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Abstract: Wind turbines that are consistently exposed to the air displaced by moving trains have a
high potential for energy generation. Researchers have developed mathematical models to simulate
wind energy generation from turbines on moving trains but there are significant gaps in the developed
model theory. Most models do not consider the negative effects that additional aerodynamic drag,
increased weight, and modified dimensions can have on the train’s operation. To overcome the
drawbacks of existing models, this work proposes a novel approach of modeling the wind turbines
on trains by considering wind turbine exposure only when the train is decelerating or stationary.
There are no models that consider all of these realistic physical effects as a function of time. Real-time
analysis and power-system simulations showed that the proposed model could produce over 3 MJ of
net energy for favorable train trips. The simulated load profile met the demand of a 1 KW generator
connected to onboard electrical components. Some recommendations on possible future research on
wind turbines on trains are explained.
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1. Introduction

The transportation industry is one of the largest consumers of energy in the United
States, second only to electric power generation. Still, approximately 80% of the energy
used for transportation is wasted [1] due to the heavy reliance on petroleum products. With
further examination of the physical effects manifested by the transportation industry, more
scenarios that constitute energy waste can be observed. One such physical effect is the
forced dispersion of air caused by moving vehicles, and in particular trains.

Studies have shown that trains at high velocity produce large wind drafts of increased
air velocity [2,3]. The forced air velocity in these environments far exceeds the natural
air velocity. Trains also operate at relatively fixed speeds so that high air velocity input
can be maintained for longer periods of time as compared to the naturally fluctuating air
velocity in ambient conditions. Wind turbines mounted on trains would be exposed to
consistent high-velocity wind speeds and thus capable of a higher electrical output. Trains
are large, robust vehicles that are built to transport large masses so the additional weight of
the wind turbine apparatus can be easily accommodated. These inherent characteristics
make train systems suitable candidates for the integration of vehicle-based wind energy
generation systems.

The patented approach to harnessing wind energy from a turbine attached to a moving
vehicle is very similar to that of a stationary turbine [4,5]. The turbines are used to convert
the wind energy to mechanical energy and then a generation device is used to convert
that mechanical energy to electric energy. The major difference between the moving and
stationary turbines is in the way that the air is captured and routed to the blades. In a
stationary system, the turbines typically require some yaw and pitch mechanisms to adjust
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for varying wind speed and direction. In the case of the moving vehicle turbine system, the
turbines are assumed to be constantly facing the principal direction of airflow. Since there
is no need to adjust the blades to find the optimum angle of attack, there is an inherent
mechanical advantage.

After the generation device converts the mechanical energy to electric energy, that
energy can then be stored, supplied to the train’s electrical system, or supplied to a grid
point once the train is stationary. Using the patented model as a baseline, much research
has been aimed at designing wind turbine models that maximize the output potential of
the system [6-11]. However, there are significant limitations associated with the models
developed in that research. A preliminary study on improved modeling of wind turbine on
trains was conducted and reported in [12]. As a continuation, this work aimed to develop
a more inclusive model of the phenomenon that included the inherent drawbacks of the
system as well as some potential solutions. The novelty of this work and the gaps in the
current knowledge that have been filled; i.e., the improvement in modeling presented in
this work, was centered around the following principles:

e  The power generated by the wind turbines must be calculated as a function of time for
each second of wind turbine exposure and be subject to real-time analysis. The power
(P(t)) carried by the wind of density (p), which moves at a velocity (v, (t)) in relation
to the surface area (A) covered by the wind turbine blades, is:

P(t) = %pAvw(t)“o’ 1

e  Attaching wind turbines to the exterior of trains negatively alters the train’s aerody-
namics. The increased surface area will cause increased drag on the train. The train
will be continuously slowed and its performance will be degraded.

e To operate at normal speeds with an attached wind turbine, a train would have to
consume more energy to overcome the drag. While the train is decelerating, however,
the additional drag serves as a merit to the train’s stoppage.

e  There is potential to generate energy when the train has come to a complete stop
because there may be residual turbine rotation [13]. If the ambient wind speeds meet
the operational speed required by the turbines, then energy can be generated for the
duration of the stop.

