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Abstract

Railway systems occupy a predominant role in urban transport, providing efficient, high-
capacity mobility. Progress in rail transport allows fast traveling, whilst environmental
concerns and CO, emissions are on the rise. The integration of railway systems with
renewable energy source (RES)-based stations presents a promising avenue to improve the
sustainability, reliability, and efficiency of urban transport networks. A storage system is
needed to both ensure a continuous power supply and meet train demand at the station.
Batteries (BTs) offer high energy density, while supercapacitors (SCs) offer both a large
number of charge and discharge cycles, and high-power density. This paper proposes a
hybrid RES (photovoltaic and wind), combined with batteries and supercapacitors con-
stituting the hybrid energy storage system (HESS). One major drawback of trains is the
long charging time required in stations, so they have been fitted with SCs to allow them to
charge up quickly. A new fuzzy energy management strategy (F-EMS) is proposed. This
supervision strategy optimizes the power flow between renewable energy sources, HESS,
and trains. DC bus voltage regulation is involved, maintaining BT and SC charging levels
within acceptable ranges. The simulation results, carried out using MATLAB/Simulink,
demonstrate the effectiveness of the suggested fuzzy energy management strategy for
various production conditions and train demand.

Keywords: railway system; hybrid renewable energy sources; batteries; supercapacitors;
fuzzy energy management strategy

1. Introduction
1.1. General Context and Motivation

Over the past few decades, energy consumption and pollution have increased signif-
icantly. Approximately 30% of greenhouse gas emissions are due to the transport sector,
underscoring an urgent intervention is needed for efficient reductions [1]. The growing
number of travelers led to the continuous development of public transportation systems,
particularly trains. The latter is increasingly preferred over other transport modes due
to its ability to carry large numbers of passengers. Although railway electrification is
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considered a promising solution, it still depends on carbon-intensive electricity grids [2].
The advancement in rail transport enables fast travel, however inducing environmental
concerns, such as CO, emissions and climate change, evoking the need to enhance energy
regulation and performance within railway systems [3]. Railways, representing a major
element of transport infrastructure, require significant energy quantities, rendering the
search for sustainable energy solutions crucial [4].

To further decarbonize railways, the integration of renewable energies and storage
systems into the railway traction network has therefore become essential to ensure a
sustainable energy transition [5]. Among these, solar energy is of great interest, attributed
to its evolution and reduced costs [6]. Furthermore, wind energy is widely investigated as
a reliable energy source, particularly in high wind potential regions [7]. The role of RES
in enhancing solar power performances is discussed in [7]. However, some challenges
should be overcome when renewable energies are fully integrated into railway systems.
The random nature of RESs, such as solar and wind energy, necessitates the development
of more reliable energy storage systems [8].

1.2. Literature Review

Much research has looked into how RES could be used in train systems. Some have
looked at how well RES-powered traction networks perform [9,10], while others have
looked at specific problems such as train safety [11], changes in energy supply [12], hybrid
traction supply systems [13], and solar integration at the substation level [14]. Researchers
have also looked into problems with power quality and how to coordinate train timetables
using RES [15,16].

Energy storage systems are designed to accumulate surplus power produced by
renewable sources in DC microgrid stations and provide it when there is a generating
shortage. In this way, energy storage systems maintain both voltage stability and power
balance within DC microgrid stations, addressing the intermittent nature of renewable
production and fluctuations in load demand [17-19]. Due to their technological maturity
and lower cost compared to other energy storage solutions, batteries are widely used
in various applications, particularly in DC microgrids [20,21]. However, batteries have
low power density, resulting in slower dynamic responses. Consequently, batteries alone
may not provide sufficient auxiliary services to DC microgrids during sudden variations
in load demand or RES generation, potentially leading to power outages during severe
transients. Supercapacitors, known for their high-power density and fast dynamic support,
can compensate for the slow response of batteries.

Nevertheless, SCs are more expensive than batteries, so reaching a compromise be-
tween performance and price is essential. This compromise can be achieved effectively by
combining BTs and SCs to form an HESS. The latter has been widely adopted in most hybrid
energy storage developments, as the two components complement their respective limits
while maintaining relatively low overall costs [22]. SCs are ideal for handling rapid energy
spikes, while batteries are more suited for the storage of large quantities of energy over
time [23]. The integration of HESS in microgrid stations presents significant challenges.

Dynamic stress on batteries during sudden environment changes can be reduced by
implementing an HESS [24,25]. Even though earlier studies have demonstrated improved
dynamic performance with HESS integration, little is known about how SC and BES interact.
Moreover, the effective use of ESS in DC microgrids is restricted by the lack of optimized
energy management strategies in many current HESS implementations.

An energy management strategy (EMS) is necessary for HESS in DC microgrid stations
in order to effectively coordinate the BTs and SCs’ charging and discharging process and
ensure power balance and voltage stability. It dynamically adjusts the power flow from
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BTs and SCs in response to varying conditions such as solar irradiance, wind speed, and
load demand, thereby optimizing system performance and reliability.

In order to control power exchange between the DC bus and HESS, a variety of energy
management techniques have been proposed in the literature [26-31]. These approaches
are generally classified into three main categories: filter-based control (FBC), droop-based
control (DBC), and rule-based control (RBC). A key limitation of these controllers lies in
their sensitivity to changes in system parameters. Therefore, an accurate mathematical
model of the system is required for its successful implementation. The RBC is known for
its simplicity and ease of implementation, making it a popular choice for real-time energy
management applications [32]. However, RBC is sensitive to parameter variations, which
can be a disadvantage. The DBC methods have been demonstrated to be among the most
efficacious decentralized control methods [33]. In [34], the authors provided a thorough
analysis and comparison of the various droop control strategies used in microgrid systems.
It is important to remember that HESS cannot be directly managed using conventional
droop control techniques. FBC uses a filter to decompose the electricity into high- and
low-frequency components. This method is characterized by its cost-effectiveness and ease
of use. However, the main drawback of FBC is its failure to account for the state of charge
of storage devices [35].

