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Abstract: Regenerative braking energy (RBE) recovery of trains can improve energy efficiency as well
as reduce the overall greenhouse gases emissions of electric rail systems. The train’s speed limit, track
elevation, track curvature, and headway time can affect the amount of RBE recovered. This study
aims to investigate the impacts of these parameters on the RBE recovery for a DC third rail system.
A DC third rail system has been modeled using the ETAP-eTraX software based on the Malaysia
Mass Rapid Transit Line 2 (MRT Line 2) traction power system. The effects of the change of speed
limit, track elevation, track curvature, and headway time of the trains on the RBE recovery have
been evaluated under various scenarios. The results showed that the track’s elevation has the most
significant influence on the overall energy consumptions of the train while the speed limit has the
most significant influence on the amount of RBE recovery.

Keywords: DC third rail; energy efficiency; regenerative braking energy recovery

1. Introduction

Electric railway systems (ERS) are one of the most efficient transportation modes and play a
pivotal role in facilitating the growth of the global economy, as well as achieving environmental, social,
and governance (ESG) goals [1-3]. ERS also mitigate traffic congestion, thereby avoiding greenhouse
gas emissions from road vehicles [4,5].

Unlike conventional diesel locomotives, ERS offers regenerative braking energy (RBE) recovery,
which improves the efficiency of the system [6]. RBE is attained through the conversion of kinetic
energy to electric energy during train braking, known as dynamic braking [7]. Urban rail systems
typically recover more significant amount of RBE compared to long-distance AC rail systems, as
urban trains have a higher frequency of start-stop cycles [8]. In the past, regenerated electrical energy
from braking trains was dissipated as heat through dumping resistors, resulting in energy waste and
substation temperature rise issues [9,10]. However, advancements in inverters and energy storage
technologies have addressed these challenges, making RBE utilization more viable and cost-effective
[9,11-14]. In a study by authors [15], methods for RBE utilization in ERS were overviewed considering
economic and technical aspects based on the line conditions, environment, power supply, vehicle
types, operating methods, and other economic factors.

By employing the reversible substations, RBE can be recuperated and fed back to the AC power
grid using inverters [16-18]. Researchers in [19] illustrated different scenarios for one or two trains
traveling between two stations. The results showed that the reversible substation can achieve up
to 81.4% of energy recovery through the operation of two trains. Another study [20] evaluated the
amount of RBE recovered in the Madrid metro railway system, revealing that 20% of traction energy
can be recovered through the reversible substation during train braking. In [21], a proposed DC
railway system demonstrated a reduction in train energy consumption of 10% to 40% using a reversible
substation compared to a non-reversible substation.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Without a reversible substation, an ERS may experience overvoltage issues, as the voltage level of
the AC grid exceeds the statutory limits during regenerative braking energy recovery. To mitigate this,
automatic receptivity units (ARU) are used to dissipate the RBE and prevent overvoltage. Recently,
optimization of train schedules using artificial intelligence (AI) techniques such as genetic algorithm
[22-24], particle swarm optimization [25], heuristic algorithm [26,27], and brute force algorithm [28]
have partially resolved this issue. By synchronizing the acceleration and deceleration of neighboring
trains using these techniques, the RBE of the decelerating train can be picked up by the accelerating
train, thus preventing overvoltage issues [29-31].

Additionally, energy storage systems (ESS) are widely employed to mitigate overvoltage issues
by storing RBE from decelerating trains for later use. ESS can be installed onboard or at the wayside.
Onboard ESS allows trains to temporarily store RBE and utilize it for the next acceleration stage or
onboard facilities such as air conditioning systems, lighting systems, etc. Wayside ESS stores RBE from
decelerating trains and delivers it during the acceleration of other trains [32-34].

