4

Energy and Power Engineering, 2023, 15, 277-290

"“ Scientific https://www.scirp.org/journal/epe
0 “ Research :
94% Publishing ISSN Online: 1947-3818

@,

ISSN Print: 1949-243X

Object-Oriented Modeling of the Variation of
Acceleration and Deceleration Characteristics
in Relation to Speed Bands for Railway Vehicles

Hyun-Soo Jeong!, Jong-Young Park?*, Hanmin Lee2

1Hyubwoojiyeu Engineering Co., Ltd., Seoul, Korea
2Smart Electrical & Signaling Division, Korea Railroad Research Institute, Uiwang, Korea

Email: *jypark@krri.re.kr

How to cite this paper: Jeong, H.-S., Park,
J.-Y. and Lee, H. (2023) Object-Oriented
Modeling of the Variation of Acceleration
and Deceleration Characteristics in Relation
to Speed Bands for Railway Vehicles. Energy
and Power Engineering, 15, 277-290.
https://doi.org/10.4236/epe.2023.158014

Received: July 3, 2023
Accepted: August 22, 2023
Published: August 25, 2023

Copyright © 2023 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(OMONMY 0pen Acces:

Abstract

Automated operation and artificial intelligence technology have become es-
sential for ensuring the safety, efficiency, and punctuality of railways, with ap-
plications such as ATO (Automatic Train Operation). In this study, the au-
thors propose a method to efficiently simulate the kinematic characteristics of
railroad vehicles depending on their speed zone. They utilized the function
overloading function supported by a programming language and applied the
fourth-order Lunge-Kutta method for dynamic simulation. By constructing an
object model, the authors calculated vehicle characteristics and TPS and com-
pared them with actual values, verifying that the developed model represents
the real-life vehicle characteristics accurately. The study highlights potential
improvements in automated driving and energy consumption optimization in
the railway industry.
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1. Introduction

To the safety, efficiency, and punctuality of railways, the expansion of automated
operation across all lines is necessary, in order to minimize human error and in-
accuracies. Automatic train operation relies on the application of ATO (Auto-
matic Train Operation). Furthermore, the cost of operating trains using electric-
ity constitutes a significant portion of total railroad operating expenses. The ra-
pidly advancing artificial intelligence technology enables the optimization of energy

efficiency through the use of smart grid technology, and these optimized algo-
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rithms can be implemented in automatic operation.

Currently, ATO autonomous driving employs a PID controller to regulate the
target speed and actual speed [1]. Research by Kim et al [2] has demonstrated
that energy consumption varies based on driving patterns, thereby indicating the
potential to reduce vehicle energy consumption through the optimization of these
patterns.

In order to improve the effectiveness of automated driving, accurate modeling
of the motion and power consumption of railroad vehicles is essential. Based on
the relationship between wheel rotation and train traction and braking force [3],
studies by Jeon et al. [4] and Kim et al [5] have estimated traction and braking
forces for electric locomotives and Korean high-speed trains, comparing these
with test results. Further research [6] has derived and tested acceleration changes
for the HEMU-430X high-speed train, a power-distributed electric vehicle. Addi-
tionally, proposals have been made for the maximum acceleration values and
specifications needed to implement high-performance, next-generation electric
vehicles [7].

In this paper, we propose a method to efficiently model the kinematic charac-
teristics of railroad vehicles within simulations. We employ the function over-
loading feature supported by programming languages to simulate kinematic
characteristics that vary according to speed zones. The fourth-order Lunge-Kutta
method was applied for dynamic simulation, and an object model with these me-
thods was constructed. By applying the model, we calculated vehicle characteris-

tics and TPS, comparing these with actual values to validate our approach.

2. Train Driving Theory

2.1. Train Performance Simulation (TPS)

Train Performance Simulation (TPS) is the process of determining a train’s po-
sition, speed, power consumption, and other relevant factors over time as it tra-
verses a specific track section. To effectively simulate a train’s performance, it is
crucial to accurately compute acceleration and deceleration forces, considering
factors such as traction, braking forces, and various resistance forces related to
the track’s geometry.