Intelligent control strategies, such as fuzzy logic control (FLC), artificial neural net-
works (ANNSs), and evolutionary algorithms (EAs) like genetic algorithms and dynamic
programming, offer reliable and efficient alternatives. FLC, in particular, has proven to
be both simple and effective for managing complex systems without requiring precise
mathematical models. According to [36-40], FLC has been applied in HESS control. In [37],
a three-mode FLC strategy for HESS power allocation is proposed. One mode focuses
on energy exchange between the SC and BT in a photovoltaic-integrated HESS, allowing
imbalances between supply and demand to be compensated via a multi-mode distributor
based on FLC. The goal is to prevent overcharging or deep discharging of storage devices.
The implementation study demonstrated acceptable SOC ranges for the storage systems
and improved power compensation efficiency.

In [38], energy-saving methods for hydrogen hybrid systems on small vessels are exam-
ined by comparing various energy management approaches to reduce energy consumption.
In [39], a fuzzy logic control algorithm is used to efficiently operate an HESS composed
of BTs and SCs. A fuzzy logic-based hybrid storage method combining BTs and SCs for
the safe and effective operation of a regenerative braking system is presented in [40]. The
authors of [41] further enhanced FLC performance by optimizing membership functions
using a particle swarm optimization (PSO) algorithm, which increases the complexity of
the management algorithm.

Table 1 presents a comparative review of the most prominent EMS techniques. It
highlights their key contributions, advantages, and limitations. For more details, the
interested readers are referred to [34].

Table 1. Comparative review of the most prominent EMS techniques.

Strategy Advantages Limitations Contribution to References
Energy Management
Simple Sensitive to parameter Ensures basic
RBC implementation, chan Pes; energy flow [26,28,30,32]
suitable for Lacks adaptability control using
real-time control predefined rules
. Requires accurate Shares load efficiently
e Demmladenel L rinen 28
8 & Limited flexibility sources based on

voltage/current levels
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Table 1. Cont.
Strategy Advantages Limitations Contribution to References
Energy Management
E ical Does not Separates low /high
FBC fa(s:??gsm:)fsé consider SOC, frequency [35]
P less effective under highly power demands for
variable loads storage assignment
Robust to Depends on Adapts to system
FLC uncertainties, expert-defined fluctuations; [36-40]
no need for exact rules handles nonlinear
model and membership and uncertain systems
functions
FLC Optimized More complex Enhances FLC
with fuzzy control; design; _performance [41]
PSO reduces battery higher via PSO for better
stress computational charge/discharge
cost scheduling
Learns complex Requires Predicts optimal
ANN nonlinear training data; power [31,34]
patterns, Computationally flows in dynamic
adaptive demanding conditions
Handles Slow convergence; Optimizes
EA multi-objective Not suitabl% for EMS parameters [27,29,42]
problems; real-time applications for long-term system
No gradient required efficiency

1.3. Contributions and Scope

Railway systems utilizing renewable energy sources demonstrate significant variability
in their power profiles, primarily attributed to unpredictable weather conditions and the
periods of train arrivals and departures. In this dynamic and unpredictable environment,
fuzzy logic control emerges as an efficient option due to its capacity to handle nonlinearities
and uncertainties without requiring an exact mathematical description of the system.

The studied system consists of a stationary hybrid RES (photovoltaic/wind) associated
with a hybrid energy storage system (batteries and supercapacitors) located at the station;
energy conversion is achieved using DC/DC and AC/DC converters. The trains represent
the mobile system, equipped with supercapacitors allowing the fast charging and engines.

In this paper, a new energy management strategy based on fuzzy logic (F-EMS) is
proposed, specifically designed to handle the nonlinear and uncertain behaviors associated
with renewable energy sources. By combining the advantages of fuzzy logic with the use of
a low-pass filter, this method directs rapid power fluctuations toward the supercapacitors.
It thus enables dynamic balancing of the energy flow within the HESS, while respecting the
charging constraints of both batteries and supercapacitors, and maintaining a stable DC
bus voltage.

By contrast, classical energy management techniques such as RBC, DBC, and FBC ex-
hibit a great deal of rigidity. Their usefulness in railway applications integrating renewable
energy sources is limited by their general sensitivity to system parameter variations and
lack of adaptability to changing or disturbed conditions. Furthermore, although artificial
intelligence-based methods (ANNs, and EAs) perform well in terms of adaptation and
optimization, they frequently require large amounts of training data and significant process-
ing capacity. These limitations make it difficult to deploy them in real time, especially in
decentralized or embedded systems like those found in smart rail networks. F-EMS is there-
fore a valuable trade-off between robustness, performance, and complexity—particularly
well-suited for rail microgrid energy management.

The main contributions of this study are as follows:

*  The novelty of this article concerns the fuzzy logic-based EMS (F-EMS) proposed for a
railway system integrating RES and HESS.
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¢  The study introduces a new F-EMS strategy for DC bus voltage control in a microgrid
station under varying irradiance and wind conditions.

¢ The fuzzy logic controller, associated with a low-pass filter, is utilized for storage
device energy management, taking into account the constraints imposed by BTs and
SCs, charging within acceptable limits.

¢ The proposed F-EMS performance is tested and validated under variable irradiance
and wind speeds for three stations (A, B, and C) where trains are equipped with
onboard SCs for rapid charging during stops.

*  Maximum power point tracking (MPPT) algorithms are implemented for photovoltaic
and wind power optimization.

e  This study illustrates the simplicity and robustness of F-EMS and demonstrates the
potential of intelligent fuzzy logic techniques for energy management, opening up
new avenues for traction system research.