There are 3 key aspects that can influence the amount of RBE recuperation [7]. The first aspect is
the design of the rolling stocks. Different rolling stocks have different traction efforts, braking efforts,
lengths, and masses. The second aspect is the operating environment, including ground inclination,
track elevation, track curvature, operating speed, weather conditions, and atmospheric pressure. The
third aspect is the train operations, encompassing aspects such as headway time, driving processes,
and the start-stop cycles. The RBE is influenced by catenary resistances and train motor efficiency. It is
found that the catenary resistances have more impact on energy consumption as compared to engine
efficiency, based on real data from the Madrid-Barcelona line and Madrid-Sevilla line [35]. The study
developed a method for optimizing Automatic Train Operation (ATO) speed profiles to minimize the
energy consumption of the trains. The investigation modelled the underground metro line in Madrid
assess the amount of RBE recovery under various speed profiles [36]. Factors such as inclination angle,
train frontal area, mass, and electric drives efficiency were investigated in [37] to understand their
influence on RBE recovery. In [38], the study presented the application of RBE for train operation and
identified parameters that affect RBE recovery in ERS. The investigation used RAILSIM software to
model the Aksarau-Airport LRT line, covering a distance of 19 km with 17 stations, to examine the
impacts of operation frequency rate, train weight, and train acceleration rate on RBE recuperation.
Asegid et al. investigated influential factors and the potential amount of RBE in Addis Ababa LRT
using Matlab /Simulink software [39]. The study analyzed train dynamics, power electronic efficiency,
ground inclination, and train timeline. The results indicated that certain scenarios could achieve up to
32% energy savings through regenerative braking energy recovery.

The previous studies in the literature [35-39] only considered the factors individually on the
recuperation rate of braking energy. In this study, a holistic perspective by examining the combined
influence of variables such as speed limits, track elevations, track curvature, and headway time.
By integrating these factors together can provide valuable insights into RBE recuperation and
energy consumption in DC electric railway system. This integrated approach contributes to a more
comprehensive and nuanced understanding of the recuperation rate and energy consumption under
different environments, thus advancing the current body of knowledge in the field. A third rail system
based on the Mass Rapid Transit Line 2 (MRT Line 2) system is modeled using ETAP-eTraX software.
The organization of this paper is as follows: Section 2 describes the modelling of the railway system
based on the practical parameters of MRT Line 2. In section 3, the train dynamic load flow is explained.
Section 4 discusses the simulation results obtained from various scenarios. Finally, section 5 presents
the conclusion and future works.

2. Railway System Modeling

The MRT Line 2 also known as the Sungai Buloh-Serdang-Putrajaya (SSP) line, is developed in
Malaysia to provide transportation services for around two million people stretching from Sungai
Buloh to Putrajaya. The total length of the MRT Line 2 is 52.2 km of which 13.5 km is underground.
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There are a total of 37 stations along the MRT Line 2 where 24 stations are elevated, and 13 stations are
in the underground. Figure 1 provides an overview of the railway electrification for MRT Line 2.

Jinjang BSS Kuchai Lama BSS UPM BSS

132kV

TPSS 4 -TPSS 7 TPSS 8 - TPSS 11 TPSS 12-TPSS 16 TPSS 17- TPSS 19 TPSS 20 - TPSS 21 TPSS 22 - TPSS 28
UB1-UB4 UB5-UB 10 UB 11-UB 15 UB 16 UB 17-UB 18 UB 19-UB 21
B Close
O Open

Figure 1. Schematic diagram of BSSs, TPSSs, and utility buildings.

2.1. Bulk Supply Substation (BSS)

The electricity supply for the MRT Line 2 is provided by the utility through three bulk supply
substations (BSS) located at Jinjang, Kuchai Lama, and Universiti Putra Malaysia (UPM). These BSSs
are connected to the 132 kV power grid, and the supply voltage is stepped down to 33 kV through two
50 MVA transformers before being delivered to the traction power supply substation (TPSS). Figure 2
presents one of the BSS feeders for the MRT Line 2. Tables 1 and 2 show the key parameters of the BSS
transformers and earthing transformers. These parameters are included in the ETAP simulation model.

AMIANG BSS Grid JINIANG BSS Grid2
3335 245 MiiAsc 2L 145 MV

Figure 2. Single line diagram of a BSS with transformers.

Table 1. Parameters of BSS transformers.

BSS transformers

Parameters
Jinjang and Kuchai Lama BSS UPM BSS
Power Rating (MVA) 50 40
Voltage level (kV) 132/33 132/33
Positive sequence impedance 12.5 12.5
(%)

Zero sequence impedance (%) 10 10

X/R ratio 45 45
Impedance tolerance (%) +7.5 +7.5
Tap range +10 +10

Vector group YNd1 YNd1
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Table 2. Parameters of earthing transformers.

