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ABSTRACT The recent railway system is a huge microgrid assembling multiplex structure with distributed
active loads, sources and storage devices. The active load represents the train. The sources are a microgrid
based on renewable energies. The big problem of the most of electrical train is that they can’t recover energy
recovery during regenerative breaking phases. another problem of the electrical train is the long charging time
from the stations. This paper suggests a techno-economic process for the energy storage by using SCs in the
train, with the aim to reduce the energy consumptions. The proposed design of railway station use PV and
wind sources, and batteries for energy storage system (ESS). For the train, SCs are implemented to the ESS
where they are alimented breaking phases and from stations by a pantograph installed in an air power line in
each stop. SCs are distinguished by high characteristics power and a wide number of charge/discharge cycles,
they provide low particular energy and a fast charging time. An energy management approach is suggested
to control the DC bus by voltage and the buck-boost converter by current. The Sizing of PI controller
used for the stabilization of the DC bus of train and station is given. The whole system is modeled in
MATLAB-Simulink. Simulations for the train and station show the suitability of the suggested powertrain
and control strategy.

INDEX TERMS Energy management, railway system control, energy storage system, supercapacitors.

I. INTRODUCTION
A. MOTIVATION
In the last few decades, generally there are growing in
energy using and pollutions [1]. The growing number of
citizen traveling between cities has implied the continuous
development of mass transit systems as buses, taxies, and
trains [2]. However, the use of railway transportation systems
other conventional means of transport is widely recognized
due to the Carrying capacity of a large number of people.
The development of rail transportation allows people to travel
quickly. Thereby, growing environmental like climate change
and CO2 emissions change issues dictate the requisite for
ameliorate the performance energy regulation of railway
systems [3], [4]. For these raisons, the electrified railway
traffic has become a principal development management of
current public transportation networks [5], [6].
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The production of clean energy from renewable sources
have become the hot topics of social development [7].
However, railway system integrates different renewable
energy sources, like photovoltaics (PV) and wind turbines.
To ensure a continuous power supply and to respond to the
charge power of train from station to the train, an energy
storage system (ESS) is necessary [8], [9]. In order to manage
the overload variation in railway power supply structure in
the time of heights commuting hours, a wide number of
ESS technologies are implemented in the railway system as
a constructive means to improve load needs [6], [10]. The
on-board storage augmented theweight and space of a vehicle
that encourage the underground storage.

SCs represent an appear energy storage devices charac-
terized with a high power density, a long span life and a
wide temperature range, has become the best appropriate
storage element match with the functioning characteristics of
train system [11]–[14]. By comparing SCs to different energy
storage devices like batteries and flywheels, SCs present fast
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FIGURE 1. Train network traction characteristic.

charging and discharging time because of the high power
density, and important potential of energy recovery [15].
In general, ESS with SC is considered like energy buffer
accelerating mode of train and recycles the excess of power
during the braking mode, realizing a good balance of charge
and discharge [16]. SCs are considered a best solution in
systems which characterized with different fluctuations. SCs
are also used in interruptible power systems to stabilized the
power and bus voltage. The energy storage in railway system
presents a challenge for researches [17], [18].

Energy management system (EMS) is currently a big
challenge in large-scale complex energy distribution net-
works like railway structure. Most of EMS researches in
railway structure interest on ameliorating the railway system
technologically. EMS on the system level with an integrated
strategy into the railway structure often is ignored [19], [20].
The optimal control theory for railway vehicle is presented in
many articles [21], [22]. EMS is implemented to control and
connect different devices in railway system, energy storage
devices, sources and train.

B. LITERATURE
The railway system has been studied successfully in
many articles by researches such as: Jiang presents a fast
inspection method for high-speed railway infrastructure
monitoring [23], Feng gives the electric railway smart
microgrid systemwith integration of multiple energy systems
and power-quality improvement [24]. Khayyam gives railway
system energy management optimization demonstrated at
offline and online case studies [19], Zhang presents the
method using a prediction approach [24], He shown the
energy harvesting approach for railway wagon monitoring
sensor with high reliability and simple structure [25], Sun
presents the hybrid method for life prediction of railway [26],
Novak presents the hierarchical model predictive control

for coordinated electric railway traction system energy
management [27], Sengor gives the energy management of
a smart railway station considering regenerative braking and
stochastic behaviour of ESS and PV Generation [28].