The paper is structured as follows: Section 2 presents the studied railway system.
Section 3 provides the modeling of renewable energy sources. Section 4 deals with the
modeling of energy storage systems. Section 5 introduces the proposed F-EMS. Simulation
results, obtained using the MATLAB/Simulink environment, are illustrated in Section 6.
Finally, the study is concluded in Section 7, where we provide a conclusion and illustrate
the opportunities for future research.

2. Studied Railway System

Figure 1 represents the railway system under study. It comprises three passenger
stations (A, B, and C) separated by 10 km and 12 km apart, respectively. Trains stop at each
station for 5 to 10 min. Train 1, operating on the left-hand track, proceeds from Station A to
Station C, whereas train 2, running on the right-hand track, terminates its trip at Station A.
The structure and components of the stations are similar.

Each station is powered by two renewable energy sources, including a photovoltaic
generator and a wind turbine system. The maximum power extraction from both sources
is achieved using the MPPT algorithm. The energy produced by the PV /Wind sources is
stored in a hybrid energy storage system comprising batteries and supercapacitors. The
mobile element of the railway system is the train. It is equipped with supercapacitors that
function during braking and acceleration phases. The SCs are the most appropriate storage
devices for the railway system due to their rapid charge and discharge capabilities. Addi-
tionally, the train is equipped with electric motors and a pantograph mounted on the roof,
which is raised when the train is stationary and lowered while in motion between stations.

For simplification, the other components of the train and its operation are not consid-
ered in this work. Moreover, the rail system’s investment costs are not considered. The
proposed F-EMS is introduced to optimize the power flow between RES, HESS, and the
trains. When the train is at a station (charging mode), the SCs are charged using energy
from the station’s HESS. While the train is moving between stations (discharging mode),
the SCs supply the energy required by the train.

These microgrids can provide dependable, quick, and sustainable EV charging since
they may combine RES and HESS. Adoption of comparable intelligently controlled
microgrids for EV parking lots, such [43,44], has shown a great deal of promise in
lowering grid reliance and converting such stations into active nodes of future smart
transportation networks.
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Figure 1. Railway system configuration.

DC Microgrid Station Configuration

Each station represents a microgrid that combines photovoltaic, wind power systems,
and hybrid storage elements, as represented in Figure 2. The overall hybrid system is
designed to operate autonomously, ensuring a reliable and sustainable energy supply.
Power electronic converters are used to transform electrical energy. The photovoltaic
panels are connected to the microgrid via a boost converter, managed by a fuzzy MPPT
controller to achieve optimal PV power extraction.
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Figure 2. Block diagram of station configuration.
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The wind energy system includes a horizontal-axis wind turbine and permanent
magnet synchronous generator. It is interfaced with the microgrid through an AC/DC
converter controlled by a field-oriented control (FOC) strategy.

The power flow from the DC bus and HESS (BTs and SCs) is controlled by bidirectional
buck-boost converters, allowing independent control of each storage device. Using the
DC/DC buck-boost converters’ control, the balanced power is kept stable and the DC bus
voltage is maintained at 750 V. Once the train is in station, the SCs are charged from the
HESS through a buck-boost converter. The F-EMS is designed to supervise the railway
system and improved its energy efficiency by optimizing resources usage during train
stops. Additionally, it facilitates the rapid and efficient recharging of supercapacitors at
each station.

3. Modeling of Renewable Energy Resources and HESS
3.1. Photovoltaic Model

Photovoltaic cells convert sunlight directly into electrical power. The generated power
depends on environmental factors such as solar irradiance and temperature [42].

Ppy = f(G,T) 1)

where G and T are the solar irradiation and ambient temperature, respectively. The PV
electrical current is expressed as follows [45]:

Ns;AKT @

IPV = Iph_IO (exp —1) - (VH;:?:SIPV)
where I, and Iy are the photocurrent and saturation current, respectively. Ry, denotes the
shunt resistance, and Rys represents the serial resistance of the PV panel.

In this work, SIEMENS SM 110 modules [46] are used. The PV panel characteristics
are shown in Figure 3 under various irradiance levels at a fixed temperature of 25 °C and
under various temperatures with a constant irradiance of 1000 W/ m?.

These characteristics highlight the nonlinear nature of the photovoltaic panel. To
ensure continuous operation at the maximum power point, a fuzzy logic-based MPPT
algorithm is integrated into the system [47].

"_,— \ 1 L |‘\‘\ L -

1501 : —Jl_“l"u“‘m: \\‘\ : \\\. 150 . - : ..
_ ‘ =T | \\Is\ ! = ' :
= 004--""! TSl B0 .
¢ ' . N s 4
= | ‘_J " i z 1
a S04-- LT o 50 !
¢ 1z )

| 1
0. : 0 X
4 4> 1
60 50
PV Current (A) 00 PV Vollage (V) PV Current (A) 00 10 PV Valtage (V)

Figure 3. (a). PV panel characteristic curves with different temperature at 1000 W/ m?. (b). PV panel
characteristics curves for different irradiance at 25 °C.



Technologies 2025, 13, 334

8 of 25

3.2. Wind Turbine Model

Wind turbines transform the kinetic energy of flowing air into electrical power. Various
theoretical and mathematical models have been proposed to represent the basic principles of
wind turbine functioning [48]. The wind-derived power can be expressed as follows [49,50]:

1
Py = EPCPSWU-?U 3)

The torque generated by the turbine is given by

3

vw
4

1

where

- Sw is the swept area of the wind turbine;
- pis the air density, and v, is the wind velocity;
- )y is the wind turbine speed, and G is the mechanical gearbox ratio.

Figure 4 shows the wind turbine’s operating zones. In the second zone, the system
operates in MPPT mode to extract the maximum available wind power. When the wind
speed rises above the nominal value, the wind power is adjusted to its rated value by
varying the pitch angle § (zone III). In contrast, the turbine remains inactive in Zones I and
IV due to wind speeds falling outside the operational limits [51].

