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Abstract: This document presents the design of an electric propulsion system for a metro-
type transport. For this design, a route was proposed that evaluates the energy demand of
passenger mobility in the city of Villavicencio (Colombia). The foregoing allows choosing
the technical characteristics necessary to satisfy the quality of the service provided. For this,
a mathematical model of the longitudinal dynamics of the vehicle was exposed, which
studies the forces of interaction through Gillespie simulation, obtaining relevant
information on its behavior compared to its operation, the above is determined by means of
a computer simulation. The energy study performs the reading of the altimetry data of the
chosen route, together with the inclination angles, through the variation of heights and
distances. The simulated simulation executes the different data of the chosen train together
with its respective trailer, following the trajectory of the chosen route, in order to quantify
the forces, power and energy necessary to carry out the total route.

Keywords: Design, Energy efficiency, Vehicle electrification, Propulsion system,
Sustainable transport.

Resumen: Este documento presenta el disefio de un sistema de propulsion eléctrico para un
transporte tipo metro. Para este disefio se plante6 una ruta que evalua la demanda energética
de la movilidad de pasajeros en la ciudad de Villavicencio (Colombia). Lo anterior permite
elegir las caracteristicas técnicas necesarias para satisfacer la calidad de servicio brindado.
Para esto se expuso un modelo matematico de la dindmica longitudinal del vehiculo que
estudia las fuerzas de interaccion mediante la ecuacion de Gillespie, permitiendo obtener
informacion relevante de su comportamiento frente a su operacion, lo anterior se determina
mediante una simulacién computacional. El estudio energético realiza la lectura de los datos
de altimetria de la ruta elegida, junto con los angulos de inclinacién, por medio de la
variacion de alturas y distancias. La simulacion disefiada ejecuta los diferentes datos del
tren elegido junto a su respectivo remolque, siguiendo la trayectoria de la ruta elegida, con
el fin de cuantificar las fuerzas, potencia y energia necesarias para realizar el recorrido total.
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1. INTRODUCTION

In recent years, global freight and passenger
transportation has increased mainly in urban areas
[1], [2], generating high traffic congestion and low
energy efficiency. Therefore, different studies are
trying to look for energy sustainability within
automotive propulsion systems [3]. The automotive
industry is one of the most energy-consuming
industries, so lately research is trying to find
affordable, sustainable and reliable solutions by
providing alternatives to the use of petroleum-based
fuels [4], [5].

Transportation is one of the largest consumers of
energy and producers of greenhouse gas emissions,
[6], [7]. In order to reduce these high consumptions
and emissions, strategic models need to be designed
for technological intervention, such as the
electrification of used engines [8], [9], and
improvements in the longitudinal dynamics of
vehicles, in order to optimize performance standards
during operation [10], [11].

Looking for more efficient options in passenger
mobility, we have one of the oldest and most used,
such as “the train”, due to the possibility of
transporting large weights in load and giving an
energetically viable option in mass passenger
transportation [12], [13]. Over time, this type of
transportation  has  undergone technological
improvements, especially in its energy source, using
electric energy as shown in [14], [15].

An important precedent is given with the project
presented in Portland Oregon, in which data were
taken for modeling the energy consumption of an
electric train taking into account the efficiency of
instantaneous regenerative braking. It was found
that energy recovery reduces the total energy
consumption by 20%, thus improving the energy
efficiency of the system [16].

On the other hand, in Ukraine, diesel shunting
locomotives were modernized by replacing a direct
current generator with an asynchronous electric
traction motor, thus reducing energy consumption,
improving efficiency and reducing the negative
impact of the railway system on the environment
[17].
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With the urban rail system in China, more than 35
cities were expanded with new metro lines [18]. The
first energy tramway with electric double-layer
capacitor (EDLC) was realized in Guangzhou Metro
Corp. by Zhuzhou Electric Locomotive CO,
generating energy efficiency and network
performance. It generated the design of a stationary
charging station for urban rail vehicles with the
EDLC storage system.

The stationary charging station is designed with two
small chargers in parallel. The circuit topology of
each charger is simplified, optimizing costs and
improving reliability. A hybrid charging station is
intended to be realized in the future, which requires
further research [19].

Studies have been conducted on the advantages of
having hybrid vehicles, giving the possibility of
having a greater opportunity in the automotive
market [20], [21]. This allows generating lower
maintenance costs, and in turn, improving the
environmental impact generated by the continuous
emission of particulate gases from fully combustion
vehicles such as those seen in [22]-[24].