The combination of the aforementioned principles was critical to adding a degree
of accuracy and novelty to this model that was not present in any previous research.
Furthermore, in this work, extensive simulations were performed to explore the influence
of wind turbines in terms of air drag on a moving train and to estimate the power-generation
capabilities of a permanent magnet synchronous generator (PMSG)-based wind turbine
system. The performance of the proposed new turbine model was compared with that of
an existing model.

1.1. Literature Review

India has emerged as a prominent case study for the integration of wind turbines in
train systems. There are over 12,000 trains running daily [14] in India; information about
each train is readily available from online sources, including the Indian Rail Info dataset [15].
The large sample size of train trips with varying numbers of stops, stop lengths, and average
speeds present a rich dataset for simulating electrical energy generation using trains. The
work in [16] aimed to produce electricity by utilizing the opposing wind forces created by
the motion of the train. The mechanism of the wind turbine model was simulated using
MATLAB Simulink. The study in [17] dealt with energy generation to harness power from
wind energy caused by high-speed locomotives using the Savonius type of vertical-axis
wind turbine system. Computational studies were carried out using ANSYS in a wind
speed range of 2.0-6.0 m/s. The wind turbine experimental setup was fabricated based
on numerical results and experiments were conducted. The results revealed that a single
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high-torque, low-speed turbine could generate 4-21 W. The research in [18] presented a way
to generate electrical energy by utilizing a strong wind pressure from light rail trains that
channeled the induced wind toward the turbine. The main aim was to establish a method
and system for producing energy utilizing winds that could be conveniently available in the
operation of trains. Vertical-axis wind turbines were selected due to their advantages in the
application under consideration. SOLIDWORKS and MATLAB simulation software were
used for the design of the Train Roof-Top Wind Energy Conversion System (TRT-WECS). A
mathematical model comprising mechanical and electric components was developed by
using MATLAB. Finally, the study determined that this special TRT-WECS design installed
in each train provided an annual energy output of 4.9 MWh.

Similarly, there is a large variation in the setups of the wind turbine apparatus modeled
in current research. For example, horizontal-axis wind turbines (HAWTs) can be attached
to the train itself to harness power [19,20]. On the other hand, simulations have shown that
vertical-axis wind turbines (VAWTs) can be set up to achieve a similar effect [21,22].

In some cases, models have been developed to incorporate as many as 27 wind turbines
on the roof of each train cart [19]. While the high number of turbines indicates a high
amount of energy output, it is important to note that each added turbine has the potential
to increase the total drag on the train. Additionally, the placement of the turbines becomes
a challenge because they must be at some minimum distance away from each other to
prevent the distortion of airflow to the turbines that follow.

Mounted turbines are also subject to significant amounts of air pressure, which can
cause damage. Attempts have been made to reduce the air pressure affecting the turbines
by installing a ventilated casing around them [23]. In this case, the turbine was mounted to
the roof of the train, where it received maximum exposure to the air pressure. The casing,
which involved a valve to control the wind flow, was supplemented with mechanical
reinforcements to deter wind damage. The generated electricity was supplied to the
various loads attached to the train’s cabin and the rated power output was determined
to be 1.5 kW. While this showed clear signs of promise, it is important to note that the
addition of the mounted apparatus as described would prevent the train from being able to
enter narrow tunnels, which would be a significant and unwanted hindrance for normal
operation of the train.

One way to facilitate the train and mounted turbines passing through narrow tunnels
is to allow the turbines to move in and out of the train body. Ultrasonic sensors can be
used to detect oncoming objects such as passing trains or tunnel walls and prompt the
turbines to retract into the train body to avoid collisions [24]. It was also proposed that
cone-shaped metals should be placed in front of the turbines to nullify the air pressure
on the turbine itself. Figure 1 shows the expected airflow around the turbines with the
inclusion of the cone-shaped metals. It was later stated that the inclusion of the cone-shaped
metals prevented the turbines from affecting the speed of the train, but there were some
flaws associated with that assumption.

No consideration was given to the drag that would be incurred along the surface of
the cones. Even if the cones are assumed to have a low drag coefficient, there would still be
some magnitude of additional drag, which would ultimately affect the speed of the train.
Even if it was assumed that the airflow was exactly as depicted in Figure 1, there would
still be drag incurred along the surface of the turbine blades. The cones would only serve
to reduce air pressure on the nacelle of the wind turbine.

