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Abstract

Regenerative braking energy is generated during deceleration of an electrical train in the
electric traction system. The regenerative braking energy harvested can then be used in
energy saving schemes such as charging of energy storage or redirect to an adjacent
accelerating train at the station. Quantifying the regenerative braking energy provides
crucial information to carry out the implementation of these energy saving applications.
In this paper, the design and operational of regenerative braking system are investigated
to evaluate the obtainability of the energy. An effective regenerative braking energy
model for electric traction system is developed using MATLAB/Simulink. A model has
been developed to estimate the energy harvested from the regenerative braking. Various
aspects such as the mechanical efficiency of the traction motor, traction auxiliary load
and traction resistance forces are considered. The quantity of energy recovered from
regenerative braking also differs subject to the speed profile, the drive efficiency, the
drive cycle, and the weight of the rolling stock. Numerous parameters impacting the
effectiveness of energy harvested from regenerative braking are considered in the
simulation.
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I. INTRODUCTION

In electric traction system, the incorporation of
regenerative braking enables energy recovery to
reduce the consumed energy [1]-[4]. Regenerative
braking has been used in multiple energy efficiency

M1A Light Metro Line [4]. The RBE available was
found by simulation using Railsim. The speed profile
of 18 substations was used to process the simulation
output for energy consumption and RBE of the train.
However, the response of RBE was not shown with

schemes. These includes the storage of the harvested
regenerative braking energy (RBE) using energy
storage systems either on-board the traction vehicles
or along the substations [5]-[8]. The RBE can also be
directly used by incoming adjacent trains in which
the corresponding trains are able to align through the
timetable optimization [9]-[11]. The RBE can also
be feedback through reversible substations and
directed to the main power transmission lines
[7],[12]. Thus, it is important to know the amount of
RBE available. Many papers involved in the field of
regenerative braking of electric traction systems are
focused on the modelling and simulation of train and
substation, neglecting the actual quatifying of the
total RBE available [13]-[15]. In [16], the
mathematical modelling of RBE was shown and
simplified based on the influencial factors on the
magnitude of the RBE. However, the system tested
are based on linear speed profile. 1. Sengor et al.
(2017) investigated the potential of RBE for Istanbul
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reference to the speed profile.

The calculation of the effective RBE generated
from the electric traction system is a complex method
as many features impacting the energy recovery are
required to be deliberated. In this paper, a model to
calculate the generated RBE is developed using
MATLAB/Simulink based on a non-linear speed
profile. The response of RBE corresponding to the
non-linear speed profile is produced. The total
generated RBE from each substation based on the
non-linear speed profile of an electric traction system
is also shown.

Il. MATHEMATICAL MODELING OF THE RBE

Regenerative braking is a process that transforms
the kinetic energy when braking into electrical
energy through electric traction motors. The
regenerative braking energy can be derived as follow
[17].

Tl'b le
ERB :(AEK _J.O frs v 'dtj’nGear “Mvotor * Minverter _J PAUX -dt (1)
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Where AEk is change in the kinetic energy of the
traction system, T is the regenerative braking time
interval, frs is the total resistance force of the rolling
stock, 7cear is the efficiency of the transmission gear
box, mmotor is the efficiency of the motor in the
regenerative braking, minverter iS the efficiency of the
inverter, V is the train speed, and Paux is the auxiliary
system power used by the train.

The variables AEx and frs are defined in the following
equations.

AE, :%-M-VZ (2)

M =M, -(1+5)+M, (3)
Where Mz is the weight of the train, M2z is the
passengers’ weight, and & is the coefficient of the
rotery.

The total resistance force acting on a train is given as
below.

fro = Fricion + Far + g (4)
Where firiction 1S the resistance force of friction, fair is
the resisance force of air, fg is the tangential
gravitational force of the traction system.