A
|( ) V4 A
1 i
Pw_max X - —
- . MPPT Pitch angle
[} 1
1
_ : Operation 1Operation
| o | | S
N i
N I | N
[} 1
1 1
} 1
1 1
! Zone(I1) . Zone(I11)
I 1 >
Veut-in Vrated V cut-out
Wind speed (m/s)

Figure 4. Operating zones of wind turbine.

PMSG Model

Permanent magnetic synchronous generators (PMSGs) are frequently utilized for wind
energy conversion owing to their high efficiency and dependability. Their functioning
is based on electromagnetic induction and the magnetic properties of permanent mag-
nets, which are founded on basic physical principles. In the dqdq reference frame, the
PMSG’s electrical model in matrix form and the formula for electromagnetic torque are as

follows [52]:
[ A ] [ O ] ©
Iys Ws @y

3
Tem = EP[(Pf + (Ld - Lq)lds} Igs (6)

Vds
Vs

Rs +sLy —wqu
wsLd Rs + SLq
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with Vs and Vs representing the d—q axis voltages, Iy and ;s denoting the d—q axis
currents, Ly and L, standing for the d—q axis inductances, Rs being the stator phase
resistance, and ¢ ¢ representing the magnet flux linkage.

Field-oriented control is used to control the PMSG. This approach controls the genera-
tor’s rotational speed and stator current, as described in reference [53].

4. Energy Storage Devices’ Modeling
4.1. Battery Modeling

Batteries are connected to the DC microgrid via a bidirectional buck-boost con-
verter. Numerous models have been developed in the literature to describe battery
behavior [28,30,49,50]. A commonly used model, characterized by high energy density,
is proposed in [54,55]. In this study, the RC model is adopted. An equivalent circuit model
for battery is shown in Figure 5.

The battery voltage is expressed by the following equation:

Vbat =Ey— Rbatlbat - Vcbat (7)

The battery state of charge can be calculated as follows:

Qao — Ipar-t

S50C=1-
Cbat

(8)
where Cp,; denotes the nominal capacity (Ah), Eg represents the electromotive force corre-
sponding to the no-load voltage, and Ry, denotes the internal resistance. Meanwhile, I
represents the current flowing through the battery, V,,,,; denotes the capacitor voltage of
the battery, while Q4o represents the initial amount of electric charge.

C

bat Rbat Ibat
| | —1 >
I I | S |

EO C) Vbat

Figure 5. Electrical circuit of battery.

4.2. Supercapacitor Modeling

Due to the battery’s slower dynamic response and the potential of early deterioration, a
secondary energy storage device is used. Supercapacitor technology is selected for its high-
power capability. It is connected to the microgrid via a bidirectional buck-boost converter
and is designed to absorb or supply power peaks. Figure 6 gives the simplified circuit
model. The first R;C; represents the fast-response behavior of the supercapacitor during
rapid charge/discharge cycles over a few seconds. The RyC, branch models the slower
dynamics, capturing the internal energy redistribution that occurs over a span of several
minutes. This branch complements the first, providing a more complete representation of
the supercapacitor’s behavior.
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Figure 6. Supercapacitor simplified circuit.

The primary capacitance Cy, referred to the differential capacitance, depends on
the voltage V1, a constant capacitance Cy, and a parameter C,; it can be calculated as
follows [56]:

C1=C+C,-V; )

The supercapacitor voltage is given by the following equation:

—Co+4/C3+2CyQy
+ Rqlsc (10

Co

Vsc =
The charge Q; is calculated using the follow equation:
Q1 = CoV4 +0.5C, V42 (11)

5. Proposed Fuzzy Energy Management Strategy

The design and implementation of an appropriate management system is very im-
portant in a hybrid energy systems, as well as the selection of an optimal control method
for HESS application and system configuration. A prudent power strategy is necessary to
guarantee the safe, steady, and system-effective operation.

5.1. Station DC Bus Control

In remote areas, renewable energy systems frequently employ a shared DC bus for sev-
eral reasons such as simplicity, flexibility, and compatibility with multiple energy sources.
However, one of the main challenges is the precise and prompt DC bus voltage regulation.
HESS is utilized to swiftly restore the DC bus voltage and efficiently allocate energy be-
tween the storage system devices (SCs, BTs) in an autonomous system. Figure 7 shows
the DC bus voltage control at its specified reference value (V. = 750 V); a proportional
integral (PI) corrector is used to compute the reference current.

The EMS provides the reference currents for both the batteries and the supercapacitors.
In the event of a malfunction in an element such as SOC issue, power failure, or variation
in generating power from renewable energy sources, the batteries and supercapacitors are
responsible for maintaining the DC bus voltage control. The total currents I;; and Ip,; must
at any time correspond to the total direct current I ..

Idc = Ibut + Ise (12)

Current peaks can be mitigated by incorporating a low-pass filter into the EMS, which
smooths the I},;; into an exponential form. The expressions of Is. and I, are given as follows:

t
Ibut = Idc <1 - exp(— T) (13)
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t
Lse = Ijcexp (—) (14)
T
The following equation describes the different currents available on the DC bus:
av,
Cac dtdc = Ipy+Twt—Ipat—Isc—I10ad (15)
Buck-Boost Buck-Boost
Converter Ihyb ILoaa Converter

_——_———- —————
[ Ly o Lpae \ Ivat

Supercapacitors Batteries

Figure 7. Schematic diagram of the HESS control strategy of station.

