𝑡𝑡) and the total resistance forces 𝑅𝑅𝑛𝑛(𝑡𝑡) relative to the total mass 𝑚𝑚𝑛𝑛. The total tractive 22 
force is computed as the summation of the tractive forces on all the locomotives (𝑙𝑙) using Equation (4). The 23 
throttle input used in Equation (4) is assumed to be the same for all locomotives. 24 
 

𝐹𝐹𝑡𝑡|𝑛𝑛(𝑡𝑡) = � min�
1000𝜂𝜂𝑛𝑛𝜆𝜆𝑛𝑛(𝑡𝑡)𝑃𝑃𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

𝑢𝑢𝑛𝑛(𝑡𝑡)
, 𝜇𝜇𝑚𝑚𝑙𝑙𝑔𝑔�

𝑙𝑙
 

(4) 

 25 
 

𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) =
𝐹𝐹𝑛𝑛(𝑡𝑡) − 𝑅𝑅𝑛𝑛(𝑡𝑡)

𝑚𝑚𝑛𝑛
 

(5) 

Here 𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 is train n maximum acceleration in m/s2 at instant t, 𝐹𝐹𝑡𝑡|𝑛𝑛(𝑡𝑡) & 𝑅𝑅𝑛𝑛(𝑡𝑡) are the train tractive 26 
and resistance forces in Newtons at instant t, 𝑚𝑚𝑛𝑛 is train total mass in kg,  𝜂𝜂𝑛𝑛 is train mechanical efficiency 27 
of the transmission and gear (0 ≤ 𝜂𝜂 ≤ 1), 𝑃𝑃𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum locomotive engine power of train n in 28 
kW, 𝑢𝑢𝑛𝑛(𝑡𝑡) is velocity of train n at instant t in m/s, 𝜇𝜇 is coefficient of friction between the wheel and the 29 
track, 𝑚𝑚𝑙𝑙 is total weight of locomotives in kg, and 𝑔𝑔 is gravitational acceleration (9.8066 m/s2). 30 

The resistance forces are computed using the Canadian National variation of the Davis equation for 31 
both the locomotives and rail cars as in Equation (3). The gradient resistance force is added. Curve 32 
resistance is converted to an equivalent grade resistance by assuming that the unit resistance of a 1° curve 33 
is the same as the resistance of a 0.04% grade (24).  34 

Hence the final resistance for each locomotive (𝑙𝑙) or car (𝑐𝑐) is 1.5 + 18𝑁𝑁
𝑊𝑊

+ 0.03𝑢𝑢𝑛𝑛 + 𝐾𝐾𝑐𝑐,𝑙𝑙𝐴𝐴𝑙𝑙,𝑐𝑐𝑢𝑢𝑛𝑛2

10000𝑊𝑊
+35 

20�𝐺𝐺𝑐𝑐,𝑙𝑙(𝑡𝑡) + 0.04�𝐶𝐶𝑐𝑐,𝑙𝑙(𝑡𝑡)��. Given that the Davis equation generates the resistance force in lbs., the unit 36 
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conversion (4.4482) is necessary to convert from units of lbs to Newtons. Equation (6) is the result of this 1 
conversion. 2 

𝑅𝑅𝑟𝑟 =
4.44822 × 1.10231

1000
� 𝑚𝑚𝑐𝑐,𝑙𝑙 �1.5 +

16329.34
𝑚𝑚𝑐𝑐,𝑙𝑙
𝑎𝑎 + 0.0671𝑢𝑢𝑛𝑛(𝑡𝑡) +

48862.37𝐴𝐴𝑐𝑐,𝑙𝑙𝐾𝐾𝑐𝑐,𝑙𝑙𝑢𝑢𝑛𝑛(𝑡𝑡)2

𝑚𝑚𝑐𝑐,𝑙𝑙𝑐𝑐,𝑙𝑙

+ 20�𝐺𝐺𝑐𝑐,𝑙𝑙(𝑡𝑡) + 0.04�𝐶𝐶𝑐𝑐,𝑙𝑙(𝑡𝑡)��� 
(6) 

The modeling of train deceleration considers a constant deceleration 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, which is user-specified 3 
but typically set at 0.2 m/s2. We use a simple linear train-following model to compute the safe spacing 4 
between trains at steady-state conditions, 𝑠𝑠 using Equation (7). 5 

 𝑠𝑠𝑛𝑛(𝑡𝑡) = 𝑠𝑠𝑛𝑛
𝑗𝑗 + 𝑇𝑇𝑛𝑛 𝑢𝑢𝑛𝑛(𝑡𝑡) (7) 

Here, 𝑠𝑠𝑗𝑗 is the spacing when stopped, which is taken to be the length of the train plus a buffer of 2m; 6 
𝑇𝑇𝑛𝑛 is the time it takes to activate the brakes plus the operator perception reaction time, 𝑡𝑡𝑝𝑝𝑝𝑝 and 𝑢𝑢𝑛𝑛(𝑡𝑡) is the 7 
velocity. 𝑇𝑇𝑛𝑛 is estimated using Equation (8). 8 

