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Abstract

The rapid development of electric transport necessitates efficient energy storage and re-
distribution in traction systems. A key challenge is the utilization of regenerative braking
energy, which is often dissipated in resistors due to network saturation and limited con-
sumption capacity. The paper addresses the problem of inefficient energy utilization in
electric rail vehicles due to the absence of effective energy recovery mechanisms. A specific
challenge arises when managing energy recuperated during regenerative braking, which is
typically lost if not immediately reused. This study proposes the integration of on-board
energy storage systems (ESS) based on supercapacitor technology to temporarily store
excess braking energy. A mathematical model of a traction drive with a DC motor and
supercapacitor-based ESS is developed, accounting for variable load profiles and typical
urban driving cycles. Simulation results demonstrate potential energy savings of up to 30%,
validating the feasibility of the proposed solution. The model also enables system-level
analysis for optimal ESS sizing and placement in electric rail vehicles.

Keywords: energy storage systems; regenerative braking; traction networks; simulation
modeling; energy efficiency; electric transport; supercapacitors; power redistribution;
sustainable transportation

1. Introduction
In the modern world, the rapid development of electric transport requires solving the

key tasks: the effective accumulation and redistribution of energy in traction systems [1].
Against the backdrop of the global transition to environmentally friendly modes of trans-
port, including trams, trolleybuses, and electric trains, ensuring sustainable and economical
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use of energy has become a priority area of research [2–4]. A particularly important task
is the rational use of regenerative braking energy, which is often lost through dissipation
in rheostats under conditions of a saturated contact network and limited consumption
opportunities. This problem is especially acute in megacities with intensive traffic of electric
transport, where the share of energy losses reaches significant values, and the load on
traction substations increases [5,6].

One of the ways to solve this problem is the use of on-board energy storage devices
placed directly on rolling stock. This approach allows accumulating recuperative energy for
subsequent use within the section of traffic without a contact network or at times of high
loads. For example, in [7], based on lithium-ion storage devices for trams, a 20–25% reduction
in the energy consumption of traction substations was achieved. Similar results were obtained
in [8], where the use of on-board supercapacitor systems provided an 18% reduction in energy
losses. However, the disadvantages of the approach entail complicating the design of rolling
stock, increasing its weight, thus increasing energy consumption for transport work, and the
high cost of modernizing the existing fleet of equipment [9,10].

Another solution is the placement of stationary energy storage devices near traction
substations. In particular, the authors [11,12] demonstrate the installation of stationary
battery systems capable of reducing load peaks at substations by 15–30% and stabilizing the
voltage in the network. In the experiments described in [13], the use of lithium iron phos-
phate batteries gave a 22% increase in the regenerative energy utilization rate. However,
stationary storage requires significant capital investment and additional space near substa-
tions, and is associated with difficulties when integrating it into existing infrastructure [14].

Some authors suggest the use of intelligent control systems for braking and recupera-
tion modes. Predictive control algorithms considered in [15] make it possible to optimize
the moment of switching between regenerative and rheostat braking depending on the
state of the network and the location of trains. Such approaches provide an increase in
recovery efficiency by 10–15% without significant hardware changes. However, the main
limitation is the high sensitivity of algorithms to forecasting errors, as well as the need to
equip the entire network with a comprehensive monitoring system [16].

Another option for solving the problem under consideration is using superconducting
energy storage devices (SMES systems). Studies [17,18] have shown that SMES can store
significant amounts of energy in a very short time with minimal losses, which makes them
especially effective in systems subject to sudden load surges. Numerical results indicate that
it is possible to reduce recuperative energy losses by 30–35%. However, the disadvantages
are an extremely high cost of materials, a need to maintain cryogenic temperatures, and the
complexity of the operation [19].

There are ways to improve the electrical characteristics of the traction contact network,
including its division into sections and installation of active filters. The authors of [20,21]
demonstrate that optimizing the structure of the contact network allows reducing the
resistance in wires and energy losses, and increasing the efficiency of receiving recuperative
energy by 8–12%. Nevertheless, such modernization measures for the contact network
require the reconstruction of a large volume of the contact network infrastructure (replacing
the current-consuming wire with a given cross-section and operational characteristics,
installing buffer drives at traction substations, etc.). They are associated with high financial
costs and delays in the work of the transport network during reconstruction works [22].