5.2. Energy Management Strategy

The F-EMS is designed to control the current flow and reduce the number of
charge/discharge cycles of BTs, thereby enhancing their performances. It accurately deter-
mines the reference currents for the BTs and SCs by monitoring the SOC of each storage
unit and ensuring it remains within acceptable limits. The method used for determining
the reference currents of BTs (Iyy—ref) and SCs (Is._ref) is represented in Figure 8. An
LPF is employed to smooth the DC bus reference current (I;.). The purpose of the LPF
is to construct the reference current of the BTs(I},;;) and to divert its rapid fluctuations to
the SCs. After that, the SC current reference is defined by the gap between I;. and I,;.
The modeling choices were guided by the objective of representing a realistic and efficient
energy management strategy within a railway microgrid integrating RES and HESS.

e mm Em Em Em ... - = =y,
- P8 | lhar-s1 A
Iy Ipat S —w >0 1
< LPF z I‘ o -|—. _L I
Lye I
N — =+ lpat—
- > SOCpae —— at—ref
506ba4_> |
—
SOCSC I—P SOCSC _’: Isc—ref
. ‘
Isc I Power flux control ~ r;at&sc I
+ \ S, b >0 Control 1
> —=a Ise_so
Ve - = o
F—EMS

Figure 8. Fuzzy logic energy management supervisor.

5.2.1. Fuzzy Logic for Power Flow Control

Two switches (S; and Sp) are used to calculate the accurate reference current of the SCs
and BTs, taking into account the SOC of each storage unit. The switches are controlled by a
fuzzy logic system, fulfilling a key role in enhancing the overall system performance.
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e  Switch S; allows one to select between I;. and Ij;.
If I is positive and SOCsc > SOCsc_ max, then Iy g1 = Iyc; else, Ipgrgr = Ipay-
If 14 is negative and SOCsc < SOCsc_ min, then Ipg_s1 = Iyc; else, Ipgrg1 = Ipgt-
e  Switch S; allows one to select between I;. and Ig,.
If 1, is positive and SOCy,; > SOCpst_ gy, then Lo _sp = Iy; else, Iyc_gp = Isc.
If 1;. is negative and SOCp,y < SOCppt_min, then Is._sp = 1y else, I—gp = L.

The transformation of digital inputs into linguistic outputs represents the fuzzification
stage, defining membership functions (MFs) for each input. The definition of MFs is a
critical step in the implementation of the fuzzy power management. The selection of MFs
is based on empirical considerations, drawing on the expertise of the system. Given that
the sets of fuzzy inputs determine the number of fuzzy rules, it will focus exclusively on
the sets relevant to the specific case study, as shown in Figure 9.

Two MFs are defined for the I;, current, negative (N), and positive (P), correspond-
ing to SC and BT charge and discharge modes, whereas the SOCy,;; and SOCs,. are ana-
lyzed using three MFs: low (L), medium (M), and high (H). The low and high sets are
used to prevent deep discharge and overcharge, ensuring storage system availability and
protection. The medium set is used to store excess renewable energy and make up for
oversubscribed power.

The sets selected for the MFs of the switches’ (5; and S;) command signals are such
that the output variable’s potential values are estimated to be between (—1 and 1).

Table 2 provides a description of the inference matrix used to identify the control rules.
In fact, the same table donates the rules between I;, and SOCy,; to determine the control
signal of the switch S; (S; allows to select between I;. and I;,; depending on the SOCy,;),
and the same table is used for rule donation between I;. and SOCs,, to determine S, control
signal (S; allows one to select between I;, and ;. depending on SOCs;).

Table 2. S; and S, rules.

. SOCp,t/SOCs.
S S
1ands2 L M H
P N N P
Idc
N P N N
Wac uSOCsc; SOCpqe
A . b L M H
X IdC\ X SOCSC\
1 02 02 1 5 15 85 95 S0C, .
@ (b) bat
pS1;uS2
1 N P
>< S1;,52
1 02 02 1

(©)
Figure 9. Block Diagram of proposed fuzzy logic-based power flow control: (a,b) input membership
functions, (c) output membership functions.
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5.2.2. BT and SC Precise Reference Current Selection

Fuzzy logic (BT and SC control) is used to choose the exact reference current for BTs
and SCs by keeping each storage system’s state of charge within reasonable bounds, and so
protecting them from overcharging and excessive discharge. Four inputs (SOCp,;, SOCsc,
Ipat_s1, Lsc_s2) and two outputs (Ipas_ref, Lsc_rer) are considered, as shown in Figure 10.

Three MFs are taken into account for both battery and SC current, negative (N), zero
(Z), and positive (P). These are selected to meet the requirements of the proposed control
strategy, where N and P correspond to discharge and charge modes, respectively. Similarly,
the SOG,,; and SOCg( are considered using three MFs: low (L), medium (M), and high (H).

’\ESOCbat; LsoCsc, " ] AulbauefN i ,
_>< X SOCha ><>< ot st
05 15 - Y s%csc 1 02002 'l
/\“lhaLSl ’\Ll«uscisz , ; Aulsc_ref " , ;

1 020 02 T 1 020 0.2 g

Figure 10. Block diagram of proposed fuzzy logic-based SOC control (input and output membership
functions).

Table 3 represents the inference matrix, used to define the control rules linking the
fuzzy inputs and outputs. Indeed, both battery and the supercapacitor reference currents
are determined based on the rules outlined in this table.

Table 3. Iy ror and Isc s rules.

SOCput, SOCsc
M

Ibat_refl ISC_ref

N
Ipat—31. Isc—5s2 7
P

SN N =
=IN | Z
NN|Z| T

6. Simulation Results and Discussion

The effectiveness of the proposed energy management strategy is tested and presented
in this section for different simulation tests. The studied railway system design is already
examined in [26]. Both wind and PV power generating system are considered 3 MW. The
train power is 3.5 MW, which may correspond to 3.5 MW of regenerative energy to be fed
back into the SCT. All system parameters are provided in the Appendices A and B. The
global system model was developed within MATLAB/Simulink, and the simulation results
are presented for a duration of one hour.