Precise evaluation of train performance necessitates the calculation of accele-
ration and deceleration forces by considering traction and braking force curves
as functions of speed. Additionally, it requires an understanding of rolling resis-
tance as a function of speed, along with gradient and curvature resistance. By
using TPS, the status of the train’s mechanical motion, such as position, speed,
and traction, can be determined at each moment. Consequently, TPS calculates
the train’s power consumption based on this information.

Typically, TPS takes both track information and train information as inputs.
Utilizing this data, it simulates the train’s motion along the track, allowing the
train’s performance to be analyzed as a function of speed, time, and distance. This

comprehensive approach enables a more accurate assessment of various factors
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affecting train performance, ultimately enhancing the efficiency and safety of rail-

way operations.

2.2. Pulling Force as a Function of Speed

The force exerted by a locomotive to pull a wagon while simultaneously pro-
pelling itself forward is known as the tensile force. As a train travels along its
route, the change in its speed is influenced by the relationship between the
pulling force and the rolling resistance. When the tensile force is more promi-
nent, the train accelerates. Conversely, when the resistance is larger, the train
decelerates. If the tensile force and resistance are equal, the train maintains its
current speed. Tensile forces can be broadly categorized into the following three
groups:

e Tractive force: This refers to the tensile force constrained by the primary motor
current during acceleration. A more considerable starting current enables a
more significant tensile force to be exerted.

o Characteristic tensile force: This term encompasses the tensile force restricted
by the primary motor or diesel engine’s characteristics. As the speed of the
train increases, the characteristic tensile force decreases correspondingly.

Adhesive tensile force: This force emerges when the characteristic tensile force
is applied to the wheel. A friction force is subsequently generated between the
wheel’s circumference and the rail surface, preventing rotation. This friction force
is subject to limitations, with the maximum tensile force permitted before rota-
tion occurring referred to as the adhesion tensile force.

As illustrated in Figure 1, the tensile force of a locomotive exhibits distinct cha-
racteristics. As the train’s speed increases, the tensile force is denoted by the start-
ing tensile force, adhesive tensile force, and characteristic tensile force, respec-

tively. The traction force displays similar characteristics that are contingent

Adhesive tensile

force .
) \ Tractive force
S @

<

—_———
—_——

Tensile Force

Characteristic
%tensile force

Velocity
Constant  Constant Reduced
torque power power
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Figure 1. Torque/power-speed characteristics.
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on the train’s speed. The speed ranges for the constant torque, constant power,

and characteristic regions correspond to each of these tensile force types.

2.3. Calculating Train Resistance and Tractive Force

The train’s acceleration is influenced by the traction power of the motor and the
resistance it encounters. Equation (1) demonstrates that the acceleration is deter-
mined by dividing the effective tractive force by the inertial weight.

a= Feﬁ (1)

mdyn

where,
FE,;: The effective tractive force [kN];
mg,: The dynamic mass [ton].
The effective tractive effort can be calculated by subtracting the train resistance

from the electric motor tractive effort, as depicted in Equation (2).
Feff = Fmtf -R (2)
R = Rrun + RCUI’ + Rgru (3)

where:

F,,: The electric motor traction force [kN];

R: The train resistance [kN];

R, Running resistance [kN];

R_,: Curvature resistance [kN];

R,; Gradient resistance [kN].

The train resistance (R) is composed of three components: curvature resistance,
running resistance, and gradient resistance. Equation (3) presents the summation

of these resistances.

2.4. Braking Force Calculation

The force that decelerates a moving train during braking is referred to as the
braking force. When braking, the train encounters resistance, as depicted in Eq-
uation (4). If the gradient is uphill, the gradient resistance is added to the brak-
ing force, acting in the direction of further reducing the braking force when the

gradient is downbhill.