There are several software and hardware tools that
model the operation of the electric drive, where you
can perform a computer analysis of the behavior of
the designs made, in order to obtain a more efficient
design, as demonstrated [25]-[27], a subway power
supply system is described a model for a traction
motor control system, thus performing different
calculations with different loads, this in order to
make better use of power [28]-[30].

In 2016, the international congress of industrial
engineering, applications and manufacturing,
presented a paper where a real-time simulator was
projected, demonstrating the different mathematical
models with different types of electric drive for a
shunting locomotive [31].

2. METHODOLOGY

Based on information from a train manufacturer
with an excellent track record in mobility, it was
decided to search for a train that complies with the
specifications of a diesel engine, with the objective
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of seeing a change when the transition to an electric
system is made. Table 1 shows all the specifications
and technical characteristics of the chosen train
series.

Table 1: Technical Specifications

DATA SHEET (9000 SERIES)

BUILDERS
Mechanical parts Alsthom
Diesel Engine S.A.CM
Transmission Alsthom

Brake Jourdain-Monneret
GENERAL INFORMATION
Locomotive Type BB 48t
Rated Power (wheels) 625 CV
Wheel Diameter 950 mm
Pneumatic Brake DUAL Air and Vacuum

Dynamic Brake Does not have

Sandboxes (number) 4
Dead Man System Hollande type
Multiple Command Upto 2
Speed Recorder Teloc
TRACTION
Maximum Speed 70 km/h
Tensile stress Start-up 11.500 Kg
Tensile Stress Continuous 11.000 Kg
Tensile Stress at Max. Speed. 2.400 Kg
DIESEL ENGINE
Quantity 1
Builder S.A.C.M.
Tipe MGO V 12 ASHR
Number of Times 4
Number of Cylinders V12
Nominal Power 925 CV
Nominal Speed 1.500 rpm
Power Utilization 850 CV

Within the technical specifications of the train, the
manufacturer Alstom was chosen for the
transmission and mechanical parts, and for the
diesel engine, the company S.A.C.M. These
factories have worldwide recognition in their
respective areas.

2.1. Route and dimensions

In this phase of the project, we proceed to the
definition and detailed establishment of the
fundamental requirements that will guide the
development of the prototype, which are classified
in four categories:
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1. User’s: Focus on the specific needs and
preferences of the end users of the system,
ensuring an intuitive and satisfying
experience.

2. Functional: They detail the specific
functions and operations that the system
must perform to fulfill its main purpose.

3. Quality: They establish criteria and
standards that will guarantee the
efficiency, reliability and safety of the
system.

4. Implementation: Addresses practical and
technical considerations essential for the
successful execution of the project.

This requirements definition process lays the
foundation for a structured and results-oriented
development, aligned with the key expectations and
needs identified.

As is known, in Colombia, the Medellin subway is
used as a reference, which was taken into account
for the maximum number of wagons chosen for the
proposed design.

The project is to be established in the city of
Villavicencio (Colombia), which has one-eighth of
the inhabitants of the city of Medellin (531,275).
The rail line will be established between the Porfia
neighborhood and the city center, due to the high
traffic congestion in this area. The train will be
designed with 2 traction wagons and 2 trailer
wagons.

The dimensions of the proposed train are shown in
Table 2.

Table 2: Train dimensions

DIMENSIONS TRACTION

Weight 11.5Tn
Height 3.7m
Width 28m
Length 11.36 m
TRAILER DIMENSIONS
Weight 6.5Tn
Height 39m
Width 29m
Length 20.49m

Source: own elaboration.
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2.2. Mathematical model

To start the mathematical model, the loads or forces
on the vehicle axle are determined, being
fundamental the analysis of the acceleration and
braking performance. These analyses determine the
axle loads and tractive effort that affect
acceleration, slope, maximum speed and drawbar
effort. Fig. 1 shows the free body diagram of the
complete vehicle train.

WOI
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train

Filg. 1 I Frlee body Id[agilﬂam (I)f the comlplete
In order to find the equations for the slope capacity,
first the free body analysis of each of the wagons
(trailer and traction) is performed to find the forces.

The free body diagram of wagon 1 (traction) is
shown in Fig. 2.

Fig. 2. Free body diagram wagon 1 (traction)

Taking the moments on the contact point of the rear
tire, as shown in equation (1), we obtain:

Y. Ty =0 = W1lhlsin® — W1Ccos8 + Fxb1h2 + Wfl(b+c) (1)

On the other hand, the moments on the front axle of
the traction wagon is obtained using equation (2):

Y. Ty = 0 = W1hlsin6 + Wlbcos® + Fxb1h2 + Wfrl(b+c¢) (2)

(] w2

Fig. 3. Free body diagram wagon 2 (Trailer)

As for the moments on the contact point of the rear
tire of the trailer wagon, equation (3) is obtained.
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The free body diagram of wagon 2 (trailer) is shown
in Fig. 3.