To ensure continuous power supply of the trains and to avoid BT and SC damage
related to the train operations, it is necessary to maintain the storage devices SOC at
acceptable levels. In this study, the SOC is maintained between a minimum of 10% and a
maximum of 90%.

The proposed simulation test involves three stations (A, B, and C) and two trains
(train 1 and train 2), with the same parameters. The trains travel in opposite directions:
train 1 starts from station (A) towards station (C), passing through station (B), and train 2
starts from station (C) towards station (A), passing through station (B).
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6.1. Station Simulation Test
6.1.1. Simulation Test Performed on Station (A)

Station A is powered by the microgrid including PV and wind power sources, sup-
ported by HEES. The initial SOCs of BTs and SCs are 55% and 48%, respectively. The
simulation results are displayed in Figure 11. The generated maximum PV and wind
powers are depicted in Figure 11a,b, respectively, for variable irradiance, temperature, and
wind speed. Figure 11c shows the BT and SC reference currents over time, which vary
depending on the current available in the DC bus. Accurate monitoring of these current
profiles is essential to ensure correct charging and discharging of the storage components.

The hybrid station (A) and train load currents are illustrated in Figure 11d. The hybrid
current is varied between 400 A and 800 A. The two trains charge, from station (A), with
a constant current (I ,,7 = 900 A) during 5 min. Specifically, train 1 charges from station
(A) during the interval t = 0 to t = 5 min, while train 2 arrives at station (A) at t = 45 min.
The BTs” SOC is carefully controlled, staying within the range of 55% to 78%, while the SCs’
SOC varies between 47% to 69%, as shown in Figure 11e. Notably, regardless of changes in
train load and power supply source, the batteries and supercapacitors both keep their SOC
within the specified bounds. Figure 11f displays the waveform of the DC link voltage of
station (A). The voltage is well-controlled and shows a strong correlation with its reference
value of 750 V. It is necessary to ensure an effective DC link voltage control in order to
ensure the global system management and guarantee an efficiently operation.
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Figure 11. Simulation test of station A. (a) Wind power. (b) Photovoltaic power. (c) BT and SC
currents of station A. (d) Hybrid current and charge current from station A. (e) SOC of BTs and SCs
of station A. (f) DC bus voltage of station.
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6.1.2. Simulation Test on Station (B)

Station (B) is structurally analogous to station (A), incorporating the same microgrid
configuration. Figure 12a,b illustrate photovoltaic and wind power, respectively. Figure 12c
depicts the temporal fluctuations in BT and SC currents due to the imposed wind speed
profile that causes variations in the DC bus current.

Figure 12d illustrates the hybrid source current alongside the current required by
the trains. It also presents the graphic of the needed trains’ charging current when the
pantographs of trains 1 and 2 are elevated to charge the SCT. In this simulation test, trains 1
and 2 are charged from station (B) for varying durations. Train 1 arrives at station (B) at
t = 20 min and train 2 reaches it at t = 30 min.

Figure 12e illustrates the state of charge of the BTs and SCs. The SOC,,; is precisely
controlled within the range of 55% to 59.5%. The SOCs. demonstrates fluctuation, ranging
from 47.7% to 55.5%. Both BTs and SCs consistently uphold their state of charge within
specified limits, regardless of fluctuations in train load and power supply source. The DC
link voltage of station (B), as shown in Figure 12f, demonstrates a strong association with
its reference value. The system is well regulated to attain the specified voltage, thereby
sustaining a steady state at the reference value with minimal variations.
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Figure 12. Simulation test of station (B). (a) Wind power. (b) Photovoltaic power. (c¢) BT and SC
currents of station B. (d) Hybrid current and charge current from station B. (e) SOC of BTs and SCs of
station B. (f) DC bus voltage of station.
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6.1.3. Simulation Test Performed on Station (C)

Figure 13 represents the simulation test conducted for station (C), which is structurally
similar to stations (A) and (B). The incorporation of an F-EMS establishes dynamic control
mechanism that not only prolongs battery life but also enhances overall system efficiency.

Figure 13a,b illustrate the generated PV and wind power, respectively. Batteries and
supercapacitors’ current waveforms are illustrated in Figure 13c. The currents of the BTs
and SCs demonstrate a similar variation in reaction to the changes in the DC bus current.
This current fluctuates based on the availability of DC bus current. Monitoring these current
profiles is crucial to ensuring that the energy storage components are adequately charged
and discharged. The F-MS adaptive performance under varying environmental conditions
enhances SOC management, delivering a dependable and robust energy supply.
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Figure 13. Simulation test of station (C). (a) Wind power. (b) Photovoltaic power. (c¢) BT and SC
currents of station C. (d) Hybrid current and charge current from station C. (e) SOC of BTs and SCs of
station C. (f) DC bus voltage of station.
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Figure 13d shows the hybrid source current and the charging current profiles when
the pantographs of trains 1 and 2 are elevated to charge the supercapacitors at this station.
In this scenario, train 2 arrives at station (C) at t = 15 min, followed by train 1 at t = 50 min,
leading to distinct charging intervals for each train. Both trains draw from station C with
an identical steady current (I1,,y = 900 A).

An analysis of the SOC patterns over the course of the extensive simulation period
(Figure 13e) provides crucial insights into energy storage dynamics. The SOC trends clearly
illustrate the dynamic charging and discharging cycles of the BTs and SCs, which effectively
respond to fluctuations in irradiance, wind speed, and train current demand. This dynamic
behavior underscores the adaptability of the BTs and SCs to balance charging/discharging
modes, playing a significant role in maintaining system stability. The SOCy,; is subject
to stringent regulation, operating within a range of 55% and 87.2%. In contrast, the
SOCs, demonstrates variability, fluctuating between 50% and 56%. The simulation results
presented in Figure 13f confirm the stability of the DC bus voltage over the entire 60 min
period, validating the accuracy and speed response of the implemented control strategy.