Lastly, no consideration was given to the adjustments to the train that would be
required to allow the turbines to retract completely into its body. If each train cart was
assumed to be able to fit turbines on either side when they were fully retracted, then
the space on the inside of the train would be very limited. It was also suggested that
servomotors could be used to control the retraction, but there was also no consideration
given to the energy it would take to power those motors.

Another attempt to minimize the effects associated with placing the turbines on the
outside of the train was made via the use of channeling columns. These columns could be
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truncated cone- or pyramid-shaped housings that converge toward the blades of the wind
turbine [14]. The wind turbines themselves would be located within the body of the train
to eliminate exposure. The disadvantage of this system was that the internal contents of
the train cart would be primarily occupied by the wind turbine apparatus. That would
decrease the room available for passengers and other cargo. Housing a wind turbine that
is a high-speed rotational device inside close quarters could also present a safety hazard.
Only one wind-energy-harnessing model has been developed and aimed specifically at
counteracting the effect of additional drag force on the train. The model, which was
developed by Joshi et al. [25], attempted to limit the amount to which the aerodynamic
change affected normal operation by only exposing the turbine to wind pressure during
deceleration of the train. Instead of a generic wind turbine, a Savonius wind turbine was
proposed for the simulation of this mathematical model. The Savonius wind turbine was
utilized because the curved turbine blades experience less drag when moving against the
principal direction of airflow [26] and the small blade size easily meets the clearance criteria
for objects on the top of the train [27]. Furthermore, the works [28-33] applied the Savonius
type of wind turbine to harvest wind energy from trains moving in tunnels.

TURBINE

BLADE WIND FLOW

CONE SHAPED
METAL

Figure 1. Proposed wind flow around the turbine blades due to the cone-shaped metal [24].

It should be noted here that the minimum clearance requirements for overhead struc-
tures ranges from 2.5-11 m based on railway construction. This range implies that there are
trains for which the additional vertical height of 0.5 m for the turbine will still meet the
criteria. Therefore, placing reasonably sized wind turbines on trains will not be an issue
and the train station may not require a redesign. The wind turbine apparatus also consists
of a split symmetrical airfoil that is meant to minimize the added drag on the train due to
the presence of the wind turbine. Figure 2 shows a simplified diagram of the proposed
airfoil mechanisms in relation to the Savonius wind turbine.

By opening or closing the airfoil flaps, the mechanism can either divert wind away
from the turbine blades or direct it toward the turbine blades. The decision to divert or
direct the wind pressure will depend on the train’s mode of operation; while the airfoil
flaps are closed, the wind energy generation system will be offline. When the train begins
to accelerate or move at constant speed, the airfoil flaps will be closed to divert the air
around the turbine apparatus. Once the train starts to decelerate or it becomes stationary,
the flaps will open to channel wind pressure to the turbine.

The decrease in speed is of concern during normal operation but is less critical during
the deceleration of the train. In other words, the increase in surface area should cause
the train to slow down at a faster rate, and this phenomenon will positively influence the
braking process. While the inclusion of the airfoil mechanism and its method of operation
provide a theoretical solution to the long-standing issues surrounding the drag force, more
testing must be done to validate the concept.
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Figure 2. Airfoil mechanism and Savonius wind turbine placed on train roof [21].

The split symmetrical airfoil is based on the National Advisory Committee for Aero-
nautics (NACA) 0015 airfoil, which has been proven to have a drag coefficient as low as
0.01 [34]. It was noted that splitting the NACA 0015 airfoil and removing the tip to acquire
the geometry shown in Figure 2 made it more appropriate to refer to the structure as an
air deflector. The air deflector was assumed to have a drag coefficient of no more than
0.05 in [25], so that value was used in the mathematical model simulation. After making
the assumptions about the drag force, a cumulative approach was used to simulate the
generation of wind power. The net energy generated by the train was calculated per trip
based on the number of stops, train carts, and the degree of the drag forces acting on
the system:

Enet = [ntr'N(E —E1— E3)] —E ()

The objective of this approach was to first approximate the total energy available from
constant wind pressure for the trip duration (E) and then subtract the energy lost due
to: carrying the additional weight of the turbine apparatus (E;), drag forces (E;), and
mechanism operation (E3). That output was then multiplied by the number of turbines
mounted on the train (7n4-) and the number of stops the train made during the journey (N).
These terms are discussed in more detail in the mathematical model. The model provided
a good platform to approximate the energy output, but there is room for improvement
because there are methods that could be used to increase the accuracy of the simulations.
There is also an additional area of potential energy gain that was not considered.