Earthing transformers (ET)

Parameters
Jinjang and Kuchai Lama BSS UPM BSS
Power Rating (MVA) 160 160
Voltage level (kV) 33/0.433 33/0.433
Positive sequence impedance 4 4
(%)
X/R ratio 1.5 1.5
Impedance tolerance (%) =10 =10
Neutral grounding resistor 900 900
(NER) (A)
Vector group ZNynll ZNynll

2.2. Traction Power Supply Substation (TPSS)

There are total of 25 TPSSs along the MRT Line 2, with six of them located in underground stations.
Each TPSS consists of two rectifier transformers and two auxiliary transformers, as shown in Figure
3. Tables 3 and 4 shows the setting of the auxiliary and rectifier transformers used in this study. The
rectifier transformers step down the voltage from 33 kV to 0.585 kV and a 12-pulse model rectifier
converts the 0.585 kV AC supply to a 750 V DC supply for the traction loads. On the other hand, the
auxiliary transformers step down the power from 33 kV to 0.4 kV for the auxiliary loads such as air
conditioning systems, lifts, escalators, and other systems that consume electricity within the railway
stations. The TPSSs provide a 750 V DC supply to the rolling stocks via the third rail and the return
current will flow back to the source via the rail tracks. The rolling stock parameters for the train are
listed in Table 5.

Incoming I'rum BSS Incoming From BSS

1

\\mlmn mm f:rmcr

Rectifier

> :
0.585 AC/0.75 DC kV
O 4 kv 0.4 kV
750V 3

Figure 3. Schematic diagram of TPSS for MRT Line 2.

Table 3. Parameters of auxiliary transformers.

Parameters Auxiliary
Transformer
Rating (MVA) 0.16, 0.63 0.75,08,1,1.25 15,2
Voltage level (kV) 33/0.433 33/0.433 33/0.433
Zero sequence 80 80 80
impedance (%)
X/R ratio 1.5 3.5 6
Impedance tolerance +10 +10 +10
(%)
Tap range (%) +7.5 +7.5 +7.5

Vector group Dynl1 Dynl1l Dynl1
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Table 4. Parameters of rectifier transformers.
Parameters 2.3 MVA Rectifier 3.5 MVA Rectifier
Transformer Transformer
Rating (MVA) 2.3/1.15/1.15 3.5/1.75/1.75
Voltage level (kV) 33/0.585/0.585 33/0.585/0.585
Positive sequence impedance 6 6
(+Zpri = Zsec) (%)
Positive sequence impedance 6 6
(+Zpri - Zter) (0/0)
Positive sequence impedance 12 12
(+Zsec - Zter) (%)
Zero sequence impedance 80 80
(+Zpri - Zsec) (%)
Zero sequence impedance 80 80
(+Zpri — Zter) (%)
Zero sequence impedance 80 80
(+Zsec - Zter) (%)
X/R ratio 10 10
Impedance tolerance (%) +10 +10
Tap range (%) +7.5 +7.5
Vector group DdOy11 DdOy11
Table 5. Rolling stock setting of MRT Line 2 train.
Parameters Configurations
Train weight (ton) 218
Number of axles, n 4 (M-T-T-M)
M: Motor car T: Trailer car
The total length of train (m) 90
Area of train (m?) 11.0408
Rolling resistance 0.019292685 + 0.000370932110091743v+
6.8421x10%0?
Acceleration limit (m/s?) 1
Deceleration limit (m/s?) 1.1
Minimum voltage (V) 500
Maximum voltage (V) 900
Minimum speed for regeneration (km/h) 3

2.3. Case studies

This study investigates the impact of rolling resistance, track elevation, and track curvature on
the energy consumption and braking energy recovery of trains traveling between two stations, labeled
as Station NB1 and Station NB2 as shown in Figure 4. The rolling stock parameters, tractive effort, and
braking effort data are obtained from the manufacturer’s specifications for the MRT Line 2.