These results confirm that the proposed F-EMS successfully achieves the intended
objectives of the hybrid system, including stable energy supply, efficient storage utilization,
and reliable system operation under varying conditions.

6.2. Train Simulation Test

The energy storage technology used for the train system is based on supercapacitors.
The module chosen for the train is the BMODO0063 P125 B0O8SC, manufactured by Maxwell
Technologies [57]. The simulation procedure was implemented considering SCT with the
features reported in Appendix B.

6.2.1. Simulation Test of Train 1

The train’s operating cycle is divided into four traction states: acceleration, constant
speed operation, braking, and stop. These phases correspond to two charging and discharg-
ing modes of the SCr. Each duty cycle is executed over a fixed duration of approximately
20 min. Acceleration begins at the departure of each station and then establishes a constant
operating speed, while braking depends on the next arrival station. Figure 14a,b show
the power and current of the SCT during stopping, acceleration, cruising, and braking.
It should be noted that power is positive in both charging and braking modes while it is
negative in traction mode.

Statel: Stopping and SCr charging

In this state, the train receives electrical power from the microgrid stations through a
pantograph. Train 1 arrives at station (A) at t = 0 min and departs after 5 min. During this
period, the SCT is charged with a constant current of 900 A. It charges with a same current
from station B between t = 20 and t = 25 min, and at station C between t = 40 and t = 45
min. Throughout this period, traction power is zero. After an SCT charge, the pantograph
takes a few seconds to descend. At the end of this state, the train is electrically isolated and
moves on to the next station.

State2: Departure and acceleration phase

The train proceeds to the next station, drawing the necessary acceleration current from
the SCT. During this phase, it remains disconnected from the microgrid station. This state
occurs during the intervals [5-7] min, [25-27] min, and [45-47] min.

State3: Constant operating speed

This state corresponds to the time intervals [7-18] min, [27-38] min, and [47-58] min,
during which the train is in movement. In this phase, the SCT power is negative, corre-
sponding to the traction mode and the SOC,. decreases.
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State4: Braking phase

A significant quantity of regenerative current is generally produced, with storage
being utilized predominantly. At the end of this phase, train 1 arrives at the station and
begins to recharge. This state corresponds to the time intervals [18-20] min, [38—40] min,
and [58-60] min. The SOCs, waveform of train 1 is given in Figure 14c, varies between
65% and 38.5%, indicating an augmentation during charging mode and reduction during

traction mode. The DC bus voltage of SCT is given in Figure 14d. It follows its reference
value of 750 V.
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Figure 14. Simulation test of train 1 moving from station (A) to station (C): (a) SCT power profile from
station (A) to station (C). (b) Current required to the SCT. (¢) SCT state of charge. (d) DC bus voltage.

6.2.2. Simulation Test of Train 2

The simulated operating cycle, including the SCT charging and discharging modes, is
shown in Figure 15. The SCT power and current are negative in traction mode and positive
during charging/braking modes.

State 1: Stopping and SCT Charging

Train 2 charges with a constant current of 900 A from station (C) between t = 15 min
and t = 20 min, and again from station (B) between t = 30 min and t = 35 min. Upon reaching
station (A), it resumes charging between t = 45 min and t = 50 min with the same current.

In this state, the station supplies the train with electricity via the pantograph connected to
the overhead line.

State 2: State of departure and acceleration
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The train moves on to the next station. The SCT supplies the current required for
acceleration. The train is currently disconnected from the microgrid station. The instants
t =20 min to t = 22 min, t = 35 min to t = 37 min, and t = 50 min to t = 53 min all correspond
to this state.

State 3: State of coasting

Driving resistance usually leads to natural deceleration of the train. However, on
tracks with negative gradients, velocity may rise. This operational state corresponds to the
instants from t = 0 min to t = 5 min, t = 22 min to t = 25 min, t = 37 min to t = 39 min, and
t =53 min to t = 55 min.

State 4: Re-acceleration

To restore the train’s velocity to the typical operating range following a coasting phase,
a re-acceleration operation is carried out.

State 5: Arrival braking

This state corresponds to the instants from t = 13 min to t = 15 min, from t = 28 min
to t = 30 min, from t = 43 min to t = 45 min, and from t = 58 min to 60 min. During these
periods, a significant amount of regenerative current is typically generated. At the end of
this phase, train 2 reaches the station and begins the recharging process. The SOC of SCT is
given in Figure 15¢, showing a variation between 80% and 69.5%. This reflects an increase

during the charging mode and a decrease during traction. The DC bus voltage of train 2 is
given in Figure 15d.
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Figure 15. Simulation test of train 2 moving from station (C ) to station (A): (a) Power profile from
station C to station A. (b) Waveform of SCT current. (c) SOC of SCT. (d) DC bus voltage.

6.2.3. Comparative Performance Analysis of F-EMS for Three Charging Stations

Simulations carried out on the three stations demonstrate the effectiveness and ro-
bustness of the fuzzy energy management system in a hybrid microgrid dedicated to
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supplying electric trains. This system manages to keep the DC bus voltage stable around
its nominal value of 750 V, thus guaranteeing uninterrupted power supply. It also ensures
that the batteries and supercapacitors’ states of charge are rigorously controlled, keeping
them within their safe operating range to avoid overcharging or deep discharge. Through
its real-time adaptation capability, the F-EMS dynamically adjusts charge and discharge
currents according to variations in load and the availability of renewable sources.
The obtained results from the three stations highlight several important conclusions:
- SCs have played an essential role in absorbing current peaks and stabilizing rapid
fluctuations, particularly in Station C. Their more dynamic operation than batteries
fully justifies their integration into the system.
- Precise management of the state of charge is a key factor in guaranteeing system
reliability. F-EMS manages to avoid deep discharges or overloads, while ensuring an
efficient energy response.