 𝑇𝑇𝑛𝑛 =
𝐿𝐿𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

𝑢𝑢𝑠𝑠
+ 𝑡𝑡𝑝𝑝𝑝𝑝 (8) 

Where 𝐿𝐿𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 is the longest distance the brake signal needs to travel from the controlling locomotive 9 
to the last car in the batch of cars that are controlled by that set of locomotives. The brake signal is assumed 10 
to travel at the speed of sound (𝑢𝑢𝑠𝑠) which is taken to be 343 m/s. 𝑡𝑡𝑝𝑝𝑝𝑝 is the operator perception reaction 11 
time (taken to be 4.5s in this paper as an average of what was found in (25) but can be user-specified). 12 
Using Equation (7), the terms are re-arranged to estimate the train following speed the next time step based 13 
on current spacing, as demonstrated in Equation (9). 14 

 𝑢𝑢�𝑛𝑛(𝑡𝑡 + Δ𝑡𝑡) = min�
𝑠𝑠𝑛𝑛(𝑡𝑡)− 𝑠𝑠𝑛𝑛

𝑗𝑗

𝑇𝑇𝑛𝑛
,𝑢𝑢𝑓𝑓� (9) 

Here 𝑢𝑢𝑓𝑓 is the free-flow velocity of the track ahead of the train. The time-to-collision (𝑇𝑇𝑇𝑇𝑇𝑇) is computed 15 
assuming the train continues at its current speed, as shown in Equation (10). 16 

 𝑇𝑇𝑇𝑇𝑇𝑇 = min�
𝑠𝑠𝑛𝑛(𝑡𝑡)− 𝑠𝑠𝑛𝑛

𝑗𝑗  
max(𝑢𝑢𝑛𝑛(𝑡𝑡)− 𝑢𝑢𝑛𝑛−1(𝑡𝑡), 0.0001) ,𝑇𝑇𝑇𝑇𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚� (10) 

 17 
 The desired acceleration, at some time into the future using the spacing at time 𝑡𝑡 and incorporating 18 
it in the range policy presented in Equation (9), is computed twice. First assuming the speed is achieved 19 
over a time interval 𝑇𝑇𝑇𝑇𝑇𝑇 (Equation 11) and the second is assumed to occur over a time interval 𝑇𝑇𝑛𝑛 (Equation 20 
12). 21 

 𝑎𝑎𝑛𝑛,1−1(𝑡𝑡) = max�
𝑢𝑢�𝑛𝑛(𝑡𝑡 + Δ𝑡𝑡) − 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑇𝑇𝑇𝑇𝑇𝑇
,−𝜇𝜇𝜇𝜇� (11) 

 22 

 𝑎𝑎𝑛𝑛,1−2(𝑡𝑡) = min�
𝑢𝑢�𝑛𝑛(𝑡𝑡 + Δ𝑡𝑡)− 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑇𝑇𝑛𝑛
, 𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)� (12) 

 23 
 We then compute the train acceleration as a weighted combination of the two accelerations, where the 24 
term 𝛽𝛽1 is computed using Equation (14). The coefficient 𝛽𝛽1 is a binary variable that is equal to zero when the 25 
acceleration is negative and equals one when the acceleration is either zero or positive. The first acceleration 26 
term is used for the train’s negative accelerations (decelerations) while the second term is used for positive 27 
accelerations.  28 

 𝑎𝑎𝑛𝑛,1−3(𝑡𝑡) = (1− 𝛽𝛽1)𝑎𝑎𝑛𝑛,1−1(𝑡𝑡) + 𝛽𝛽1𝑎𝑎𝑛𝑛,1−2(𝑡𝑡) (13) 
 29 
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 𝛽𝛽1 =
𝑎𝑎𝑛𝑛,1−1(𝑡𝑡) + �𝑎𝑎𝑛𝑛,1−1(𝑡𝑡)� 

2 × max��𝑎𝑎𝑛𝑛,1−1(𝑡𝑡)�, 0.0001�
 (14) 

An alternate train acceleration is computed by taking the Lagrangian derivative (a vehicle-based 1 
derivative) of Equation (9), as formulated in Equation (15).  2 

 𝑎𝑎𝑛𝑛,1−4(𝑡𝑡) = max�min�
𝑢𝑢𝑛𝑛−1(𝑡𝑡)− 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑇𝑇𝑛𝑛
, 𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)� ,−𝜇𝜇𝜇𝜇� (15) 

We then compute the train acceleration as a weighted combination of these two accelerations, where the 3 
term 𝛽𝛽2 varies in the range [0,1]. The first acceleration term (𝑎𝑎𝑛𝑛,1−3(𝑡𝑡)) ensures that the train spacing between 4 
it and the train ahead complies with the range policy presented in Equation (9). The second acceleration term 5 
(𝑎𝑎𝑛𝑛,1−4(𝑡𝑡)) ensures that the train adjusts its speed to the speed of the train directly ahead.  6 