Figure 5 depicts the train traveling under different track scenarios. Segment A represents a
straight track where the train needs power to overcome rolling resistance and acceleration forces. In
Segment B, the train requires additional power to overcome rolling resistance, acceleration forces,
and gravitational forces. Segment C represents a curved track where the train needs extra power to
overcome curve resistance. Table 6 summarizes the forces that the train needs to overcome under
different track scenarios.
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Figure 4. Station NB1 and NB2 modeled in ETAP-eTraX.
A
Figure 5. Track scenarios involve different civil alignment parameters.
Table 6. Tractive forces need to be overcome by train in different track scenarios.
Track segments Forces need to be overcome by train
A Acceleration force, F,, rollingresistance, F,,
B Acceleration force, F,,
rollingresistance, Fyrandgraderesistance, Fy,
C Acceleration force, F;,

rollingresistance, F,randcurveresistance, Fe;
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There are a few assumptions made in this simulation study as follows: Numbered lists can be
added as follows:

1. The weight of the trains chosen is based on the full weight with passengers and standees of six
passengers/m?.

2. The train is traveling in an open-air environment.

3. A typical train scheduled is used, whereby the headway time and dwell time are 109 seconds
and 40 seconds respectively.

Headway time is the time interval between two successive trains arriving at a station. Typically,
the railway operates with 3 minutes intervals during peak hours (from 7 a.m. to 9 a.m. and from 5 p.m.
to 7 p.m.) and 6 minutes intervals during off-peak hours. Therefore, this study simulated headway
time interval from 2 minutes to 6 minutes to observe the impact on the energy consumptions and the
recuperation of braking energy.

In dynamic analyses, the electrical distribution network of Jinjang BSS is modeled to investigate
the variation in headway time. This network stretches from Damansara Damai to Kampung Baru
North which consists of 8 TPSSs and 15 stations. Figures 6 and 7 illustrate the track data, including
elevation and track curvature from Damansara Damai to Kampung Baru North, respectively.

The speed profiles and the speed limits of the train travels from Damansara Damai station to
Kampung Baru North station are as shown in Figure 8. The speed limits are set in the range of 70
km/h to 110 km/h according to the curvatures and elevation of the tracks. As depicted in the figure,
the train’s speed is constrained by the designated speed limit throughout the simulation.

Figure 9 illustrates the power consumption and the speed profile of MRT Line 2. It can be noticed
that the power is a negative value when the speed decreases. The negative power indicates that the
energy is being transmitted back to the power grid. Figure 10 shows the relationship between power
consumption, speed limit, and the speed profile of a single train for different driving modes such as
acceleration, cruising, coasting, and deceleration.
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Figure 6. Track elevations of MRT Line 2.
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Figure 8. The speed profile of a single train of MRT Line 2.
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Figure 9. The power consumption and speed profile of a single train of MRT Line 2.
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Figure 10. Power consumption, speed profile, and speed limit of a single train travel between 2 stations.
3. Formulation of Train Dynamic Load Flow

Figure 13 shows a flow chart of the dynamic train’s load flow analysis calculation process in ETAP
software. The adaptive Newton-Raphson method in the ETAP software is selected for the MRT Line 2
dynamic load flow calculation. The parameters such as the track data, train data, and speed limits are
obtained from the actual system parameters. Other inputs such as the headway time and dwell time
are varied according to the demand of the passengers during peak and off-peak hours.
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The resistive force can be bifurcated into internal and external resistance. The internal resistance
is related to the track resistance and prevailing track geometry over the entire train travel. On the
other hand, the external resistance refers to the parameters that are not fixed and depend on the
terrain such as grade resistance, and curve resistance. As the resistive force increase, the tractive effort
of ERS needed to overcome also increases. Hence, the energy consumption will also increase. The
mathematical relationship which expresses the connection between these resistances is written as
follows:

Ft:Fa+Prr+Pgr+Fcr (1)

where, F; is the total of tractive force, F, is the acceleration force, F,, is the rolling resistance that
is required by a train to overcome the frictional force, Fg,is the grade resistance force that a train
required to overcome the gravitational force, and F, is the curve resistance force that a train required
to overcome the curvature force.