A detailed summary of the F-EMS performance metrics for each station is presented
in Table 4.

Table 4. A summary of the F-EMS performances for the three stations (A, B, and C).

Performances Station A Station B Station C

Train charging Train 1: t = 0 min Train 1: t = 20 min Train 2: t = 15 min

time Train 2: t = 45 min Train 2: t = 30 min Train 1: t = 50 min

Train charging 900 A for 5 min 900 A for 5 min 900 A for 5 min

current

BT SOC 55-78% 55-59.5% 55-87.2%

SC SOC 47-69% 47.7-5.5% 50-56.9%

BT /SC current Fast response and well-controlled Sensitive to wind Well-controlled, fast

responses according to DC current fluctuations dynamic response

DC bus voltage Stable, close to reference Value of Stability Rroylded, low Perfectly stable over 60 min

750V variations

F-EMS Good dynamic control fast response Precise c ontrol under High adaptability and

variable load robustness

7. Conclusions

Renewable energies sources (RESs) have been increasingly used for railway traction,
especially as environmental concerns grow regarding conventional grid-based electrifica-
tion. Integrating railway systems with station-based RESs is a promising way for improving
the efficiency of urban transport networks. The studied railway application consists of a
stationary hybrid RES (photovoltaic/wind) associated to an HESS (BTs and SCs) located in
station. The trains are equipped with SCTs as storage devices, for their advantage of rapid
charging and discharging.

An effective energy management strategy is essential for the reliable operation of such
a hybrid energy storage system. In this work, a fuzzy-based energy management system is
proposed for dynamically selecting the appropriate reference currents for the HESS. This
selection is based on real-time monitoring of the SOC of each storage component, thereby
maintaining SOC levels within safe operating limits. This approach improves both the
performance and lifespan of the storage devices. Furthermore, the F-EMS guarantees power
balance within the microgrid and maintains DC bus voltage stability. To evaluate the effec-
tiveness of the proposed strategy, simulation tests were conducted in MATLAB/Simulink
on a railway system comprising three stations and two trains, under varying conditions of
irradiance, wind speed, and load demand.
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Further simulation tests were carried out by considered the traction states (acceleration,
constant speed operation, braking, and stop) during each operating cycle and the results
show the potential of F-EMS to manage railway system operation with a high degree of
accuracy and mastery.

The obtained results clearly demonstrated the effectiveness of the proposed approach
in numerous elements of system operation. Specifically, the F-EMS successfully stabilized
the DC bus voltage, ensured the delivery of sufficient load current to meet the trains” power
demands, and efficiently regulated the power flow between the BTs and SCs. The SOCy;
remained within safe limits, ranging from 55% to 78% in Station A, 55% to 59.5% in Station
B, and 55% to 87.2% in Station C. Similarly, the SOCgc was maintained within optimal
boundaries, between 47% and 69% at Station A, 47.7% and 55.5% at Station B, and 50%
and 56.9% at Station C. These findings verify the resilience and flexibility of the proposed
F-EMS under varied operating circumstances and energy demand scenarios.

Future works will focus on extending the simulation framework to longer durations,
incorporating seasonal variations and larger-scale systems with more trains and stations.
The integration of electric vehicles at railway stations, through vehicle-to-grid strategies,
is also a promising avenue to enhance grid flexibility and resilience. Additionally, a
comparative study between F-EMS and existing EMS approaches such as RBC, DBC, FBC,
and Al would offer deeper insights into performance advantages. Further improvements
could involve the automatic optimization of fuzzy rules and experimental validation,
paving the way for real-world deployment. Furthermore, the application of other recent
metaheuristic algorithms will be explored to enhance decision-making and control precision
in complex, dynamic environments.
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Abbreviations

GRr Mechanical gearbox ratio

G Solar irradiation

T Ambient temperature

Qy Wind turbine speed

Ipyh Photocurrent

Iy Shunt current

Rpos Serial resistance of PV panel
Cp Power coefficient of the turbine
Sw Swept area of the wind turbine
Vw Wind velocity

Vs, Vs d-q stator voltages
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G Secondary capacity

Ly, Igs The d-q stator currents

Ly ,Lq Leakage inductances

P Density of the air

Rs Stator phase resistance

Ey The emf that models the no-load voltage of the battery
Rpat Internal resistance of the battery

Ty Current through the capacitance

Vipat Capacitance voltage of the battery

Chat Nominal capacity of the battery

Qa0 Amount of electric charge

Co Constant parameters

C Primary capacitance

Co Constant capacitance

Wi Voltage of the first branch of the supercapacitor
Cac DC bus capacitor

Ve DC bus voltage

Lt Current generated by the wind turbine

Lpat Battery current

Isc Supercapacitor current

I oad Load current

SOCsc—max ~ Maximum state of charge of the battery
SOCsc—min  Minimum state of charge of the battery

SOCpys State of charge of the battery

SOCy,—max  Maximum state of charge of the supercapacitor
SOCp,;—min  Minimum state of charge of the supercapacitor
SOCgc State of charge of the supercapacitor

Lye Total direct current

Appendix A

Table A1. HESS parameters.

Parameters Values
SC Model Parameters
Rated capacitance 165 F
Maximum ESRDC initial 60m Q)
Test current for capacitance and ESRDC 100 A
Rated voltage 48V
Absolute maximum voltage 51V
Absolute maximum current 1900 A
Maximum series voltage 750V
SOCmux 900/0
SOC,,in 10%
BT Model Parameters
Nominal voltage 12V
Nominal capacity 100 Ah
Internal resistance 0.08 O)
SOC 0 90%
SOC,,iin 10%
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Appendix B

Table A2. SCt parameters.

SCT Model Parameters

Capacitance 63 F
Rated voltage 125V
Stored Energy 140 Wh
Nominal Voltage 750 V
Maximum series voltage 1500 V
Absolute maximum current 1900 A
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