 𝑎𝑎𝑛𝑛,1(𝑡𝑡) = 𝛽𝛽2𝑎𝑎𝑛𝑛,1−3(𝑡𝑡) + (1− 𝛽𝛽2)𝑎𝑎𝑛𝑛,1−4(𝑡𝑡) (16) 

The complete train longitudinal motion model is a modification of the Fadhloun-Rakha car-7 
following model (22) that is formulated in Equation (17). The first term computes the train acceleration 8 
when the speed of the train ahead of it is greater than or equal to its speed while the second term computes 9 
the train acceleration while approaching a slower-moving train. It ensures that the train attempts to 10 
decelerate at the desired deceleration level (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑).  11 

 𝑎𝑎𝑛𝑛(𝑡𝑡) = (1− 𝛾𝛾)𝑎𝑎𝑛𝑛,1(𝑡𝑡)− 𝛾𝛾𝑎𝑎𝑛𝑛,2(𝑡𝑡) (17) 
 12 

The other parameters are computed as: 13 

 𝑎𝑎𝑛𝑛,2(𝑡𝑡) = min�
(𝑢𝑢𝑛𝑛(𝑡𝑡)2 − 𝑢𝑢𝑛𝑛−1(𝑡𝑡)2)2 

4�max�𝑠𝑠𝑛𝑛(𝑡𝑡)− 𝑠𝑠𝑛𝑛
𝑗𝑗 − 𝑇𝑇𝑛𝑛𝑢𝑢𝑛𝑛(𝑡𝑡), 0.0001��

2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

, 𝜇𝜇𝜇𝜇� (18) 

 14 

 𝛾𝛾 =
𝑢𝑢𝑛𝑛(𝑡𝑡)− 𝑢𝑢𝑛𝑛−1(𝑡𝑡) + ��𝑢𝑢𝑛𝑛(𝑡𝑡)− 𝑢𝑢𝑛𝑛−1(𝑡𝑡)�2

2 × max(|𝑢𝑢𝑛𝑛(𝑡𝑡)− 𝑢𝑢𝑛𝑛−1(𝑡𝑡)|, 0.0001)  (19) 

When the train spacing is greater than 𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙, the movement of the train is assumed to be free of train 15 
interaction and is achieved using 𝑎𝑎𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡). 16 

 𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑠𝑠𝑗𝑗𝑛𝑛−1 + 𝑇𝑇𝑛𝑛𝑢𝑢𝑓𝑓 +
𝑢𝑢𝑓𝑓2

2 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 (20) 

The acceleration is constrained by the maximum jerk allowed (𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚), as shown in Equation (21). 17 

 𝑎𝑎𝑛𝑛(𝑡𝑡) = min(|𝑎𝑎𝑛𝑛(𝑡𝑡)|, |𝑎𝑎𝑛𝑛(𝑡𝑡 − Δ𝑡𝑡) + 𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚Δ𝑡𝑡|) ∙ (−1)𝑝𝑝 ,𝑝𝑝 = �0, 𝑎𝑎𝑛𝑛(𝑡𝑡) ≥ 0
1, 𝑎𝑎𝑛𝑛(𝑡𝑡) < 0 (21) 

 The smoothed acceleration 𝑎𝑎�𝑛𝑛(𝑡𝑡) is then computed using an exponential smoother, as demonstrated 18 
in Equation (22). Here 𝛼𝛼 is the exponential smoother. A smoothing factor value of 1.0 provides no 19 
smoothing and lower values provide more smoothing.  20 

 𝑎𝑎�𝑛𝑛(𝑡𝑡) = 𝛼𝛼 × 𝑎𝑎𝑛𝑛(𝑡𝑡) + (1− 𝛼𝛼) × 𝑎𝑎�𝑛𝑛(𝑡𝑡) (22) 

 The train speed is computed using the first-order Euler approximation, as formulated in Equation 21 
(23). 22 

 𝑢𝑢𝑛𝑛(𝑡𝑡 + Δ𝑡𝑡) = max� min�𝑢𝑢(𝑡𝑡) + 𝑎𝑎�(𝑡𝑡) × Δ𝑡𝑡,𝑢𝑢𝑓𝑓� , 0� (23) 
 23 
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Energy Use Model 1 
The energy use model is based on (26). The former was developed for a metro rail setting. It is true that 2 
auxiliary energy consumption is needed for specific commodities, but this energy use is ignored. 3 

The power (instantaneous energy use) to move the train forward is computed using Equation (24). 4 
 𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) = �𝑚𝑚𝑛𝑛𝑎𝑎𝑛𝑛(𝑡𝑡) + 𝑅𝑅𝑛𝑛(𝑡𝑡)�× 𝑢𝑢𝑛𝑛(𝑡𝑡) (24) 