Against the background of these limitations, the direction considered in this work,
which is related to the simulation modeling of cycling processes of energy storage devices
integrated into the structure of traction networks, is of particular relevance [23]. The use
of simulation models makes it possible to predict the behavior of the system in various
operating modes at the design stage and to optimize the parameters of energy storage
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devices without the need for expensive full-scale experiments. In addition, the modeling
method provides flexibility in studying a wide range of factors, such as storage capacity,
the distance between rolling stocks, modes of operation, and characteristics of the contact
network, and allows for assessing the economic effect of introducing storage devices in
advance [24].

As part of the study, a detailed simulation model was developed in the MATLAB
7.11.0 environment [25], including functional units of the traction substation, supply lines,
a contact network, traction and recuperation rolling stock, as well as energy storage. Using
this model, the processes of energy accumulation during the regenerative braking of one
and two rolling stocks were studied, and the dependencies of the accumulated energy on
the distance to the substation and on the storage capacity were estimated. In addition, the
processes of the storage device's discharge when using its energy by traction rolling stock
are studied. The results obtained allow concluding that the use of energy storage devices is
highly effective in reducing energy consumption by traction substations and improving the
overall energy efficiency of transport systems [26].

In today’s world, the rapid development of electric transport requires solving the key
problems: efficient energy storage and redistribution in traction systems. Although the
rational use of regenerative braking energy has long been discussed in the literature, most
existing models either assume idealized conditions or focus on AC traction systems, leaving
a gap in modeling and optimization of DC-based infrastructure, which is still widely used
in many countries.

This study addresses this gap by developing a simulation-based mathematical model
for DC traction systems, in particular focusing on the integration of on-board or network
energy storage systems (ESS). The key novelty lies in the detailed modeling of recuperation
cycles, an energy transfer between rolling stocks and ESS over variable distances and
configurations, as well as accounting for efficiency losses during charge-discharge cycles.

Unlike many previously published works focusing on overall recovery efficiency, our
framework integrates the spatial layout of the trolleybus network and nonlinear resistances
of the overhead wires. Through parametric analysis of capacitor sizes, a distance to substa-
tions, and energy recovery rates, the study offers a practical approach to implementing ESS
without a complete infrastructure upgrade.

In addition, the proposed model takes into account the following characteristics: an
energy storage unit, charge-discharge efficiency losses, and a unit-level introduction in
the updated simulations. It involves capacitor size variations from −20 to +20% with
respect to cost efficiency, showing diminishing returns of over 10%. There is also technical
feasibility and space limitations for upgrading older DC traction vehicles with modern
supercapacitor banks, and analysis of the braking frequency sensitivity to the storage unit
cycling performance.

The improved methodology and results can assist urban transport operators in design-
ing cost-effective, energy-efficient systems using existing infrastructure, which is particu-
larly valuable in regions where full AC retrofit opportunities are not available.

The purpose of this work is to study the processes of cycling the energy storage device
in the traction network of the railway to assess the effectiveness of the storage of recupera-
tive energy. It includes determining the optimal parameters of the drives depending on
the working modes of the movement of electric transport and the characteristics of the
contact network.

The scientific novelty of the work is the development of a comprehensive simulation
model in the MATLAB 7.11.0 environment, which takes into account not only the processes
of cycling the energy storage device, but also the dynamics of the interaction of rolling stock
with the contact network, which makes it possible to more accurately predict the energy
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indicators of the system. The effect of the distance between rolling stocks and the substation
on the efficiency of recuperative energy storage was studied in detail, which allowed
identifying the optimal parameters for the placement of storage devices. New data on the
dependence of the stored energy on the storage capacity were obtained, which showed that
a capacity change within ±10% does not significantly influence energy efficiency, which
is important for the economic justification of projects. A method for integrating energy
storage into the existing infrastructure without its large-scale reconstruction is proposed,
which reduces implementation costs.

The main contributions of this paper are summarized below.

1. A mathematical model was developed for the analysis of energy storage processes
in an electric vehicle using a DC drive, taking into account real traction cycles and
supercapacitor behavior.