RBE recovery occurs when the train decelerates. Thus, the amount of RBE increases when the
braking effort increases. The braking force (F;) can be expressed as follows:

Fb:_Fd+Prr+Pgr+Fcr )

where, F; is the deceleration force, F,, is the fundamental tractive force of a train when the train travels
on a straight and level track, Fg, is gravitational force, and F.; is curvature force.

The train needs to overcome the rolling resistance of the train and the mass inside the train to
accelerate. The magnitude of rolling resistance force (F;+) depends on the rolling stock parameters of
the train and the velocity of the moving train as defined by the Davis equation while the magnitude of
acceleration force is affected by the passengers and the inertia of bearing parts as shown in Equation
(3) and (4) as follows:

F, = A+ Bo + Co? (3)

where, A is the resistance related to the rolling resistance of the train measured in kN, B is the
mechanical and air drag effect resistance of the train measured in kN /(km/h), C is the resistance
related to the aerodynamic drag measured in kN / (kn/h)?, and v is the train’s speed in km /h.

F,=ma (4)

where, m is the total train’s weight including rotating inertia in kg, and a is the train’s acceleration in

m/s2.
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The train also needs to overcome the gravitational force (Fg). Fgy is measured by the elevation
between two points on the track multiplied with the train’s weight, as shown in Equation (5).

Fer = 9.81Wsind ®)

where, the constant 9.81 is the acceleration of gravity on the surface of the earth at sea level (m/s)?
while W is the weight of the train in tons, and 6 is the inverse of the tangent of the elevation between
two points on the track in percentage. A positive Fg, implies the train is moving uphill, while a
negative Fo, shows the train is moving downbhill.

The curvature force, (F.), when a train travels along a curve track is affected by the track’s curve
radius, the train’s speed, and the axle spacing between the front and rear wheelbase of the rolling stock
as shown in Equation (6)

F.r = W %9.8/1000 * ((153S + 100a))/R 6)

where, W is the weight of the train, a and S are the axle spacing measured in meter (m) and R is the
curve radius in meter (m).

4. Results and Discussion

4.1. Case studies for train’s energy consumption under different speed limits

Figure 12 shows the train’s energy consumptions when the train’s speed limit varies from 70
km/h to 100 km/h, for the distance between Station NB1 and NB2 spanning from 1 km to 3 km. The
train’s energy consumption increases as the train’s speed limit increases.
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Figure 12. Energy consumptions of train between Station NB1 and NB2 for different speed limits under
different distances.

For the distance of 3 km, the energy consumption of the train at the speed of 110 km/h is 16.95%
higher than that of 70 km/h. On the other hand, the train’s energy consumption between the different
speed limits for a short train travel distance such as 1 km, is not significant because the maximum
speed that the train can attain is confined by the distance between the two stations. Table 7 shows the
maximum speed that the train can attain for different distances and speed limits. It can be observed
that the minimum distance between two stations for the train to reach 110 km/h is 3 km.
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Table 7. Maximum speed of a train under different distances and speed limits.

Attainable speed before a deceleration
in needed (km/h)
Speed limits
70km/h | 80km/h | 90km /h |100km /h|110km/h

Distance between 2 stations

1km 70 80 85.6 85.6 85.6
1.5km 70 80 90 95.9 95.9
2km 70 80 90 100 103.8
2.5km 70 80 90 100 109.2
3km 70 80 90 100 110

4.2. Case studies for train’s energy consumption under different levels of elevation

Figure 13 shows the results of the train’s energy consumption under different elevation levels
between Station A and B from -20 m to + 20 m with the distance between the stations from 1 km to 3
km. The range of elevation is set according to the maximum and minimum track elevation of MRT
Line 2. It can be observed that the greater the elevation between Station NB1 and NB2, the greater the
train’s energy consumptions. This can be explained by the fact that the greater traction force must be
applied to overcome the gravitational force for the steeper inclination to keep the train at a constant
speed. This is consistent with Equation (5), where the higher the elevation, the larger the gradient
resistance force, Fy.