Where the resistance forces 𝑅𝑅𝑛𝑛(𝑡𝑡) are estimated using equation (6) including the resistance that is 5 
being overcome. 𝑚𝑚𝑛𝑛𝑎𝑎𝑛𝑛(𝑡𝑡) represents the net tractive forces the train is producing at every time step. A 6 
regenerative coefficient is used to estimate the portion of energy that can be regenerated due to deceleration. 7 
The energy regenerative coefficient 𝜂𝜂𝑟𝑟𝑟𝑟|𝑛𝑛is a function of deceleration level as shown in Equation (25). 8 

 𝜂𝜂𝑟𝑟𝑟𝑟(𝑡𝑡) = �

1

𝑒𝑒
𝛼𝛼

|𝑎𝑎(𝑡𝑡)|
∀ 𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) < 0

0 ∀ 𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) ⩾ 0
 (25) 

Equation (26) estimates the energy consumed by the train’s tractive forces when it is consuming 9 
energy (when Power 𝑃𝑃𝑛𝑛 is greater than zero). Conversely, when the train is braking (power is less than 10 
zero), the train can only recapture a fraction of the tractive power as shown in Equation (24) while the rest 11 
is dissipated in heat form. 12 

 𝑃𝑃𝐵𝐵,𝑛𝑛(𝑡𝑡) = �
𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡)
𝜂𝜂𝑊𝑊−𝑇𝑇

+ 𝑃𝑃𝐴𝐴, ∀ 𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) > 0

𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) × 𝜂𝜂𝑟𝑟𝑟𝑟|𝑛𝑛 × 𝜂𝜂𝑊𝑊−𝑇𝑇 + 𝑃𝑃𝐴𝐴 ∀ 𝑃𝑃𝑊𝑊|𝑛𝑛(𝑡𝑡) ≤ 0
 (26) 

  𝜂𝜂𝑊𝑊−𝑇𝑇, the train driveline efficiency is assumed to be a multiplicative combination of a wheel-to-13 
DC bus efficiency and DC-bus-to-tank efficiency, as shown below. The DC bus is chosen as an intermediate 14 
node in the energy transfer process because it is used across multiple energy delivery technologies (e.g., 15 
diesel fuel, batteries, and hydrogen fuel cells). The DC bus-to-tank efficiency (𝜂𝜂𝐵𝐵−𝑇𝑇) is highly dependent 16 
on the locomotive energy source, as illustrated in Figure 2. The wheel-to-Bus efficiency (𝜂𝜂𝑊𝑊−𝐵𝐵), is an 17 
invariant relationship (for a given locomotive) and does not depend on the energy source. Rather, it depends 18 
on the train speed, and it is found to be steady at 90% after ~12.2 m/s (~43 km per hour). If the train has 19 
locomotives with a variety of energy sources, the above equations (24 and 26) are used for each locomotive. 20 

 𝜂𝜂𝑊𝑊−𝑇𝑇 = 𝜂𝜂𝑊𝑊−𝐵𝐵 × 𝜂𝜂𝐵𝐵−𝑇𝑇 (27) 

 21 
 22 

(A) DC Bus to Tank Efficiency by Notch Number (B) Wheel to DC Bus Efficiency by train Speed 

Figure 2  Locomotives drive-line efficiencies by energy source 
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The energy consumed is calculated by multiplying the power in Equation (26) by the time step length. The 1 
product 1000 × 3600 is used to convert this value into Kilowatt-hours. 2 

 𝐸𝐸𝐶𝐶𝑛𝑛(𝑡𝑡) =
𝑃𝑃𝐵𝐵,𝑛𝑛(𝑡𝑡)

1000 × 3600
× 𝛥𝛥𝛥𝛥 (28) 

 3 
Train Delay and Number of Stops Estimation 4 
The train delay is computed at each time step for each locomotive/car by comparing its travel time to its 5 
travel time if driven at the free-flow speed of the corresponding track it is on, as shown in Equation (29). 6 
This is based on previous work done in the traffic domain and validated against (27). The delay for a specific 7 
train/trip is then computed as the summation of the delays across all the time steps that constitute the trip. 8 
The total network delay is then computed as the summation of the total delay of all trains simulated. 9 
 10 

 𝑑𝑑𝑛𝑛(𝑡𝑡) =
∑ �1− 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑢𝑢𝑓𝑓|𝑐𝑐,𝑙𝑙
�× 𝛥𝛥𝛥𝛥𝑐𝑐,𝑙𝑙

‖𝑐𝑐 + 𝑙𝑙‖
 (29) 

Similarly, the number of stops the train incurs is computed based on work done in the traffic flow 11 
domain (28), as demonstrated in Equation (30). This equation captures all partial stops incurred by the train 12 
each time step and then is summed up across all time steps to compute the number of stops experienced by 13 
the train. This is then summed up across all the trains to compute the total number of stops incurred across 14 
the network of trains. 15 