C. CONTRIBUTIONS
The proposed system, is composed of two parts: the first
one concern the stations, the second one is addressed to the
control of trains. The stations are composed PV and wind
fields where the energy storage is insured by batteries. The
trains are composed by SCs and engine. SCs are used because
of their high power. The innovative contributions given in this
article are as follows:
• A design of train implementing SCs for energy storage
alimented from stations and breaking phases.

• A new EMS is suggested to control the DC bus by
voltage and the buck-boost converter by current.

• Sizing of PI controller used for the stabilization of the
DC bus of train and station. A design of railway station
using PV and wind sources, and batteries for energy
storage.

Remainders of paper are as follows: system description
is depicted in Section II. The system modelling and
management is designed in Section II. The simulation and
validation expounded in Section IV. In Finally, Section V
draws the conclusion.

II. SYSTEM DESCRIPTION
A. GLOBAL SYSTEM DESCRIPTION
The implementing of the rail transit and energy strategy is
illustrated in Fig 1. The railway system is constructor of two
systems. The first one is stationary system which represents
the different stations. Each station is composed by a main
energy sources which are PV panels and wind system. The
energy provided from main sources is stored in batteries.
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FIGURE 2. Power and speed change between train and stations.

The conversion of energy is insured by boost, buck-boost
converters and inverter. Wind system is coupled to the DC
bus by an inverter. A boost converter is used to connect PV
panels to the DC bus. A buck-boost converter is implemented
to couple batteries to the DC bus. The different stations have
the same structure and components. The control of theDC bus
is insured with an EMS based on PI control. The second one
is the mobile system which represents the trains. Each train
is composed by motors and supercapacitors. The transfer of
energy from SCs to the motors is insured by a buck-boost
converter.

B. DISTRIBUTION OF ENERGY BETWEEN DEVICES
The exchange of energy between different devices is given in
Fig. 2. The railway system is divided in different stations. The
distance between station is more than 10Km. Trains stop in
each station between 5 and 15 minutes. During this trains

stop, the motors train stop working and SCs charge from
batteries installed in the stationary station by a buck-boost
converter. The charge of SCs in the stations is insured by the
pantograph connected the roof of the trains.

During of the circulation of train between stations,
the SCs supply the need of energy. During the braking
of the train the energy is returned to SCs. This energy
which is produced by different train will be stored locally
and produced later in next phases during its acceleration.
However, the train in functioning as a load during track-
ing mode and as a source of the power during braking
mode. The stations and trains are connected and mutually
communicated.

The different state functioning of rail train engine resolves
the form of electrical power exchange. During the traction
of the engine, the alternator mode, the train is in the
acceleration conditions. In this case, the electric power circle

FIGURE 3. Classification of ESS technologies [22].

in the forward direction, that is transformed into kinetic
energy from the traction system. during the traction engine,
the power generation phase, the train is in braking and
deceleration mode. At this moment, the electric energy circle
in the inverse direction, and the kinetic energy given by the
train during braking is used by the auxiliary installations
of the train itself, with most of them being fed back to
the SCs and used by the train in the same power supply
phase.

The installation of the storage devices reduces the energy
line losses, because the power circle though the line is
minimized, and the smoother voltage profiles without the
request of changing the infrastructure of the structure. The
implementation of SCs on a vehicle however need a large
space, adding at the same time extra weight that can affect
significantly the dynamic specifications of the train.
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FIGURE 4. Configuration of the train model.

The train power is 3.5MW. The energy delivered by SCs is
estimated at approximately 210MJ (corresponding to 3.5MW
for 60 s).

C. CHOOSE OF ENERGY STORAGE DEVICES
The most suitable ESS technologies able to meet the railway
system is presented in Fig. 3. Flywheels and supercapacitors
are performed by high specific power and a large number of
charge/discharge cycles. However, they present low specific
energy [22]. In fact, they can be implemented in urban
rail transit or metro stricture. Batteries represents a low

discharge time. Supercapacitors present the fastest energy
storage dispositive in terms of charging and discharging time.
For this raison, the use of SCs in the braking and acceleration
phases gives good resultants and is the most suitable ESS
devices for railway system.

III. SYSTEM MODELLING AND ENERGY MANAGEMENT
The DC bus is controlled according to the diagram given
in Fig. 4. The EMS is divided in two parts, the first one is
the control of the stationary system and the second in the
train.
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TABLE 1. Mathematical modelling of PV and wind system.

For the stationary system, the wind system produces a
AC power. It is coupled to the DC bus by using a AC-DC
inverter. The PV system is implemented to the same bus
by using a Boost converter. An MPPT maximum power
point tracking system is implemented to stabilized the PV
power and voltage. A Buck-Boost converter is applied to
stabilized the DC bus voltage Vd−S and to charge the
batteries. A line transmission is presented by a resistance and
inductance.