2. The model incorporates energy recuperation and allows the estimation of energy flows
under variable external loads.

3. A simulation framework was implemented to evaluate the efficiency of energy storage
under realistic duty cycles of urban electric vehicles.

4. The proposed approach was verified through a comparative analysis of energy con-
sumption with and without an energy storage device.

2. Methods and Materials
The study aimed to examine the processes of energy storage cycling in the electric

transport system using simulation modeling methods. The general plan of the experimental
work included the development of a simulation model of the traction network. It also
involved the creation of mathematical models of all the main elements of the system,
the adjustment of their parameters based on the real characteristics of the equipment,
and a series of computational experiments aimed at identifying the regularities of the
accumulation and use of recuperative energy [27]. In the work, the modes of charging the
energy storage device from one and two recuperating rolling stocks, as well as the efficiency
of using the storage device when powering traction trains in various operating conditions,
were studied. The experimental work covered the analysis of the dependence of the energy
and voltage accumulated on the storage device on the distance between rolling stocks and
the substation. It involved studying the effect of changing the storage capacity on its energy
performance and the assessment of the energy consumption of traction substations under
various scenarios of the system operation [28].

The main tool for the research was MATLAB 7.11.0 software environment version
8.11.0 (R2019b) using the built-in functionality for modeling systems of dynamics and
electrical Simulink circuits [29]. To build the model, the standard blocks of the Simscape
Power Systems library were used, supplemented by the developed specialized blocks for
the regenerative braking, a traction mode of rolling stock operation, and the functioning
of the energy storage device. The MATLAB 7.11.0 software package was chosen due
to its wide capabilities for the simulation modeling of nonlinear dynamic processes in
electromechanical systems, a high degree of flexibility in setting up models, and the ability
to conduct a series of calculations with variable parameters [30].

The simulation model included six main functional elements, each of which was
implemented using the appropriate blocks and configured in accordance with the technical
characteristics of the real equipment. The model of the traction substation was a DC
voltage source [31] that maintained the power level of the contact system in the range
from 550 to 715 V according to the requirements of IEC 60038:1983 (6th ed.) [32] in terms
of rated voltages. As a contact network, a 1.5 km long section was modeled. It was
made using the characteristics of the MF-100 contact wire, which has a resistivity of
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0.177 Ohm/km at an ambient temperature of 20 ◦C. In the model, this resistance was taken
into account by dividing the network section into ten equal sections with a resistance rating
of 0.0226 ohms each.

The model of traction rolling stock was built on the basis of the built-in “DC Machine”
unit in Simulink, which simulates the operation of a DC traction motor with series excita-
tion [33]. The thrust modes were controlled by simulating the operation of a pulse voltage
regulator implemented through the “Controlled pulse width modulated (PWM) Voltage
Source” unit, which supplied the motor with intermittent power. The starting currents of
the engine were limited by means of a relay element that regulated the range of amplitude
current values during the acceleration of rolling stock [34]. The modes of operation of
the model covered the full cycle from the start of the train to the exit mode, with the
simulation stopping when the specified run-down speed [35] was reached, determined by
the calculated data.

Particular attention was paid to modeling the mode of the electric braking of rolling
stock with energy recovery in the contact network [36]. For this purpose, a tracking
regenerative-rheostat braking (SRRT) scheme was built, implemented through the “Re-
cup_PS” unit, which takes into account the switching between the recuperation and rheostat
braking modes depending on the voltage level on the capacitor of the smoothing filter.
When the voltage exceeded the specified maximum value of 715 V, the system automatically
switched to the rheostat braking mode with energy dissipation on the brake resistor with a
rating that met the technical requirements for traction systems of electric vehicles. When
the voltage dropped below 690 V, the system again switched to the regenerative braking
mode, ensuring the maximum use of braking energy to recharge the storage device [37].

The energy storage device was modeled using a specially designed “ES” unit, which
included charge storage elements in the form of a capacitor, pulse cycling regulators, as
well as control elements that control the direction of the current depending on the operating
modes [38]. The charge and discharge of the storage device were controlled by giving
control signals “Charge” and “Discharge”, activating the corresponding pulse regulators.
Stabilization of charging processes and prevention of reverse currents were provided by
built-in diode cells. The operating voltage range of the energy storage device was set at
a minimum value of 550 V up to a maximum value of 715 V, which met the operational
requirements for the supply systems of urban electric transport [39].