1.2. Hypothesis

Mathematical models that focus primarily on maximizing the energy output from
wind turbines on trains will omit critical physical constraints. To increase the accuracy of
the model as compared to the real phenomenon, parameters such as the location-specific
wind speeds, train velocity, apparatus dimensions, turbine weight, and aerodynamic drag
must be included. Furthermore, the energy equations must be modeled as functions of
time to properly assess the electrical power quality of the system. Decisions on whether to
use battery storage, power onboard loads, or transfer energy to grid connected systems
are directly dependent on the output load profile. If the constrained mathematical model
shows a positive net energy generation, then the energy profile should be used to model
a wind turbine in the power simulation. If the power simulation produces load profiles
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that can meet the demand of an electrical system, then it further justifies the need for
physical experimentation. Since the adverse effects of the additional drag force are more
detrimental to the existing models, the net energy produced from the proposed model may
not always be positive, but it will almost always be more than the net energy produced by
the existing models.

The paper hereafter is organized as follows: Section 2 provides the materials and
methods used in this work; Section 3 details the simulation results and provides discussions;
and Section 4 contains the conclusions reached in the study.

2. Materials and Methods

A targeted set of software tools was used to create and simulate a realistic model for
wind energy generation from moving trains. A baseline for the wind turbine setup was
selected based on the prominent features from the literature review. Computational fluid
dynamic simulations were conducted to validate the actual efficiency of the system. A
mathematical model was created to model the energy loss and energy gain as a function
of time throughout a train trip. A program was developed to replicated the calculations
from the mathematical model. Favorable and unfavorable train trips were selected from
the information available from the Indian Rail Info dataset [15] and simulated using the
program. The resulting energy generation data points were then exported to power-
simulation software and used as input to an electrical system.

2.1. Drag Force Simulation

The approach outlined by Joshi et al. [25] serves as a good method that considers
realistic phenomenon and repeatable simulations. However, the approach is very reliant
on the assumptions made regarding the drag coefficient of the air deflector placed in
front of the wind turbine. Before finalizing the approach as a baseline existing model, the
assumed drag coefficient of 0.05 after the alterations to the NACA 0015 Airfoil had to be
validated. To verify this claim, COMSOL simulation software was used to recreate the
desired geometry in Figure 2. The geometry was placed in a velocity magnitude simulation
with a circular geometry to map the area swept by the Savonius wind turbine. Figure 3
shows the simulation at 0.1 s. The resulting arrow surface indicated that the velocity
vectors traveled over the surface of the air deflector and those vectors converged at a
specific distance behind the air deflector. It should be noted that the Savonius wind turbine
blades were well within the low-wind-velocity region following the air deflector and the
velocity vectors did not converge until after the turbine blades.

Time=0.1 s Surface: Velocky magnitude (nvs) Arrow Surface: Velocity field

Air Deflector 12
— —- —
e e —— 10
— — ==
— — —
— — — 1 8
—_— - —
—_— — --
— — — 6
— — -.
- . — 1
—. —e  — 4
— — — o
— -
—  — 2
— —
— — °

Figure 3. Velocity magnitude plot of the air deflector and area swept by the Savonius turbine. The
arrow surface indicates the direction of the wind velocity at each point and the color bar indicates the
velocity magnitude at each point.
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Using the velocity magnitude plot, the drag force along the surface of the air deflector
was calculated using built-in COMSOL functions. We verified that the highest value for the
drag coefficient for the surface was on the order of 0.05, so the assumption made in [25] held.

2.2. Mathematical Model

The goal of this novel mathematical model was to simulate the amount of energy
generated per turbine at each point in time and to model the wind turbine’s characteristics
based on real wind-speed data. The developed model only included one turbine per train
cart. This method allowed for the real-time analysis of varying characteristics such as
wind speed and drag forces on the system. The model proposed in this work included a
top mounted, low-drag-coefficient airfoil to direct/divert air pressure to/from the wind
turbine depending on the mode of operation of the train. Train stops of varying lengths
were scheduled at various locations along the train’s route. The location of each stop was
partially randomized such that there were varying distances between each train stop. Since
the simulation considered every second over the entire journey including stoppages, it was
an ideal approach for identification of peak and off-peak points for energy generation. The
modifications made to the components of that model [24] based on the mentioned goals
were as follows:

E(t) is the energy that can be produced from the wind at a point in time (t), which is
given by the power (P) carried by the wind from Equation (1) and the operational efficiency
of the wind turbine:

E(t) = n(P(t)-t) ®)
where 7 is the efficiency of the wind turbine, which must be less than 59% as stipulated
by the Betz correlation of maximum efficiency [35]. For the purposes of this study, the
efficiency of the Savonius wind turbine was assumed to be 25%.