Conversely, when Fg, is negative or when the train is moving in a downward direction, it will
cause energy consumptions to decrease because the downhill helps the train to reach its targeted speed
in a shorter time and the train must apply a brake to slow down the speed of the train. When the
train applies the brake, the train regenerates the braking energy and deliver to the grid. Besides, it
is also noted that the train’s energy consumptions in Figure 13 increases as the distance between the
two stations increases because the train journey time from Station NB1 to NB2 increases. The energy
consumptions of the train with the track elevation of +20 m at the distance of 3 km between the two
stations is 227% higher than that of -20 m. The energy consumption becomes negative for the elevation
of -20 m and the distance between two stations of 1 km because the traction power is recuperated from
the regenerative braking to the grid.
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Figure 13. Energy consumptions of train between Station NB1 and NB2 for different track elevations
under different distances.
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4.3. Case studies for train’s energy consumption under different track curvature

Figure 14 shows the train’s energy consumption when the bend radius of the track increases from
100 m to 8000 m, with the total distance between Station NB1 and NB2 changing from 1 km to 3 km.
These bend radii are obtained from the design parameters of MRT Line 2. The result shows that the
effect of bend radius on the energy consumptions is not significant because the curvature force is much
smaller as compared to the acceleration force and rolling stock resistance. The difference of energy

consumptions of the train for the bend radius of 100 m and 8000 m at the distance of 3 km between the
two stations is 4.4%.
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Figure 14. Energy consumption results of train transit between Station NB1 and NB2 for different track
curvatures under different distances.

4.4. Case studies for recuperation of braking energy under different civil alignment parameters

The recuperation of the train’s braking energy under different civil alignment configurations is
as shown in Figure 15. The recuperation of the train’s braking energy is obtained by comparing the
energy consumptions of the train with- and without the RBE recovery. The 3 km distance between two
stations is selected because it has the highest energy consumptions.

30
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Figure 15. Regenerative braking energy recovery results of train transit between Station NB1 and NB2
under different speed limits, elevations, and track curvatures.

It can be seen in Figure 15 that the changes in elevation and track curvature have a little effect
on the recuperation rate of the braking energy. The recuperation rate of the trains when traveling
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downwards is almost the same compared to that of the train traveling upwards. However, a substantial
difference in the recuperation rate of RBE is observed when the speed limits varied from 70 km/h
to 110 km/h. This is because when the speed of the train is high, the momentum of the train is high,
hence resulting into a high recuperation of RBE.

4.5. Case studies for variation of headway time

Figure 16 shows the total energy consumptions of the MRT Line 2 system for the trip of a single
train travels from Damansara Damai to Kampung Baru North for the case with- and without RBE
recovery. It can be seen that the train traveled without the RBE is 2.3 times higher than that of the train
traveled with RBE. In other word, the energy consumption of the train without RBE consume 132%
higher than that of the train with RBE.

450
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—Without Regenerative Braking Energy (RBE)

400 -

350
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Figure 16. Energy consumption of train travel from Damansara Damai Station to Kampung Baru North
Station.

The results from the previous case studies were obtained using a 1.82-minute headway time,
as provided by the railway operators. To cater to the varying passenger demands during peak and
off-peak periods, train schedules with different headways are implemented. Consequently, it becomes
necessary to examine the RBE amount under various headway conditions. As can be seen from Figure
17, it is evident that the 3-minute headway time exhibits the highest RBE amount, with a difference of
2.2 kWh compared to the 6-minute headway time. This can be attributed to the high synchronizing
rate between the arrival and departure trains, which enhances the natural exchange of RBE between
the trains within a station.
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Figure 17. Recuperation of braking energy of MRT Line 2 at different headway time.
5. Conclusion

In this paper, the impacts of the speed limit, track elevation, track curvature, and different
headway times on the energy consumptions and recuperation rate of regenerative braking energy
for a DC third rail system have been evaluated. The amount of energy consumption was found to
be significantly changed when the track elevations are increased or decreased. By comparison, the
influence of the speed limits and track curvatures is negligible. This is due to its association with the
aerodynamic drag force being weaker compared to other forces that impact the train. However, the
train’s speed limit has the greatest influence on the recuperation of RBE compared to track elevations
and track curvatures. Additionally, the train with RBE can save up to 232 kWh of the overall energy
consumptions for a single trip. The most optimum headway time is 3 minutes, during which the
highest amount of RBE can be recuperated.
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