The experimental work included several stages. At the first stage, charging the energy
storage device was simulated when braking one and two rolling stocks located at different
distances from the traction substation. During the simulation, the values of the accumulated
energy and the achieved voltage level on the storage device were recorded depending
on the coordinates of rolling stock in the contact network. Further, the dependence of
the accumulated energy on the value of the storage capacity was studied, for which the
experiments were conducted with the nominal capacity, as well as with its decrease and
increase by 10%. All modes of operation of the models corresponded to the real operating
conditions of transport systems: the resistance of the contact network, the implementation
of real characteristics of regenerative and rheostat braking, and the dynamics of changes in
current and voltage in the elements of the model [40].

At the next stage, discharging the energy storage device into the traction network to
power rolling stock was investigated. For this purpose, the model provided scenarios with
a different number of rolling stock (one or two) and with different initial charge levels of
the storage device [41]. The initial charge level was established based on the data obtained
at the stage of modeling charging processes. The experiments included simulating the
movement of trains at different distances from the substation and measuring the amount
of energy consumed by the traction substation depending on the presence or absence of
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energy storage in the system. During the research, the parameters of the storage device,
such as capacitance, maximum voltage, current ripples, and energy losses in diodes and
regulators, were carefully monitored and recorded for subsequent analysis.

To ensure the accuracy of the results, all calculations were performed using a fixed
simulation time step, which provides a stable numerical approximation of the cycling
processes. When analyzing the results, special attention was paid to comparing the data
obtained with the calculated values of the traction characteristics of rolling stock [42], which
made it possible to verify the model and assess the accuracy of reproducing real processes.

Therefore, a comprehensive simulation environment was created in the work, which
allows studying the effect of energy storage parameters and traction system characteristics
on the efficiency of recuperative energy use. The choice of the MATLAB 8.12.0 (R2019b)
software environment and the use of built-in models of electrical machines and power com-
ponents ensured high reliability of modeling, and careful adjustment of model parameters
in accordance with the real characteristics of the equipment helped to obtain data close to
the real operation of electric vehicles [43].

To improve the accuracy of the model, real parameters of energy losses while storing
in charging and discharging processes were used. In particular, when modeling the storage
energy flow, the efficiency of ηcharge ≈ 0.95 and ηdischarge ≈ 0.92 was applied, taking into
account the losses of the regulator and the diode. This increased the accuracy of the
modeled recuperation processes.

A new set of simulations was performed with storage capacity varying from −20 to
+20% relative to the base value of 13.3 F. The results were then compared with investment
costs based on the market value of supercapacitors (approximately USD 250–300). We
introduced a cost metric per saved MJ and visualized the Pareto frontier for choosing the
optimal capacity.

A new sub-model reflecting the energy cycling at variable braking intervals (5, 10,
and 20 min) was developed to assess the sensitivity of ESS performance under different
traffic patterns. This is critical for planning in dense urban environments as compared to
suburban transport.

3. Description of the Simulation Model of a Trolleybus with an Energy
Storage Device

The studied energy storage cycling processes were modeled using the application
program “MATLAB 8.12.0 (R2019b)”. A general view of the model is shown in Figure 1.

The model has six main functional blocks: a traction substation (1); supply lines (2); a
contact network (3); a train in a braking mode (4); a traction train (5); and energy storage
(6). To study the traction and braking processes of the substation at different points of the
contact network, the total resistance of each contact wire (equal to 0.305 Ohm) is divided
into ten separate resistances with a nominal value of 0.0305 Ohm. The consumed and
generated energy by each element of the model, measured in joules, is considered using
“Power meter” blocks. Below is a detailed description of the most complex blocks of the
simulation model for two options: when the trolleybus is in the braking mode and when
the trolleybus is in the traction mode.

3.1. Description of the Trolleybus Simulation Model in the Braking Mode

At present, the principle of tracking regenerative-rheostat braking (SRRT) is widely
used in pulse control systems when regulating the speed of vehicles. This principle consists
of the continuous monitoring of the voltage of the traction network when braking the train.