E1(t) is the energy required to carry extra weight of the wind turbine apparatus (20 kg).
E;(t) will serve as a source of energy loss because the train will require more energy to carry
the turbines, as expected. The energy taken to accelerate and decelerate the additional
weight (m) is taken to be equivalent and thus is the energy taken to change the velocity (v)
of the weight:

Ei(t) = ymao(t)? @

E;(t) is the energy required to overcome drag force added by the surface area of the
wind turbine apparatus. The energy that will be required to overcome that drag force based
on the air deflector drag coefficient (c;) is:

Ea(t) = %cdpAvw(t)z 5)

E;(t) is energy required to actuate the air deflector and open or close the airfoil flaps.
The value was taken to be 500 ]. For the purposes of this simulation, the energy contribution
(E3(t)) was active upon every acceleration and deceleration of the train.

E4(t) is the additional energy that can be gained while the train is stationary. This
energy can be modeled similarly to the total energy that can be produced using Equation (4)
where the wind speed (vy(t)) is the minimum wind speed for the geographical area.
The wind speed measurements were taken from live wind speed surveys [36]. During
normal train motion, the wind speed was taken as the equivalent of the train’s velocity.
During deceleration, the wind speed was taken as the equivalent of the train’s velocity up
until the point where the train’s velocity was less than the minimum wind speed for the
geographical area. The wind speed was then held constant at the ambient wind speed for
the stop duration.

In a realistic scenario, the direction of the airflow in a geographical area may not
always be facing the turbine. However, constant input to the wind turbines for the stop
duration was applied because the turbines could be assumed to rotate with at least 50% of
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the wind speed input from when the train was moving. This assumption should be valid
for short periods of time [13]; since the duration of each stop was taken to be two minutes,
it held.

Eet(t) is the net energy produced at a point in time (t) on the trip. This is the sum of
all the energy lost and gained due to all the components mentioned thus far:

Epet = ntr'(E(t) - El (t) - EZ(t> - E3(t) + E4(t)) (6)

where 7, is the number of turbines on the train body. It is noteworthy that the improved
mathematical model, which stipulated the active periods for each of train’s energy compo-
nents, could also be modeled by a piecewise function of time relative to the train’s motion:

—Eq(t) — Ex(t) — Es(t), Acceleration
Epet = —E,(t), Constant Speed 7)
E(t) — E1(t) — E3 + E4(t), Deceleration

E;(t) and E3(t) were active during the acceleration and deceleration of the train. E(t)
is the maximum possible energy that can produced during deceleration without considering
the loss factors. E(t) was active for the entirety of the simulation of the trip and E4(t) was
active when the train stopped at any point during the trip.

Equation (7) is directly related to the physical phenomenon of the train’s motion and
the design of the wind turbine apparatus. The energy required to move the extra weight
of the apparatus (E1) was considered in the acceleration and deceleration. The energy
required to overcome the additional drag force on the train while the airfoil was closed
(Ep) was considered in the acceleration and at constant speed. The energy required to open
the airfoil (E3) was considered at the moment of deceleration. The energy generated once
the airfoil was opened and allowed airflow to the wind turbine (E) was considered in the
deceleration. The energy gained while the airfoil was opened and the train was stopped
(E4) was also considered.

The piecewise function from Equation (7) was modeled using JAVA code that consisted
of nested loops, arrays for each energy component (E, E;_4, and E,;), and a sequence
of calculations for each second of the train trip. Due to the variability in the train trip
parameters; there was a very wide range of potential net output values. The higher the
number of stops and turbines on the train schedule, the higher the net energy generated.