Y. Ty2 =0 = W2h3sinf — W2gcost — Fxb2h3 — Fxb1h3 + Wf2(g + ) (3)

The moments on the front axle of wagon 2 (trailer),
equation (4) is obtained:

Z Ty2 = 0 = W2h3sind + W2fcos6 — Fxb2h2 — Fxb1h3 + Wfr2(g + f) (4)

As shown in equation (5), the equilibrium of forces
along the longitudinal axis of the train trailer is
obtained. Fig. 4 presents the free body diagram of
wagon 3 (traction).

Z Fx = 0 = Fxb1 + fxb2 — W2sinf (5)

Fig. 4. Free body diagram wagon 3(traction)

Taking moments on the contact point of the rear tire
of the traction wagon 3, equation (6) is obtained:

Z Ty3 = 0 = W3hlsinf — W3Ccos6 + Fxb3h2 fxb2h2 + Wf3(b +c) (6)

Taking the moments at the contact point of the rear
tire of traction wagon 3, equation (6) is obtained.

Y. Ty3 = 0 = W3hlsin® + W3bcos6 + Fxb3h2 + fxb2h2 + Wfr3(b + c) (7)

Fig. 5. Free body diagram wagon 4 (Trailer)

Taking moments on the contact point of the rear tire
of the trailer wagon 4, equation (8) is obtained:

Y. Ty4 = 0 = W4h3sind — W2gcos® — Fxb3h3 + Wf2(g +f) (8)
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Finally, the moments on the front axle of the trailer
wagon 4 are obtained by equation (9):

Y. Ty4 = 0 = W4h3sin@ + W2fcos6 — Fxb3h3 + Wfr2(g + ) (9)

Equation (10) gives the equilibrium of forces along
the longitudinal axis of wagon 4 (trailer).

Z Fx =0 = fxb3 — W4sin6 (10)

It is essential to understand the importance of
vehicle dynamics. Thomas D. Gillespie stated the
equation (11) that provides an expression for the
tractive force that can be obtained from the engine.

w
Max = 5ax =Fx —Rx—DA—Rhx — W sing (11)

Where:

M = Mass of the vehicle - W/g

ax = Longitudinal acceleration (meters/sec2 )
Fx = Traction force on the ground

Rx = Rolling resistance forces

DA = Aerodynamic drag force

Rhx = Hitching forces (towing)

= Angle of inclination of the route

2.3. Altimetry

According to the trajectory defined for the
simulation of the project, Google Earth is used as a
computational tool to take the height and distance of
the route, presented in Fig. 6 and Fig. 7. These data
are organized in an Excel table for analysis in
Matlab®, where we proceed further to calculate the
angle.

. v - W

-

Fig. 7. Height and distance of the route
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2.4. Stations

From the above, the projection of the first metro line
was made, having a total distance of 9 km, according
to the pre-established route, selecting 10 stations
along the route with a separation between them of 1
km, which are listed as follows:

1. Ciudad Porfia

2.  Roundabout entrance to Ciudad Porfia
3. Saman de la Rivera

4. Montecarlo sector 3

5. Gazel Gasoline Station

6. Serramonte 1

7. Fundadores park

8. Llanocentro

9. Unicentro

10. Fire Station

2.5. Topology

For this electric propulsion system, a conventional
three-phase inverter topology was chosen, in order
to convert the energy supplied by the catenary or
batteries to the AC motors, as shown in Fig. 8. The
conventional bidirectional three-phase inverter
allows transforming the power from the alternating
current source and vice versa, thus taking advantage
of the moments where regeneration occurs due to
the negative powers during the subway route in the
different stretches between stations.

Inverter

‘ bidirectional Engine /

generator

Eb-...

[
] | T
| - -

Catenary

Inverter Battery

bidirectional

Fig. 8. Bi-directional inverter topology driving the AC motor

3. RESULTS

According to the data obtained from the train, in
addition to the altimetry data, it was organized and
entered into the chosen program, in this case
Matlab®. From the above, different results were
obtained following the methodology described
below:

Altimetry data were entered into Matlab®,
performing an interpolation to obtain a greater
number of samples to the original entered, from 163
data to 936 data, shown in Fig. 9.
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Fig. 9. Altimetry of the preselected route for the metro line.