 𝑠𝑠𝑛𝑛(𝑡𝑡) = �
∑ �𝑢𝑢𝑛𝑛(𝑡𝑡 − Δ𝑡𝑡) − 𝑢𝑢𝑛𝑛(𝑡𝑡)

𝑢𝑢𝑓𝑓|𝑐𝑐,𝑙𝑙
�𝑐𝑐,𝑙𝑙

|𝑐𝑐 + 𝑙𝑙|
𝑢𝑢𝑛𝑛(𝑡𝑡 − Δ𝑡𝑡) > 𝑢𝑢𝑛𝑛(𝑡𝑡)

0 otherwise

 (30) 

 16 
SIMULATOR DESCRIPTION 17 
NeTrainSim is written using the Python scripting language with functional programming in mind, so it is 18 
maintainable and easy to read and debug. Since Python is a dynamic language and is not computationally 19 
fast when compared to other programming languages, “Cython” is used to convert it to C, which is much 20 
better in terms of computational speed. This code transformation is advantageous because it keeps the 21 
editing language as Python, which helps with readability. 22 

NeTrainSim is able to simulate the behavior of multiple trains on a given network. The network is 23 
defined as a graph connecting nodes with links. The simulator also allows the implementation of signals at 24 
specified nodes. The simulator is a dynamics-based longitudinal motion simulator in that it allows the 25 
modeling of both tractive and resistive forces acting on the trains, while also incorporating train-following 26 
models that govern their behavior when in the vicinity of each other. The simulator is a time-driven 27 
algorithm that calculates the movements of the different trains at each time step of the simulation. Once 28 
completed, a summary file is generated containing information pertaining to the trains' travel time, traveled 29 
distance, consumed energy, and fuel consumption. The consumed energy model assumes that all the train 30 
locomotives are of the same type. 31 

The simulator is divided into modules and each module handles a set of tasks. The network module 32 
handles the network calculations and defines the network structure. The train dynamics module defines the 33 
train characteristics, their paths, and their movement dynamics. The energy module handles energy 34 
consumption calculations with different energy sources. Lastly, the simulator module is the central 35 
component where all calculations are synchronized, and actual train movements are simulated. 36 
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 1 

Figure 3 Simulator schema 2 
 3 

The network links are assumed to be linear (only in length calculations). This is because the 4 
simulator uses vectors to calculate the trains’ coordinates and reduce the calculation time. Vectorization 5 
requires the links to be linear instead of curves since curves are composed of millions of approximated 6 
vectors. 7 

Line segments are treated as a piecewise sequence of links. Each link has a constant grade, 8 
curvature, and speed limit. When these links are short relative to the train length, the train spans many links. 9 
Therefore, every car or locomotive has its specific grade, curvature, and maximum allowed speed. The train 10 
is not allowed to exceed the maximum speed of any of the train-spanned links. Furthermore, trains must 11 
reduce their speed before entering a link that has a free-flow speed (speed limit) less than the train's current 12 
speed.  13 

NeTrainSim (Figure 4) starts by setting the locations where the speed must be zero (e.g., for crew 14 
changes). If no stops are specified, which is the default, a stop is specified at the end of the route. The main 15 
driving point of the simulator is checking whether all trains reach their destination. The simulation ends 16 
when all trains have reached their destinations. A summary file is then generated along with an optional 17 
trajectory file. If at least one train does not reach its destination, the simulator first determines the trains for 18 
which the trip is still in progress and then runs the calculations specifically for those trains until they all 19 
reach their destinations. 20 
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 1 
Figure 4 Simulation flow chart 2 

 3 
At each time step (Figure 5), the simulator retrieves the grade, curvature, and free-flow speed for 4 

every unit in every train.  5 
The simulator uses this information to calculate resistance forces. In addition, the simulator sets the 6 

maximum speed that each train can go based on the maximum allowable speed for all units in a given train. 7 
Simultaneously, the simulator calculates how far it is to the next stopping station, reduced-speed point, or 8 
train ahead. This ensures that the train reduces its speed appropriately without colliding with other trains.  9 

All the gathered information is passed to the train dynamics module to calculate how much 10 
acceleration or deceleration is required. This speed is used to compute the incremental distance traveled 11 
during the current time step. This distance is added to the train's cumulative traveled distance. Lastly, the 12 
energy consumption of the train is calculated based on the train characteristics as stated in (29). All trains 13 
are advanced in the same manner.  14 
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 1 

Figure 5 Time step simulation calculations 2 
 3 
CASE STUDIES  4 
Two scenarios are presented here (I and II), with train characteristics shown in TABLE 2. The first attempts 5 
to validate NeTrainSim against empirical train trajectory data. That is achieved by simulating the actual 6 
network on which the empirical trajectory was collected and setting the train characteristics similar to those 7 
of the train that completed the trip. The validation of the simulator can be, thus, achieved by comparing the 8 
simulated trajectory to the empirical field-based observations. The second scenario primarily demonstrates 9 
the performance of the train-following model implemented in the simulator in terms of regulating the 10 
longitudinal motion of the trains when following one another. In that regard, the second scenario involves 11 
six trains following each other. The second through sixth trains are shorter and lighter than the first, by 50% 12 
to ensure that they can catch up with the lead train.  13 