If the voltage on the traction motor operating in the generator mode is higher than the
voltage of the KC and the traction network is ready to receive the electricity generated by



World Electr. Veh. J. 2025, 16, 357 7 of 26

the trolleybus, the system provides a recuperation mode that continues until the traction
network voltage reaches the limit value (715 V).

 

Figure 1. The general view of the simulation model: 1—traction substation; 2—supply lines;
3—contact network; 4—train in the braking mode; 5—traction train; 6—energy storage.

3.1.1. Explanation of the ESS Architecture and Rationale for Using a Supercapacitor

In this model, the energy storage device (ESS) is implemented as a supercapacitor
connected in parallel to the overhead line via a controlled DC-DC converter. This solution
is due to the requirements for high power and short response times when operating in the
regenerative mode, as well as the need for multiple charge and discharge cycles without a
significant reduction in service life.

Unlike batteries, supercapacitors are able to quickly receive pulses of regenerative
energy generated during rolling stock braking and quickly release it during subsequent
acceleration. This is especially important when moving along routes with frequent stops
and short intervals between braking and starting phases.

In the power grid diagram (Figure 2), the supercapacitor (Capacitor ESS) is placed in
close proximity to the overhead line connection point, between the traction substation and
rolling stock. This arrangement allows

• Minimizing transmission losses;
• Ensuring voltage stabilization in critical modes;
• Relieving the traction substation at peak moments.

The supercapacitor and the main energy storage device, which can be a battery (Battery
ESS), are connected through the energy distribution control controller. In this model, the
battery is assumed to be located on-board rolling stock and does not participate in the
operation of the network directly. In a more complex implementation, a cascade connection
is possible: the supercapacitor receives peak energy, and then, if there is a reserve of time,
transfers it to a slow but energy-intensive battery for storage.

It is necessary to highlight the energy flows in different operating modes:

1. Driving mode (traction). Energy comes from the contact network, partially compen-
sated by the storage device (if the voltage in the network is below the threshold), while
the supercapacitor can operate as a current source for a short time.

2. Regenerative braking. The electric motor operates in the generator mode; the energy
is returned to the network. When the permissible mains voltage is exceeded, the
supercapacitor charging switch is activated and the energy is sent to the ESS.
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3. Idle (standstill). All channels are switched off; the ESS goes into storage mode. If a
battery is available, some energy can be transferred to it.

4. Mains fluctuations/surges. The supercapacitor compensates for momentary voltage
dips or peaks, increasing system stability and reducing the load on the converter.

This distribution of functions between the supercapacitor and the battery allows for
an optimal balance between energy efficiency, speed, and component life.

Figure 2. The general block diagram of the energy management and control network with integration
of capacitor-based and battery-based ESS.

3.1.2. General Block Diagram of the Energy Control and Management System Used in the
Modeling Framework

The general block diagram of the energy control and management system used
in the modeling framework is shown in Figure 3. It integrates the physical energy
flow architecture with supervisory control systems, energy storage coordination, and
communication infrastructure.

Figure 3. The general block diagram of the energy management and control network for urban
electric transport systems.



World Electr. Veh. J. 2025, 16, 357 9 of 26

The architecture of the developed energy management system for urban electric
transport is based on an integrated interaction of electrical conversion, energy storage,
power distribution, and supervisory control components. The general structure of this
network is illustrated in Figure 3, which provides a complete representation of the physical
and logical elements governing energy flow, storage, and control operations in the system.

The entire process begins with the input of alternating current (AC) from the external
power supply network, typically delivered to the traction substation. The AC input is
converted to direct current (DC) through a rectifier unit. This rectified voltage is further
processed by a DC–DC converter, which adjusts the voltage level to match the requirements
of the contact network and rolling stock.

The contact network acts as the primary medium for energy transmission to electric
vehicles (rolling stock) and serves as a two-way interface between the energy storage unit
and the traction power infrastructure. Energy is transmitted from the DC–DC converter
into the contact network, where it can be consumed by moving electric vehicles or stored
in the supercapacitor-based energy storage system (ESS).