B= erﬂ + Rrun + Rcur + Rgru (4)

where:
B,,..: The braking force of the vehicle [kN];
R, Running resistance [kN];
R_,: Curvature resistance [kN];
R,; Gradient resistance [kN].
The braking force characteristics of the vehicle are illustrated in Figure 2.
To calculate the actual motion of the vehicle, either Equation (2) or Equation

(4) is applied based on the control state of the train.
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Figure 2. Braking force characteristics by speed
range.

2.5. Calculation of Power Consumption and Braking Force

In the motor’s traction and braking force characteristic curve during vehicle op-
eration, there exists a relationship between voltage change and the correspond-

ing speed. This relationship can be obtained through Equations (5) and (6).

Vg x——  (V<Vypng )
Fo = ’ Veonst o (5)
\ (V 2 Vconst)
Imotor_ Fxv xn = P xn (6)
V__ xCcos@ V_ . xcosd

motor

where:
Vnotor: The motor voltage [V];
1, The motor current [ton];
V4 The motor rated voltage [V];
v: The vehicle speed;
V.onst Lhe reference speed for traction or braking;
F The traction or braking force;
P The vehicle power;

7: The traction or regeneration efficiency.

3. Object-Oriented Modeling of Railcar Propulsion

As observed, railway cars exhibit distinct kinematic characteristics within spe-
cific speed ranges. In order to capture this behavior, we outlined the construc-
tion of a vehicle motion object and demonstrated a modeling approach employ-
ing method overloading through pseudocode.

For numerical analysis of vehicle motion, we employed the fourth-order Runge-

Kutta method. During the motion calculations, the form of the acceleration func-
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tion varies depending on the specific speed range for traction, passing, and brak-
ing scenarios. To address this, we initially configured the acceleration calculation
function, which varies based on the speed range, as follows for traction, passing,
and braking.

def towing acceleration calculation(x[n], v[n]):
R = R _curvature(x[n]) + R _gradient(x[n]) + R _rolling(x[n])
engine torque acceleration = (towing torque traction force - R) / ve-
hicle_weight
p = engine torque acceleration * rated speed

q = p * characteristic_speed

if v[n] < speedl:
a[n] = engine_torque_acceleration
elif v[n] < speed2:

aln] = p / speed
else:

aln] = q / speed / speed

return al[n]

def crosswind acceleration calculation(x[n], v[n]):
R = R _curvature(x[n]) + R _gradient(x[n]) + R _rolling(x[n])

a[n] = -R / vehicle_weight

return a[n]

def braking_acceleration_calculation(x[n], v[nl]):
R = R curvature(x[n]) + R gradient(x[n]) + R rolling(x[n])
engine_torque_acceleration = (towing torque_ traction_force - R) / ve-
hicle weight
p = engine torque acceleration * rated speed

q = -p * characteristic_ speed

if v[n] >= characteristic_speed:
aln] = -q / speed / speed
elif v[n] >= rated speed:
aln] = p / speed

else:

a[n] = engine_torque_acceleration

return a[n]

With the aid of these acceleration calculation functions, the fourth-order
Runge-Kutta function and kinematic calculation method were configured as

follows.
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def RK4th(t, x(t), f(t, x(t)), h):
kl = h * £(t,x)
k2 =h * £(t + h/2, x + k1/2)
k3 =h * £(t + h/2, x + k2/2)
k4 = h * £(t + h, x + k3)

x_next = x + k1/6 + k2/3 + k3/3 + k4/6

return x_next

Here, the symbol f represents the derivative of x. In the subsequent motion

calculation method, it is evident that the acceleration calculation function is in-

putted as a derivative of velocity.