Scenarios (I) and (II) are one-way tracks of lengths 162 and 322 km, respectively, with 4 14 
intermediate stopping stations. These stations force the train to stop completely and then move again. The 15 
stops are distributed as shown in TABLE 2. The trains start and end their trips with a speed equal to zero. 16 
The tracks consist of 207 and 156 one-way links for scenarios (I) and (II), respectively, with lengths varying 17 
between 0.3 and 9 km. Different grade, curvature, and maximum speed combinations are assigned to every 18 
link along the track (as shown in  Figure 6 and Figure 10). 19 
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 1 

 2 
Scenario I 3 
Figure 6 shows the train speed profile for the first scenario. The traveled distance is shown on the x-axis 4 
and the speed in m/s on the y-axis. The dotted line presents the field measurements. Note that at high-grade 5 
values (dashed line), the speed drops as the train decelerates as a result of the significant increase in the 6 
resistance forces. For instance, at a distance of 35 km (Figure 6-b), the speed drops from 25 to 22 m/s due 7 
to a grade of 2%. 8 

The speed profile from the field data is provided for comparison with the model’s results. The 9 
acceleration/deceleration decisions of the model logic are somewhat different from that of the train operator. 10 
In zone Figure 6-a, both our simulator and the driver showed similar behavior in accelerating; however, the 11 
operator is found to be less aggressive than our model prediction as described by Equation (1). Figure 6-c 12 
expressed a similar behavior except the driver is slightly more aggressive than in Figure 6-a. In Figure 6-b, 13 
both the driver and the simulator decreased their speed to accommodate the stopping station. Nevertheless, 14 
the simulator is found to be more forceful on the brakes than the driver. In Figure 6-d, the driver reduced 15 
his speed unlike what the simulator did. 16 

Statistics results show that the simulated trajectory resulted in 10 minutes and 44 seconds of delay 17 
and 8.0 of stops for the leading train. 18 

TABLE 2 Trains Characteristics used in Scenario I (Left) and II (Right)  

Train Characteristics Value  Train Characteristics Value 
Track Length (km) 162 Track Length (km) 322 
Stopping Stations at (km) 40;42;88;150  Stopping Stations at (km) 40;42;88;150 
Transmission Efficiency 0.98  Transmission Efficiency 0.82 
Max Locomotive Power (kw) 3262  Max Locomotive Power (kw) 2445.9 
Number of Locomotives 3  Number of Locomotives 11 
Number of axles per 
Locomotive 6  Number of axles per 

Locomotive 6 

Coefficient of Friction 0.25  Coefficient of Friction 0.25 
First Locomotive K Value 24  First Locomotive K Value 24 
Other Locomotives K Value 5.5  Other Locomotives K Value 5.5 
Cars k Value 5  Cars k Value 5 
Locomotives’ Frontal Area (m2) 14.8645  Locomotives’ Frontal Area (m2) 14.8645 
Cars Frontal Area (m2) 12.0774  Cars Frontal Area (m2) 11.1484 
Number of Cars 71  Number of Cars 139 
Number of Car Axials 4  Number of Car Axials 4 
Locomotive Length (m) 22.3  Locomotive Length (m) 23 
Car length (m) 29  Car length (m) 20.7 
Locomotive Weight (ton) 198  Locomotive Weight (ton) 190 
Car Weight (ton) 44  Car Weight (ton) 100 
Grade (%) 0~2.4  Grade (%) 0~2 
Curvature (%) 0  Curvature (%) 0~5 
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 1 
Figure 6 Speed profile of the train in scenario I 2 

 3 
Figure 7 plots the simulated and empirical acceleration profiles as a function of the traveled 4 

distance. The figure shows that the operator continuously changes the train's speed and thus there is more 5 
noise in the empirical data. However, there are spots like those highlighted in Figure 7 where the 6 
acceleration decisions are similar.  7 

 8 
Figure 7 Acceleration profile of the train in scenario I 9 

 10 
The acceleration provided in Figure 7 is the actual acceleration used to change the train speed. 11 

Another interesting acceleration profile refers to the one resulting from the application of the brakes to 12 
reduce the speed in order to not exceed the free-flow speed on a downgrade. This is another type of 13 
acceleration, referred to as virtual acceleration, which is used to regenerate energy, along with the observed 14 
deceleration, as indicated in Equation (28). Figure 8 shows this virtual acceleration profile. Figure 8-a is an 15 
instance of applying the brakes at a downgrade section while maintaining the train’s speed. 16 