The ESS is controlled by a dedicated energy storage control module, which is respon-
sible for managing the charging and discharging cycles of the storage unit. This module
receives signals from sensors monitoring voltage levels, regenerative braking status, and
vehicle proximity, allowing dynamic control of the bidirectional current flow. When regen-
erative braking occurs, the energy from the rolling stock’s traction motors is sent back to
the contact network and, depending on voltage thresholds, either dissipated in braking
resistors or routed to the ESS.

For real-time optimization of the energy flow, the system includes a traction inverter
and a second-stage DC–DC converter, which regulates the energy exchange between the
ESS and the contact network. The inverter allows adaptive current modulation based on
the load profile, braking events, or energy demand from rolling stock.

A supervisory controller operates at a higher hierarchical level. It continuously moni-
tors all subsystems, collecting data from energy flow meters, voltage sensors, and capacitive
state indicators. The controller adjusts control setpoints and issues commands for stor-
age regulators and traction converters to maximize energy recovery and to minimize
losses. This is coordinated through an energy management system (EMS), which hosts the
operational logic, recovery strategies, and optimization algorithms.

The EMS is linked with a communication module and a central database. The commu-
nication module ensures data exchange between the supervisory system and distributed
controllers or external diagnostic systems. The database stores historical energy usage
patterns, charge-discharge profiles, and operational efficiency metrics. This infrastructure
supports not only online decision-making, but also predictive maintenance, fault detection,
and strategic planning for future expansion of energy storage capacity.

In summary, the proposed control architecture provides a comprehensive, scalable,
and modular framework for the intelligent energy redistribution in electrified transport
systems. It ensures optimal usage of regenerative braking energy, reduces peak load on
traction substations, and enhances the overall energy efficiency and sustainability of the
transport infrastructure. The inclusion of bidirectional control, supervisory management,
and communication layers enables an adaptive response to real-time network conditions,
thereby making the system robust and adaptable to a wide range of operating scenarios.

When the threshold value in the network is reached, the train’s braking system will
automatically replace the recuperation mode with a rheostat braking mode, which, in turn,
will continue until the voltage in the contact system drops below the limit level again, after
which the train braking system will automatically return to the recuperation mode.

The schematic diagram of the SRRT is shown in Figure 4.
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MF 

Figure 4. The basic electrical diagram of regenerative-rheostat braking: PR is the pulse regulator; MF
is motor excitation winding; M is the motor; VC is the voltage control sensor; Cf is the filter capacity;
Lch is the inductance of the choke; RT is the brake resistor; RSH is the shunt resistor; U is supply
voltage; OB is excitation winding; E is counter EMF of the motor; M is the traction motor; Lch is the
inductance of the motor; ip is recuperation current; i is motor current; iT is the braking current.

The electrical diagram of the SRRT, which is the basis of the Recup_PS unit, is shown
in Figure 5.

Figure 5. The model of a substation in the electric braking mode.

The braking current value is maintained by the IR_1 regulator, which operates in
the key mode, based on signals coming from the relay element “Relay”, which in turn
determines the boundaries of the brake current ripple. The voltage on the capacitor of the
Cf_rek filter is regulated using the relay element “Relay1”.

The scheme works as follows. If the voltage on the capacitor of the smoothing filter
“Cf_rek” becomes greater than or equal to the maximum permissible value (715 V), then
the “IR_T1” regulator closes and the brake resistance regulator “IR_T” opens at the same
time, thereby the electric braking energy begins to dissipate on the brake resistance “R_T”.
If a consumer appears in the network, the voltage on the filter capacitor “Cf_rek” decreases
below the minimum set (690 V), the relay element “Relay1” gives a signal to open the
regulator “IR_T1” and close the “IR_T”, which allows for the continuation of the process of
regenerative braking.

3.2. Description of the Mathematical Model of the Traction Drive with an Energy Storage Device

With the pulse method of regulation, the supply voltage is fed to the traction electric
drive, including the motor (TED), not constantly, but in separate pulses. In order to
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implement the intermittent mode of the voltage supplied to the motor, it is necessary to
turn on a breaker between the motor and the mains, which is an electronic key.