According to the above, we proceeded to find the
different angles during the course by means of the
inverse trigonometric tangent inverse function. To
achieve this, the angles for each section are
divided in order to analyze the so-called driving
cycle. As each station has on average a distance of
1 km, the driving cycle is standard for each leg.
Fig. 10 shows the driving cycle with respect to the
time per section traveled, with a maximum speed
of 70 km/h.

Ciclo de conduccion

Velocidad(m/s)

0 10 20 30 40 50 60 70 80
Tiempo(t)

Fig. 10. Driving cycle

On the other hand, the forces exerted by the train
in each section were found by means of equation
(11), from which it was obtained that during the
route in section 1 (located between the Ciudad
Porfia station and Roundabout entrance to Ciudad
Porfia) there is a greater applied force of 16.1
kNm, as shown in Fig. 11. The force is higher due
to the need for the train to overcome a route with
a greater degree of inclination.
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Fig. 11. Highest force obtained pre-selected route. Section 1

Similarly, the section where the subway has the
highest total force consumed during the route is
analyzed, spending 959.04 kNm (from Gazel
Gasoline Station to Serramonte 1 Station), as a
result of overcoming the altimetry to accelerate
the train. See Fig. 12.
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Fig. 12. The most power consumed in a route section. Section 5

With the above, we proceed to calculate the different
powers consumed during the tour of the stations,
using equation (12), taking as a reference the driving
cycle shown in Fig. 10.

P=FxV (12)

On the other hand, the maximum power (Pmax)
consumed by the metro during the trip is
determined. This high consumption occurs between
Ciudad Porfia station and Roundabout entrance to
Ciudad Porfia, with a value of 301 kW. This
parameter allows the selection of the propulsion
motors. Fig. 13 shows the aforementioned section.
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Fig. 13. Section with the highest power consumption on the
road. Section 1

By design criteria, the power of the motors must
be oversized by 10%, which is calculated above.
Therefore, it is required that the four motors exert
a total power of 331.1 kW, allowing an ideal
performance during the driving cycle. After
finding the power required for the displacement of
the subway, it is integrated to quantify the energy
consumption in each section, according to
equation (13).

Etotal = [, Pdt (13)
When calculating the total energy consumed per
section, it is determined that the maximum value is
4.45 kW/hour corresponding to section 5 (located
from Gazel Gasoline Station to Serramonte 1
Station). Subsequently, performing an analysis of
the average energy consumption between stations,
the autonomy of an energy storage system for 500m

is determined. From the above, a requirement of
2.23 kWh is obtained.

4. CONCLUSIONS

One of the advantages of this electric propulsion
system, conversion system and Battery Energy
Storage System (BESS), is that it has a higher
energy efficiency than a combustion vehicle, close
to 70%. In the case of the subway, it will have an
exclusive lane without affecting the daily traffic.
This advantage can be reflected in a decrease of
stress caused by vehicular congestion and
experiences in public service, making Villavicencio
a more sustainable city with better quality of life.

The selection of the first metro line was established
as a future mobility strategy between the sectors of
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Ciudad Porfia and the center of the city of
Villavicencio. This is intended to improve the
mobility of approximately 15,000 travelers during
the metro service day (5 am to 11 pm), taking an
average of 18 minutes between stations. It is
important to highlight that the delay in conventional
vehicular traffic (not motorcycles) would be
approximately 30 minutes.

The project proposes four motors per wagon, with
the Weg motor reference SD125363CQA being
selected. These four motors add up to a total power
of 480 kW to serve the metro with a maximum
power consumption of 330 kW.

The topology chosen, conventional three-phase
inverter, allows the use of the negative powers
derived from the altimetry of the terrain and its
kinetics, taking advantage of the bidirectionality of
the energy flow.

In the event of a power failure, a battery system with
an autonomy of 500 m is chosen, taking as a
reference the stretch with the highest energy
consumption for the necessary storage calculation.
A battery with a capacity of 2.23 kWh at 12V and
200A is chosen. The selected reference is the
LiFePO UU-200Gp battery.

Both routes, Ciudad Porfia - Centro and vice versa,
were simulated, from which it is obtained that the
energy consumption is lower (18.55 kWh) between
the stations Centro to Porfia, compared to 26.32
kWh between Ciudad Porfia and Centro due to its
altimetry is descending. This makes it possible to
quantify 29.5% less energy consumption for this
route.

As a recommendation for future projects oriented to
massive electromobility of passengers, we
recommend an analysis of metro materials to reduce
its weight, making it a lighter vehicle.
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