2.3. Dataset Sample

Table 1 shows a sample of the Indian Rail Info Dataset, which was used to test the
mathematical model. The dataset contains information about each train including the
total travel time, number of stops, average velocity, and number of carts. The train trip
information was vital for calculating the energy components from the mathematical model.
The actual data consisted of over 20 routine train trips, but only a select few were included
in the table for analysis. Wind speed data that corresponded with the geographical locations
of the train routes were also incorporated into the dataset.

2.4. Power Simulation

To explore the case of directly supplying output to the train’s electrical system, an
approximation of the power consumption of each train cart was required. For this work,
the target was for each generator to be able to power two 120 V/32 W tube lights and the
three 120 V/65 W fans on the train cart. This comprised a total load of 259 W that had
to be met at all times during the train’s operation. There was also potential to provide
additional power for outlets or charging stations if the generator was able to consistently
supply above that load demand.

The generators were assumed to be offline during the acceleration and constant speed
portions of the train trip because the system would only attempt to generate energy during
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the deceleration and stopped stages. Therefore, the simulation only needed to be considered
from the time the train began to stop through the moment it stopped.

Table 1. Sample of Indian Rail Info Dataset.

Origin City Train # Time (s) Stops Average Velocity (mls) Carts
Ahmedabad 54,805 84,000 87 7.50 12
Bareilly 14,236 56,700 42 9.70 15
Beas 4918 24,000 6 12.0 20
Dindigul 56,822 21,600 20 10.0 15
Gaya 53,215 10,800 27 8.60 14
Nagpur 51,286 36,300 45 10.8 14
New Delhi 12,952 57,000 6 243 18
Rewari 54,784 41,100 58 10.3 10
Visakhapatnam 57,255 38,100 54 9.20 13

While most wind energy generation systems use a wind turbine and induction gen-
erator, the generator selected for this simulation was a permanent magnet synchronous
generator (PMSG). The induction generator is more commonly used due to its simplistic
design, but it will usually need to draw reactive power from the grid for excitation. With the
PMSG, that excitation comes from the shaft-mounted permanent magnets. This operation
is ideal for a train-mounted turbine system because there is no requirement to connect to
the grid for excitation.

The use of permanent magnets also makes the PMSG one of the most efficient types of
generators because it consumes no extra electrical power to complement its small, light,
and rugged structure. Subsequently, a variable-speed wind turbine was connected to a
three-phase, 1 KW, 165 V, 50 Hz, 3000 rpm salient pole PMSG according to the specifications
given in [37,38]. Resistive loads were also connected to the generator terminal in order to
simulate the demand from the lights and fans on the train cart.

2.5. Improved Modeling Process

Figure 4 shows a flow chart of the improved modeling process, which included the
verification of assumptions made in [25] as well as the incorporation of current wind speed
data and power system integration. It is important to note here that the simulation process
followed a structured outline with various databases for the verification of parameters and
therefore was an effective way to produce simulations on a large scale. Various geometries
can be created and tested in COMSOL for low drag coefficients, which could be directly
supplied in the modeling Equation (6). The data from the Indian Rail Info dataset could
be used to specify trip details for any train and then the wind speed profile could be
directly supplied in MATLAB for a detailed breakdown of the electricity generation process.
The final step, which provided a greater accuracy, is a more widely accepted electrical
engineering practice than simply approximating the energy that can be generated.

In summary, the simulation process consisted of the following:

1. Verification of the drag coefficient assumptions made about the airfoil and wind
turbine using CFD software (COMSOL).

2. Incorporation of real wind speed data for the geographical area of the case study.

3. Incorporation of real train dimensions, speeds, stop durations, stop frequencies, and
travel distance.

4. Programmatic mathematical modeling of the energy output over time.

5. MATLAB simulation of the energy output connected to a real power system to assess
power quality.
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Figure 4. Improved modeling process for wind turbines on trains.

3. Results and Discussion

The results of the proposed mathematical model are presented in the form of a direct
comparison of net output as compared the existing model as well as a breakdown of all the
energy components. The power simulation results are presented as an RMS graph of the
power output from the electrical system that the mathematical model simulated.

3.1. Mathematical Model Results

Table 2 shows some net output calculations for the existing and proposed models. The
most significant detail in this set of results was that the net output for the existing model
was almost always negative, except in the case of the train that originated in Gaya.

Table 2. Net Output Comparison for Mathematical Model.