For the train system, a Buck-Boost converter is imple-
mented to couple batteries to SCs. Another Buck-Boost is
implemented to couple SCs train engine and to stabilize the
voltage to 2KW. A capacitor is implemented in parallel to
the engine and the buck-boost converter in order to filter
the power fluctuation from the converters. The EMS gives
the control of the converters. The mathematical modelling of
PV and wind system are given in Table 1. The mathematical
modelling of SCs and batteries are given in Table 2. The
chosen SCs model two branches model. The using batteries
model is CIMAT batteries.

The buck-Boost converter is reversible in current. The
modelling of this converter is given in Fig. 5 [8].

In the active phase, the switch is closed, the input voltage
is given by:

vL−SC = Vsc = Lsc
diL−SC
dt

(1)

diL−SC
dt

=
Vsc
Lsc

(2)

where LSC is the inductance, VSC is the SCs voltage, Cdc−SC
is the SCs buck-boost capacitor.

In the Freewheeling phase, the switch is open and the
inductor current cannot fluctuate instantaneously. The input
voltage is defined by the following equations:

vL−SC = VSC − Vdc = LSC
diL−SC
dt

(3)

diL−SC
dt

=
VSC − Vdc

LSC
(4)
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TABLE 2. Mathematical modelling of scs and battery system.

FIGURE 5. Electrical schema of a buck-boost converter. (a) Active phase,
(b) Freewheeling phase.

The main equation of the buck-boost converter is given by

LSC
diL−SC
dt

= VSC − (1− DSC )Vdc (5)

IV. CONTROL OF THE DC BUS VOLTAGE OF DIFFERENT
SYSTEMS OF TRAIN AND STATION
The principle of the control system of SC, train and stationary
system are described in Fig. 6. The PI controllers F(s),
H(s) and J(s) calculate the reference current of the DC bus
of SC system, the train system and the stationary system,
iSC−dc−ref , ibat−dcT−ref and ibat−dcS−ref , respectively. The PI
controllers G(s), I(s) and K(s) calculate the duty cycle of SC
system DSC , train system DT and the stationary system DS ,
respectively.

The management of the three DC bus is insured with a
voltage control. The calculating of the parameters of this
PI controller (F(s), H(s) and J(s)) is given by the following
equations:

Cdc−SC
dVdc−SC

dt
= iL−SC (1− DSC )−

Vdc−SC
rL−SC

− iSC−dc

(6)

LSC
diL−SC
dt

= VSC − (1− DSC )Vdc−SC (7)

where βSC = 1− DSC . Then,

Cdc−SC
dVdc−SC

dt
= iL−SCβSC −

Vdc−SC
rL−SC

− iSC−dc (8)

LSC
diL−SC
dt

= VSC − βSCVdc−SC (9)

Thereby, the dynamic equation is expressed as:

Cdc−SC
dVdc−SC

dt
= iL−SC

VSC
Vdc−SC

−
Vdc−SC
rL−SC

− iSC−dc (10)

By supposing X = V 2
dc−SC is replaced, the linear function is

expressed by:

dX
dt
= 2Vdc−SC

dVdc−SC
dt

(11)

where

dVdc−SC
dt

=
1

2Vdc−SC

dX
dt

(12)

The main equation is given:

Cdc−SC
dX
dt
= 2iL−SCVSC − 2

X
rL−SC

− 2iSC−dcVdc−SC

(13)
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FIGURE 6. Bloc diagram of the energy management.

FIGURE 7. Simulation test of station 1. (a) PV and wind current of station 1. (b) Charge current from station 1. (c) DC
bus voltage of station 1. (d) SoC of batteries of station 1.

The TF (transfer function) of between voltage and current in
Laplace domain is given by

FTx(s) ==
Vdc−SC(s)
ISC−dc(s)

=
VSC rL−SC

rL−SCCdc−SC
2 s+ 1

(14)

The TF of the SC system is represented by

F(s) = Kp−SC1 +
Ki−SC1

s
(15)

where Ki−SC1 and Kp−SC1 are the integral and proportional
gain used for SCs system control, respectively.

The TF of the train system is represented by

H (s) = Kp−T1 +
Ki−T1
s

(16)

Ki−T1 and Kp−T1 are the integral and proportional used for
the train system control, respectively. The transfer function of
the stationary system is expressed by the following equation.