Whereas firiction can be computed using Davis formula

as derived in [18], as shown below.
f riion = 6:4M+130n+014mV,

+ $[0.046+0.0065N —1)]AV,? (5)
Where m is the static mass of the train, n is the
number of motor axles, Vi is the speed of the train in
km/h, N is the number of cars, A is the frontal
cross-sectional area of the train, £ is the coefficient
when the train is outside the tunnel; it is equal to 1,
and if the train is inside the tunnel; it is equal to 2 or
3.
The variable fair is disregarded since the resistance
force of the air is already included in (5) [19].
The gravitational force can be approximated as:
f,=i-10°-m-g (6)
Where i is the measurement of gradient, m is the
weight of the train, and g is the gravitational force.

friction

friction

I11. DEVELOPMENT OF THE RBE MODEL

A. Mathematical (Simulink) Model

The design of RBE  model  using
MATLAB/Simulink enable user to define and control
the parameters of the traction system in the
calculation of RBE with ease. The speed profile is
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also able to be changed rapidly to analyze the
response of the RBE.
The following blocks are created in the Simulink
library based on (1) to (6) as shown in Fig. 1 to Fig. 4.
The main functions used in the RBE model are:

¢ Kinetic Energy, 4Ex.

o Friction resistance force, friction.

o Gravitational force, fg.

e RBE, Ers.
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Figure 2. Simulink model of ftriction.

n_Inverter

P_Aux (kW)

Figure 4. Simulink model of Egg.
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B. RBE Model

The developed functions are combined to form the
RBE calculation model. Fig. 5 shows the completed
realization of the RBE model in Simulink.

Speed Profile (m/s)

n_Gear

n_Motor

n_Inverter

M1(ton)

P_Aux (kW)

M2(ton) RBE |-

a

Y Y Y VY VY VY VYV Y VY

Figure 5. RBE model in Simulink.

In order to calculate AEx and Ers, the values of
previous speed and current speed taken from the
speed profile are compared. If the value of the current
speed is less than the previous speed which indicates
braking mode, and also if the current speed value is
greater than or same as 18 km/h then the current
speed value is taken into consideration for the RBE
calculation. This is because mechanical braking will
be activated for the traction speed below the speed of
18 km/h and will be disregarded in the RBE
calculation [4]. The total resistant force acting on the
train changes according to the braking speed,
whereas the other parameters in the RBE model are
considered as constants. Simulation of the RBE
model is done by using a non-linear speed profile
extracted from [20]. The speed profile represents the
journey of the train through a traction length of 18 km
with 14 stations and 30 s dwell time at each station.
The RBE that is able to be recovered through each
station is simulated using the RBE model. The
variables required and used in the simulation are
shown in Table I.
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Motor efficiency, fvotor 0.85
Inverter efficiency, Minverter 0.95
Vehicle weight, M; (ton) 154
Auxiliary system power, Paux (KW) 350
Passengers” weight, M, (ton) 35
Rotary coefficient, & 0.05
Number of motor axles, n 4
Gradient, i (mm/m) 1
Coefficient, g 1

4 (M-T-T-M)
Number of cars, N M: Motor car

T: Trailer car
Train front cross-sectional area, A (m?) 8

Table |

Parameters used in the MATLAB simulink of the
RBE model.

Parameters Value
Gearbox efficiency, 77cear 0.98
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1V. RESULTS

Fig. 6 shows the response of the generated RBE
corresponding to the non-linear speed profile. As
observed from the output, the train moving with
higher speed and longer braking time from one
station to another will generate more energy. Fig. 7
shows the net traction energy consumed and the
accumulated RBE that is able to be recovered. Based
on the energy flow of the electric traction system, the
net traction energy is found by summing the energy
required to move the train, the energy for the
auxiliary load, the traction losses, the motion
resistance losses and the energy for braking. Based
on the simulation, the net traction energy required is
42 kWh while total RBE obtained is 11 kWh. An
approximate total of 26.2% of energy is able to be
recovered through regenerative braking. Besides
calculating the available RBE, the RBE model is also
able to be used to compare the influence of changing
the different parameters affecting the RBE. Fig. 8
shows that higher magnitude of RBE is able to be
obtained with increased passenger weight.

Conclusion

This paper provides the RBE response with respect
to a non-linear speed profile. It is essential to
determine the quantity of energy that is able to be
garnered from RBE before applying an appropriate
energy saving scheme for the electric traction system.
An estimated total RBE generated from each station
enables further study to be done on the energy saving
schemes. All the parameters of the RBE system can
be changed to study the effect and their
characteristics based on the simulated output from
the RBE model. The RBE model could consider a
more accurate mathematical model of friction
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resistance force based on the specific rolling stock.
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Figure 1. Output response of RBE corresponding to speed
profile.
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