Net Output (KJ)
Origin City —
Existing Model Proposed Model
Ahmedabad —485 1562
Bareilly -850 1945
Beas —1015 —544
Dindigul —255 1306
Gaya 120 893
Nagpur -371 3311
New Delhi —23,882 —13,097

Rewari —520 2073
Visakhapatnam —142 3374

Table 3 shows a breakdown of the energy components for four train trips, including
two that were simulated in [25]. These trains were selected for direct comparison using the
proposed model.

Note that in all cases, the energy gained while the train was stopped (E4) was higher
than the energy lost by carrying the additional weight of the turbine apparatus (E;). The
new model thereby created an opportunity to reduce the major loss factors to adjust the
drag force and air deflector actuation.

Another interesting detail was that the train that originated from Delhi traveled at
a relatively low speed with a high number of stops over a short period of time. As such,
the system was able to produce a net positive output even though it had half the number
of turbines of any other train. Based on the assumptions made thus far and the results of
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the simulation, it was clear that some trains were inherently more suitable for this energy
generation system while others were not.

Table 3. Comparison of Energy Components.

Train Name (Number)

Parameters Gujarat Delhi New Delhi Jabalpur
(19033) (54033) (12952) (01704)
Average Velocity (m/s) 13.07 8.90 243 14.0
Time (s) 22,800 18,000 57,000 82,800
Stops 25 27 6 19
Turbines 19 9 18 19
E (k]) 296 129 278 244
E1 (k]) 3.3 55 0.8 1.7
E2 (K]) 77 22 1001 460
E3 (KJ) 25 27 6 19
E4 (k]) 34 12 29 2.6
Enet (k]) 194 87 —727 —233

3.2. Power Simulation Results

Figure 5 shows the RMS value of the three-phase power output profile for the 1 KW
PMSG for the deceleration where the average speed before the stop was 12 m/s and the
final speed is 4 m/s, which was the ambient wind speed for the geographical area. The
output consistently met the target of a 259 W load demand. We also noted that the generator
output was overrated (over 1000 W) for the initial stage of the deceleration because the
wind-speed input exceeded the rated wind-speed value for the wind turbine.

1500 - .

—
=]
=
(—]

500 - .

Power (Watts)

0 50 100 150
Time (Seconds)

Figure 5. Electric Power Output of the 1 KW PMSG.

During the time the train took to decelerate from 12 m/s to 7 m/s, the generator was
overrated. There was a short period of time at about 40 s during which the wind-speed
input approached the base wind speed, so it was able to hold the rated value. Once the
wind speed fell below the base value at 60 s, the power output became far less than the
rated value. The behavior of the power curve became asymptotic toward the end of the
simulation after 100 s. That asymptotic trait was a welcome inclusion for the power output
profile because it ensured that the output remained above the load demand of 259 W.
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3.3. Discussion

With reference to the results of the mathematical model, there were a number of cases
in which the net output of the mathematical output was negative. It was discussed in [25]
that this is to be expected depending on the specific details of the train trip. For example,
trips with long distances to cover and minimal stops will often result in a negative net
output. The most extreme case of a negative net output resulted when considering the
New Delhi train line. Table 1 shows that this particular train traveled at more than twice
the speed of most other trains but only had six stops from which energy could be gained.
Secondly, the trip duration was over a period of 15 h and 50 min and constant exposure
to winds moving at 24.3 m/s to the air deflector resulted in a high demand for energy to
overcome drag. This was consistent with the hypothesis because the existing model was
subject to a more negative impact from constant exposure to high wind speeds.

As a countermeasure to the high drag force that could be introduced for each additional
turbine, the simulations only considered one turbine per cart. That tactic minimized the
magnitude of the energy losses E1_3. Another reason for considering only one turbine per
cart was to reduce dependency on the organization of the turbines to prevent distortion of
the airflow vectors [19].

When the proposed model was considered, the energy generated during the train’s
deceleration and stationary stages was almost always greater than energy lost in the
acceleration and constant speed stages. Thus, the net energy produced by the simulation
was positive. In most cases, the net output was on the order of thousands of kilojoules.

The results of the power simulation showcased the degree of fluctuating output
produced by this system and that there was a clear indication of a need for energy storage.
While the output consistently met the demand during the deceleration stage, there was a
significant amount of surplus power for the first 100 s. That excess power could be supplied
to an energy-storage device and then extracted during the last 50 s when the supply just
barely met the demand of the train cart load. Energy storage could be used to smooth the
output power of the train cart so that an uninterrupted power supply could be maintained.