J (s) = Kp−S1 +
Ki−S1
s

(17)

Ki−S1 and Kp−S1 are the integral and proportional gain
used for the stationary system control, respectively. From
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FIGURE 8. Simulation test of train 1. (a) Charge current of train 1 from station 1. (b) Charge current of train 1 from station 2. (c) Load power of train 1.
(d) SCs current of train 1. (e) SoC of SCs of train 1. (f) DC bus voltage of train 1.

equation (14) and (15) we deduce the following expression:

FTBF(s)

=

Kp−SC1rL−SCVSC
(
s+ Ki−SC1

Kp−SC1

)
Kp−SC1rL−SCVSC

(
s+ Ki−SC1

Kp−SC1

)
+ s

(
rL−SCCdc−SC

2 s+ 1
)

(18)

which gives (19), as shown at the bottom of the next page.
The closed-loop transfer function is the SC system is given

by (20), as shown at the bottom of the next page.
By identifying the denominator with that of the canonical

form the SC system, we deduce
ω2
n =

2
CSC

VSCKiSC1

Ki−SC1 =
ω2
n−SCCdc−SC

2VSC

(21)

where
2ξSCωn−SC =

2
rL−SCCdc−SC

(
Kp−SC1rL−SCVSC + 1

)
Kp−SC1 =

ξSCωn−SCrL−SCCdc−SC − 1
rL−SCVSC

(22)

where �n−SC is the pulsation for SC system, ξSC is the
damping coefficient for SC system.
Ki−T1 and Kp−T1 are the integral and proportional used for

the train system control, respectively. They are expressed by:

Ki−T1 =
ω2
n−TCdc−T
2Vdc−T

(23)

Kp−T1 =
ξTωn−T rL−TCdc−T − 1

rL−TVdc−T
(24)

where�n−SC is the pulsation used for train system, ξSC is the
damping coefficient used for train system.
Ki−S1 and Kp−S1 are the integral and proportional gain

used for the stationary system control, respectively. They are
expressed by:

Ki−S1 =
ω2
n−SCdc−S
2Vdc

(25)

Kp−S1 =
ξSωn−SrL−SCdc−S − 1

rL−SVdc
(26)

where�n−SC is the pulsation used for stationary system, ξSC
is the damping coefficient used for stationary system.

The control of the buck-boost converter is insured by a
current control. The calculating of the parameters of this
PI controller (G(s), I(s) and K(s)) is given by the same
methodology and is represented by the following equations:

VSC = LSC iL−SC (s)s+ RLoad iL−SC (s)

+ (1− DSC (s))Vdc−SC (27)

The DSC and ISC is expressed as follows:

ISC (s)
DSC (s)

=

Vdc−SC
RLoad

1+ LSC
RLoad

s
(28)

The TF of the SC system is given by the following equation.

G(s) =
Ki−SC2

(
1+ Kp−SC2

Ki−SC2
s
)

s
(29)
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The TF of the stationary system is expressed by the following
equation.

I (s) =
Ki−T2

(
1+ Kp−T2

Ki−T2
s
)

s
(30)

The TF of the stationary system is expressed by the following
equation.

K (s) =
Ki−S2

(
1+ Kp−S2

Ki−S2
s
)

s
(31)

In order to simplify the transfer function of the system,
a pole/zero and imposing compensation are assumed:
Kp−SC2
Ki−SC2

=
LSC
RLoad

. The new CLTF(s) becomes

CLTF(s) =
1

1+ RLoad
Vdc−SCKi−SC2

s
(32)

where

τSC =
RLoad

Vdc−SCKi−SC2
(33)

Then, Ki−SC2 and Kp−SC2 are the integral and proportional
used for the SC system control, respectively. They are
expressed by:

Ki−SC2 =
RLoad

τSCVdc−SC
(34)

Kp−SC2 =
LSC

τSCVdc−SC
(35)

Ki−T2 and Kp−T2 used for the train system control is
expressed by:

Ki−T2 =
RLoad−SC
τTVdc−T

(36)

Kp−T2 =
Lbat−T
τTVdc−T

(37)

Ki−S2 and Kp−S2 are the integral and proportional used for
the train system control, respectively. They are expressed by:

Ki−S2 =
RLoad−bat
τSVdc−S

(38)

Kp−S2 =
Lbat−S
τSVdc−S

(39)

τSC , τS and τT are the time constant used for SCs, train and
stationary system, respectively.