 17 

Figure 8 Virtual acceleration profile of the train in scenario I 18 
 19 

Figure 9 shows the rate of Energy Consumption (EC) of the train. Equation (28) is used to calculate 20 
it. As shown, this rate is following the speed profile. The energy consumption rate is the highest when the 21 
train is accelerating from a speed of zero and is lowest when the train is decelerating. When the EC is below 22 
zero, this indicates the train is regenerating energy and storing it in its batteries. The model predicts the 23 
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total energy consumed to be 10.12 megawatt-hours while the field data show an energy consumption of 1 
10.58 megawatt-hours, which corresponds to a 4.5 percent difference. In addition, if this train, with the 2 
same configuration and weights, was running on diesel, the energy consumption approximately increases 3 
by 150% (equal to 26.64 megawatt-hours or 761.36 diesel fuel gallons). 4 

 5 
Figure 9 Energy consumption profile of the train in scenario I 6 
 7 
Scenario II 8 
Similarly to Scenario I, we start by presenting information pertaining to the leading train speed profile in 9 
Figure 10 as a function of the distance traveled (solid line). The dashed lines present the speed limit (also 10 
known as the free-flow speed) on each of the links along the train path. The profile shows, sections with 11 
high grades and decelerating speeds. For example, at a distance of approximately 14 km (Figure 10-a), the 12 
speed drops from 17 to 6 m/s due to an uphill grade of 2%.  13 

There are also sudden drops in speed like the one at approximately 64 km (Figure 10-b) because  14 
of stops at stations. Also, the train does not exceed the speed limit of any link. Moreover, the train reduces 15 
its speed before leaving a high-speed link approaching a low-speed link as indicated at distance ~90 km in 16 
Figure 10-c. Statistics results show the simulated trajectory resulted in 1 hour and 20 minutes of delay and 17 
11.8 of stops for the leading train. 18 

 19 
Figure 10 Speed profile of the leading train (train 1) in scenario II 20 

 21 
The leading train’s acceleration profile is shown in Figure 11. The maximum acceleration comes 22 

right after a complete stop, and it is relatively high when the train is increasing its speed. When the 23 
deceleration is constant, the jerk is near zero, due to the smoothing function in Equation (22) which 24 
constrains the train’s ability to reach the maximum deceleration level as soon as the brakes are applied.  25 
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 1 
Figure 11 Acceleration profile of the leading train (train 1) in scenario II 2 

 3 
Figure 12 shows the rate of energy consumption for the leading train in scenario II. The total energy 4 

consumed by the leading train is found to be 83.5 megawatt-hours. For the following trains, it is around 5 
50.6 megawatt-hours. The same configuration of the leading train would consume 382 megawatt-hours 6 
with approximately 10,931 diesel gallons. 7 

 8 
Figure 12 Energy consumption profile of the leading train (train 1) in scenario II 9 

 10 
Figure 13 shows the time-space diagrams of the different trains. The slope of each train trajectory 11 

allows the determination of the instantaneous speed at a particular time. The first train (train 1) moves 12 
freely. Its speed is limited only by the maximum speed and its propulsive and braking capabilities. The 13 
speed reductions are due to these limitations. The following trains are constrained by the lead train. The 14 
initial headways are 1000 seconds to allow each train to traverse a significant distance before being impeded 15 
by the train ahead of it. At 14 and 170 km, the resistance forces are large due to high grades; and train 1 16 
slows down. Trains 2-6 slow at that location and follow each other at the minimum allowable headway. At 17 
~100km, train 1 reaccelerates and the headways increase again until ~200km. 18 

 19 
Figure 13 Scenario II trains' time-space diagram 20 

 21 
Figure 14 shows the headways between trains. Since train 1 does not follow another train, its 22 

headway is not shown. As can be seen, the headway trends are similar for trains 2-6 but displaced in time. 23 
At the beginning of each train’s trajectory, it travels at the maximum allowed speed until the headway is 24 
less than 𝒔𝒔𝒍𝒍𝒍𝒍𝒍𝒍 R as calculated by Equation (20). At that point, the train reduces its speed to follow the train 25 
ahead. At approximately 600 minutes, train 1 reduces its speed because of the significant grade.  The rest 26 
of the trains bunch up behind it as a consequence of their faster speeds. After this, train 1 reaccelerates and 27 
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the following trains move freely. Once each train reaches its destination, the plot of its headway to the train 1 
ahead ceases to be plotted.  2 

 3 

Figure 14 Scenario II trains' headway to leading train 4 
 5 
Simulator Results Interpretation 6 
The simulator uses discrete time steps to update the speeds, accelerations, energy consumption levels, and 7 
all the dependent statistics of the different trains. The smaller the step size is, the more accurate the results 8 
are. In TABLE 3, the model predictions for different time step sizes are compared for Scenarios I and II. 9 
As can be seen, using a time step of three seconds reduces the total simulation time by ~60% (relative to 10 
the 1-second time-step case) while the resultant statistics are largely unchanged. Increasing the time step 11 
beyond three seconds creates more significant changes in the predictions. 12 
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 1 