def acceleration_calculation(mode, x[n], vIn]):
if mode == 'Towing':
return towing acceleration calculation(x[n], v[n])
elif mode == 'Braking':
return braking acceleration calculation(x[n], v[n])
else: # mode == 'Crosswind'

return crosswind acceleration calculation(x[n], v[n])

def motion_calculation(mode, x[n], v[n]):

v[n+l] = RK4th(0, v[n], acceleration calculation(mode, x[n], v[nl), h)
x[n+l] = x[n] + v[n] * h

a[n+l] = acceleration calculation(x[n+1], v[n+1])

return x[n+1], v[n+l], a[n+1]

By employing function overloading, the applied acceleration function varies

depending on the mode specified within the motion calculation method. Con-
sequently, the acceleration function computes the appropriate acceleration based

on the current speed range of the vehicle.

class RailwayVehicle:

def init (self, vehicle weight):
self.vehicle weight = vehicle weight
self.x = initial x value
self.v = initial v value
self.a = initial a value
self.V motor = 0.0

self.I motor = 0.0

def vehicle motion calculation(self, mode):

self.x, self.v, self.a = motion calculation(mode, self.x, self.v)
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def voltage current calculation(self, output, speed, mode):
if mode == 'Braking':
reference speed = braking force reference speed
else:

reference speed = towing force reference speed

# Motor voltage and current calculation
if speed ==
self.V_motor, self.I motor = 0.0, 0.0
else:
if speed <= reference speed:
self.V_motor = rated motor voltage * speed / reference speed
else:
self.V_motor = rated motor_voltage

self.I motor = output / self.V motor * efficiency

Utilizing the resulting Railcar object, one can compute the vehicle’s motion
and performance within a given track environment or determine its kinematic

characteristics.

4. Analyzing Vehicle Characteristics through Modeling

By utilizing the railcar object containing the computational model for the ve-
hicle’s motion and power, we conducted simulations to compare the simulated
motion with actual data. Subsequently, the vehicle model was simulated on the

real track and compared against operational measurements.

4.1. Simulating Vehicle Motion and Power Characteristics

Figure 3 illustrates the time-varying speed change during reverse travel, calcu-
lated using the proposed model. In contrast, Figure 4 displays the measured data
of the time-varying speed curve [8]. Notably, the vehicle maintains a consistent
speed of up to 35 km/h. However, beyond this threshold, the acceleration de-
creases, allowing the speed to reach its maximum.

Figure 5 presents the model-calculated time-dependent curves for power
usage and regenerative power, with the braking force region highlighted in red.
In Figure 6, we display the measured data of the time-dependent braking force
curve. Notably, the simulated braking force curve aligns with the observed elec-
tric braking force. Furthermore, it is evident that the electric braking force de-
creases as the air braking force, necessary for braking, gradually increases.

Through a comparison of the proposed model’s calculations of the vehicle’s
speed during reverse and regenerative power during braking characteristics with
the measured vehicle data, we observe that the model accurately simulates the

actual characteristics of vehicle motion and power.
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4.2. Simulating the Consumption/Regenerative
Power of Train Operation

The proposed model was implemented for the Seoul Metro Line 3 to conduct
TPS (Train Performance Simulation), and the obtained results were compared
with the measured data [9]. Table 1 presents the vehicle specifications of the elec-
tric vehicles used as input data for TPS.

To determine the inertial mass of a train formation, the individual inertial
masses of each vehicle within the formation are summed. The inertial mass of a
vehicle is calculated as the sum of its curb mass, inertia factor, and passenger
load. The inertia coefficient is applied to the curb mass and varies depending on
whether the vehicle is an M car or a T car. For instance, let’s consider a train for-

mation consisting of 5M5T cars, with curb weights of 39 tons for M cars and 29
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tons for T cars. The inertia coefficients are 14% and 5%, respectively, and the
passenger load is 20 tons per car. In this case, the inertial mass of the first forma-
tion can be calculated as follows.

Table 2 presents the speeds that delineate the constant torque and constant
power regions, representing the vehicle’s acceleration and deceleration characte-
ristics.

The constant power area spans from 35 km/h to 65 km/h for towing and 60
km/h to 75 km/h for braking.