V. SIMULATION RESULTS
For test the feasibility of the presented strategy, a model of
the whole system is built by Matlab/Simulink software. The
proposed simulation test is presented by one station (station
1) and two trains (train 1 and train2). The simulation tests
are proposed with the same parameters of trains and stations
during 1000s. The scenario of wind, solar irradiation and
temperature is proposed variable.

The initial state of charge of batteries used in station 1 is
SoCbat−Station1 = 30%.

The initial state of charge of SCs used in train 1 is
SoCSC−Train1 = 66%.

The initial state of charge of SCs used in train 2
is SoCSC−Train2 = 66%.

Fig. 7 represents the simulation test of station 1. This
station is proposed by a microgrid using PV and wind
as a sources. The energy storage is insured by batteries.
Fig. 8 and 9 represent the simulation tests of train 1 and
train 2, respectively. In this simulation test, train 1 and train
2 charge from station 1 in different duration. Train 1 reach
station 1 at t=50s and train 2 reach station 1 at t=650s.
Fig. 7(a) represents the PV and wind current that is varied
between 1200A and 3000A.

The charge current of station 1 is illustrated in Fig. 7(b).
Train 1 charge from station 1 between t=50s and t=350s with
a constant current of Icharge−Station1 = 1000A for a duration
of fiveminutes. Train 2 charge from station 1 between t=650s
and t=950s with a constant current of Icharge−Station1 =
1000A for a duration of five minutes. The DC bus voltage
of station 1 in given in Fig. 7(c). It is fixed at 500V. The
stat of charge of batteries of station 1 is given in Fig. 7(d).
It is represented between 30% and 50%. Train 1 charge
from station 1 between t=50s and t=350s, and charge from
station 2 between t=800s and t=1000s. The charge current
of SCs from station 1 and 2 used for train 1 is given in
Fig. 8(a and b), respectively. Power and current of SCs are
shown in Fig. 8(c and d), respectively. The power and current
are positive and constant in the charging mode and negative
in the traction mode. The DC bus voltage of train 1 is 2000V
and is given in Fig. 8(e). The stat of charge of SCs of train
1 is given in Fig. 8(f). It varies between 61% and 67%
that represents an augmentation during charging mode and
reduction during traction mode.

Train 2 charge from station 1 between t=650s and t=950s.
The charge current of SCs from station 2 used for train 2

FTBF(s) =
Kp−SC1rL−SCVSC

(
s+ Ki−SC1

Kp−SC1

)
rL−SCCdc−SC

2 s2 +
(
Kp−SC1rL−SCVSC + 1

)
s+ Kp−SC1rL−SCVSC

Ki−SC1
Kp−SC1

(19)

CLTF(s) =

2
Cdc−SC

Kp−SCVSC
(
s+ Ki−SC1

Kp−SC1

)
s2 + 2

rL−SCCdc−SC

(
Kp−SC1rL−SCVSC + 1

)
s+ 2

Cdc−SC
VSCKi−SC1

(20)
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FIGURE 9. Simulation test of train 2. (a) Charge current of train 1 from station 1. (b) SCs current of train 2. (c) Load power of
train 2. (d) DC bus voltage of train 2. (e) SoC of SCs of train 2.

is given in Fig. 9(a). The power and SCs current are
represented in Fig. 9(b and c), respectively. The DC bus
current of train 1 is 2000V and is given in Fig. 9(d). The
stat of charge of SCs of train 1 is given in Fig. 9(e).
It varies between 69% and 66% that represents an augmen-
tation during charging mode and reduction during traction
mode.

The simulation results proof that the proposed energy
management system and control system give good results.

VI. CONCLUSION
The proposes techno-economicmethod for the energy storage
by using SCs in the train was presented in this paper. The
studied system is devised on two parts: station and train.
The design of railway station is presented by using PV and
wind as principal sources, and batteries for ESS. The train

is composed by engine and SCs. SCs are implemented to
the ESS of the train, where they are alimented from the
breaking phases and the stations by a pantograph installed
in an air power line in each stop. SCs are used for their
fast charge and discharge. An EMS is given in order to
stabilized the DC bus. The calculation of parameters of the
buck-boost converter are given. The Sizing of the integral
and proportional gain controller used for the stabilization of
the DC bus of train and station is given. A simulation test
was proposed with one station and two trains. The trains
recharge from the station in different times. The obtained
results showed that the given EMS and system design give
good results in order to stabilized the DC bus voltage and
reply to the need of energy by the engine. The future work
will be reserved to the application of this system with
AC engine.
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