To test the simulator's scalability, multiple successive train cases (from one to 200 trains) were 2 
simulated using the network of Scenario II. The simulation time for the 200 trains case was 5 hours and 52 3 
minutes. The tests were carried out on a laptop with an Intel® Processor Core i7-8750H and 32GB RAM. 4 
The growth function is linear up to 50 trains and quadratic after that.  5 

TABLE 3 Time step sensitivity analysis 

Time Step 
(sec) 

Sim Time 
(h:mm:ss) 

Total EC  
(MWh) 

Avg. Delay Time  
(h:mm:ss)  Avg. Stops 

Scenario 
I 

Scenario 
II 

Scenario 
I 

Scenario 
II 

Scenario 
I 

Scenario 
II 

Scenario 
I 

Scenario 
II 

1 (Ref 
diff%) 

0:00:15 
(00%) 

0:02:54 
(00%) 

10.12 
(0.00%) 

441.71 
(0.00%) 

0:10:44 
(00%) 

1:28:55 
(00%) 

8.0 
(00.0%) 

15.3 
(00.0%) 

2 0:00:08 
(-33%) 

0:01:35 
(-46%) 

10.12 
(0.03%) 

443.33 
(0.37%) 

0:11:07 
(04%) 

1:29:39 
(01%) 

8.0 
(00.2%) 

15.6 
(02.0%) 

3 0:00:06 
(-61%) 

0:01:05 
(-63%) 

10.18 
(0.55%) 

444.67 
(0.67%) 

0:11:37 
(08%) 

1:30:11 
(01%) 

8.0 
(00.0%) 

15.8 
(03.4%) 

4 0:00:05 
(-68%) 

0:00:51 
(-71%) 

10.14 
(0.16%) 

445.92 
(0.95%) 

0:12:08 
(13%) 

1:31:10 
(03%) 

8.2 
(02.1%) 

16.2 
(06.0%) 

5 0:00:04 
(-71%) 

0:00:43 
(-76%) 

10.22 
(1.02%) 

447.35 
(1.28%) 

0:11:39 
(09%) 

1:31:31 
(03%) 

8.1 
(01.9%) 

16.3 
(07.0%) 

6 0:00:03 
(-74%) 

0:00:35 
(-80%) 

10.27 
(1.52%) 

450.25 
(1.93%) 

0:12:21 
(15%) 

1:32:11 
(04%) 

8.1 
(00.9%) 

16.9 
(10.5%) 

7 0:00:03 
(-80%) 

0:00:33 
(-81%) 

10.21 
(0.89%) 

450.29 
(1.94%) 

0:12:42 
(18%) 

1:32:39 
(04%) 

8.0 
(00.3%) 

17.3 
(13.3%) 

8 0:00:03 
(-84%) 

0:00:27 
(-85%) 

10.23 
(1.06%) 

452.04 
(2.34%) 

0:12:18 
(15%) 

1:32:34 
(04%) 

8.1 
(01.2%) 

17.6 
(15.7%) 

9 0:00:02 
(-84%) 

0:00:23 
(-87%) 

10.24 
(1.22%) 

455.81 
(3.19%) 

0:12:02 
(12%) 

1:33:08 
(05%) 

7.6 
(-04.9%) 

17.4 
(14.2%) 

10 0:00:02 
(-88%) 

0:00:23 
(-87%) 

10.23 
(1.14%) 

457.02 
(3.47%) 

0:12:20 
(15%) 

1:32:29 
(04%) 

8.2 
(02.1%) 

18.0 
(17.8%) 
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 1 

Figure 15 NeTrainSim scalability test 2 
 3 
CONCLUSIONS 4 
In this paper, we present NeTrainSim, a unique open-source multi-train simulator for fuel and energy 5 
prediction of diesel and electric freight trains. NeTrainSim is a dynamics-based simulator that uses train-6 
following strategies adapted from traffic flow theory in combination with train dynamics modeling to 7 
control the longitudinal motion behavior of the different trains. Given that freight trains are very long, the 8 
model decomposes the train into its constituent locomotives and cars in computing the resistance forces on 9 
the train The simulator outputs consist of different metrics such as the instantaneous accelerations, speeds, 10 
positions, fuel/energy consumption levels, delays, and stops of all the trains in the simulated network. The 11 
tool is demonstrated to produce results similar to empirical data confirming that the model produces 12 
defensible results for travel times, speed trends, and energy consumption of the trains. As of now, the 13 
simulator does not capture the so-called energy consumption “at the well” or at the ultimate energy source. 14 
Nevertheless, the simulator can compare energy consumption characteristics for different energy 15 
technologies insofar as onboard energy use is concerned. The tool is demonstrated to be scalable with 16 
computational times in the O(n2), where n is the number of trains. 17 
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