Regarding the TPS input data, the locations of the stations are specified in Ta-
ble 3.

A train operation simulation was conducted using vehicle and track data, si-
mulating a 10-car electric train operating between Gupabal and Seoul National
University of Education (Seoul University of Education). The simulation results
are depicted in Figure 7.

Regarding the consumption and regeneration power of the electric vehicles on
Seoul Metro Line 3, the one-way section measurement results exhibited a reverse
error rate ranging from 4.03% to 8.26%, and a regeneration error rate ranging
from 2.30% to 5.74%. Comparing the error rates within round-trip intervals, it
was observed that the reverse error rate differed by 6.19%, while the regenera-
tion error rate differed by 3.97%. These findings indicate that the simulation re-
sults closely estimate the actual data.

When comparing the simulation results with the actual data, a natural corres-
pondence is observed due to the equations of motion. The peak values of regres-
sion and recovery are nearly symmetrical in the actual data. However, the peak
value of power during braking appears slightly larger than the peak value during
reverse. Multiplying the peak value of braking by the ratio of electric braking to air
braking yields a similar value to the actual data. This characteristic is applied in
actual vehicle design. Hence, it is evident that considering traction/braking effi-

ciency and accounting for the electric braking rate would enhance the accuracy

Table 1. Vehicle specifications of an electric car as TPS input data.

Vehicle Fully Loaded Maximum . . Electric
Voltage Sp Acceleration Deceleration

Configuration =~ Weight eed Motor

DC
10 (5M5T) 576.0 ton 1500 V 100 km/h  3.0km/h/s  3.5km/h/s 190 kV

Table 2. Constant torque and constant power region speeds of the vehicle.

Constant Torque Region Constant Power Region
Traction ~35 km/h ~65km/h
Braking ~60 km/h ~75km/h
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Table 3. Locations of stations [m].

Name Loacation Name Loacation
Daehwa 0 Dongnimmun 28,736
Juyeop 1391 Gyeongbokgung 30,316
Jeongbalsan 2995 Anguk 31,435
Madu 3936 Jongno 3(sam)ga 32,470
Baekseok 5286 Euljiro 3(sam)ga 33,101
Daegok 7747 Chungmuro 33,686
Hwajeong 9823 Dongguk University 34,717
Wondang 12,453 Yaksu 35,484
Wonheung 15,218 Geumho 36,176
Samsong 17,451 Oksu 37,036
Jichuk 19,186 Apgujeong 38,990
Gupabal 20,790 Sinsa 40,502
Yeonsinnae 22,783 Jamwon 41,391
Bulgwang 24,101 Express Bus Terminal 42,614
Nokbeon 25,212 Seoul National University of Education 44,247
Hongje 26,802 Nambu Bus Terminal 45,169
Muakjae 27,693 Yangjae 46,906
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Figure 7. Train operation energy in Gupabal to Goyang junction section. (a) Traction Energy: Gupabal - Seoul University of
Education. (b) Regenerative Energy: Gupabal > Seoul University of Education. (c) Traction Energy: Seoul University of Education
- Gupabal. (d) Regenerative Energy: Seoul University of Education - Gupabal.
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of power values calculated through simulation for traction and braking.

5. Conclusion

In order to accurately simulate the performance of a train, it is crucial to capture
the dynamics of acceleration and deceleration forces with precision. The traction
and braking forces of a railroad vehicle exhibit variations depending on the
speed, leading to the division of the speed range into three distinct regions: con-
stant torque, constant power, and characteristic regions. To effectively model
these characteristics, we incorporated the fourth-order Runge-Kutta method and
leveraged the function overloading feature to construct vehicle objects. Employ-
ing the constructed model, we performed calculations to determine the vehicle
characteristics and conducted Train Performance Simulation (TPS). By comparing
the obtained results with the measured values, we validated that the model accu-

rately represents the real-world characteristics of the vehicle.
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