The asymptotic behavior in the last 50 s of the simulation can be attributed to the
principles in the hypothesis. Once the train speed fell below the ambient wind speed,
the program held the wind speed at the ambient wind speed. In this case, after 100 s the
wind speed was held constant at 4 m/s. Since the base wind speed, which controlled the
efficiency of the turbine, was set to 7 m/s, the efficiency degraded while the ambient wind
speed was held. Nevertheless, there was still some degree of efficiency maintained by the
turbine since there was a constant input and the output never reached zero.

3.4. Recommendations for Future Research

Without significantly altering the approach outlined in this work, there are a number
of analysis concepts that could be explored. The comparisons between the existing and
proposed mathematical model can be fine-tuned to provide a holistic measurement of the
standard deviation of the net outputs. A reasonable measurement of this sort would help
to invalidate train trips that are outliers. The existing results could also be enriched with
the approximations of energy generated per year according to the number of train trips.
The approximations could factor in the expected characteristics for fluctuations in wind
turbine efficiency, wind speed, and route availability during various seasons.

As shown in Table 3, the energy required to overcome the drag force in normal
operation of the train was the most significant source of energy loss. The degree of drag
force acting on the system with the inclusion of the turbine apparatus must be reduced
for better results. The proposed air deflector formed from the NACA 0015 airfoil did
a reasonable job of reducing the drag force, but there are other geometries that might
provide better air deflection for the turbine apparatus [38]. If a structure with an even lower
drag coefficient can be utilized, then the system can overcome the energy lost due to drag
relatively easily. Alternatively, if the air deflector flaps can be slightly opened during the
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normal speeds such that only a low degree of drag is introduced while input is provided to
the turbine, the system can generate energy for longer periods of time.

There is a need to consider more variations in stop length for each train. The Indian
Rail Info dataset provides detailed breakdowns of each stop and how long the train took
to start moving again. For this work, the average stop time was taken to be two minutes
for every train, but there were cases in which the train stopped for an entire hour before
resuming the trip [15]. That extended period can be seen as an opportunity to generate
additional energy if the turbines are stationary and outdoor. Another opportunity to
generate energy can be seen when the train comes to its final stop. If it is assumed that
the trains are outdoor, then turbines can be exposed to more than 8 h of ambient wind
speed input during the afterhours of the train system. If energy storage is successfully
implemented, the stored energy can be fed to the cart load for the initial acceleration of the
trip for which the proposed model would typically have negative net output.

As a stretch goal, a real-time comparison of the energy saved in the train’s braking
capabilities while considering the added drag force of the wind turbine apparatus could
yield promising results. As discussed, the peak time for energy generation from wind
turbines is in the deceleration, during which the increased drag assists in slowing the
train down. The energy savings could be compared over time to those observed when
regenerative braking systems are used.

4. Conclusions

This work proposed a novel approach to modeling wind turbines on moving trains.
An improved mathematical model was presented for real-time analysis. By simulating the
energy-generation potential at each second of a train’s trip, the peak times for harnessing
wind energy from the trains were identified; the highest net output was over 3 megajoules
(M]). The ability to identify peak generation intervals will boost the potential for application
of an energy-storage system. The model encompassed a number of new energy constraints
that served to improve the accuracy of the simulated output. As such, the net energy output
from the simulation tended to be positive. The performance of the proposed new turbine
model was shown to be better than that of the existing model.

A wind turbine connected to a PMSG model was successfully implemented in a
MATLAB/Simulink environment to show the potential for implementation in a power
system with a 1 KW generator. An analysis of the output from the power system revealed
the need for energy-storage devices to satiate the demand for the approximated train
cart load.

The prospect of harnessing wind energy from fast-moving vehicles gives recognition
to a potential source of energy that already exists as a byproduct of the transportation
industry. The motivation for improved modeling of this work was to prove the worthiness
for further investment and experimentation. This case study added realistic constraints
to a hypothesis and urged for physical verification. The idea is bold, but increasing the
accuracy of the modeling techniques is a worthwhile effort to ultimately prove the theory.
In our future work, we will evaluate the presented model with experiments.
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