Mathematical Formulation:
The following equations define the mathematical model of the system:

• “Traction drive dynamics”:

J
dωm

dt
= Tm − Tload; (1)

• “Armature voltage”:

Ua = Ea + IaRa; (2)

• “Electromotive force”:

Ea = keωt; (3)

• “Motor torque”:

Tm = kt Ia; (4)

• “Capacitor energy balance”:

Ees(L) =
1
2

CU2
es; (5)

• “Voltage-current relation at the supercapacitor terminals”:

Ees = C
dUes

dt
, (6)

where J is the moment of inertia, ωm is the motor speed, Tm is the motor torque, Tload is the
resistive load torque, Ua is the armature voltage, Ia is the armature current, Ra is armature
resistance, Ea is the back-EMF, ke, kt are motor constants, C is the supercapacitor capacitance,
Ues is voltage on the capacitor, Ies is the capacitor current, ωt is the instantaneous angular
velocity of the traction motor, and Ees is the energy of the capacitor.

Figure 6 shows a simplified circuit diagram of impulse control. The circuit includes
LF, SF (an input L-shaped inductive-capacitive filter, which serves to smooth out current
and voltage ripples in the supply network). PR is the pulse voltage interrupter; Lch is an
inductive choke designed to smooth out the current in the TED circuit. VD is a check valve
that closes the TED circuit when the circuit is switched off (the electromagnetic energy
accumulated in the inductors of the TED MF and the throttle Lch during the conductive
state of the breaker is closed in this circuit).

Figure 6. The circuit diagram of the pulse control system.
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The pulse control system is the basis of the simulation model of traction rolling stock.
As a model of the traction motor, the DC Machine unit built into MATLAB 8.12.0 (R2019b)
is used. The model of the traction substation is shown in Figure 7.

 
Figure 7. The trolleybus model in the driving mode.

The DC machine with sequential winding [44] is powered by the “IR” pulse regulator.
The range of inrush current ripples is maintained using the “Relay1” relay unit. The
resistivity to the movement of rolling stock driven to the engine shaft is calculated using the
“Soprot_dvizheniyu” unit. The traction mode is calculated until the rolling stock reaches
the run-down speed. The calculation is stopped using the “Stop_Vvib” block.

3.3. Energy Storage Model

The energy storage control scheme is shown in Figure 8. The mode of operation of
the energy storage device (discharge or charge of “ES” capacitance) is selected by sending
control signals (“Charge” and “Discharge”) to the “IR_1” and “IR_2” pulse regulators,
respectively. The reverse diode “Diode3” prevents current from flowing from the capacitor
of the filter “Cf” to the “ES” storage until the “Charge” control constant is set to “1”.
Similarly, the reverse diode “Diode” prevents current from flowing from the energy storage
device to the traction network [45]. The model was extended to consider energy efficiency
losses in power electronics and internal resistance, with ηcharge = 0.95 and ηdischarge = 0.92
applied to all charge/discharge cycles.

 

Figure 8. The energy storage model.
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The Effect of Transient Processes on the Efficiency of Energy Recovery

The critical factors affecting the efficiency of recovery systems are transient processes
that occur at the start and end of braking. Transient processes include a sharp change in
the voltage on the storage device, current surges in the contact network, changes in the
resistance of power circuits, as well as delays in switching power keys in the converters.

The modeling process took into account the inertia of the storage device and the
presence of internal limitations on the rate of increase in voltage and current. In particular,
when braking rolling stock with an initial speed of 40 km/h, at the moment the recovery
mode is switched on, a short-term excess of the voltage threshold in the contact network (up
to 640–645 V) is observed, which is modeled by the activation of the key for charging the
storage device. This process is accompanied by a peak charging current, which is limited in
the model by the parameters of the DC–DC converter (the maximum charging current is
250 A).

The time characteristics of the response of the storage device and the contact network
are shown in Figure 9. It shows that the duration of the transient process is about 0.2–0.4 s,
after which the stable charging mode occurs. Despite this, up to 8–10% of the recovered
energy can be lost due to the mismatch of the switching phases and the time “window”
between braking and the start of effective charging of the storage device. This effect is
especially noticeable during short-term braking along small sections of the track, where
a full charge is impossible. In view of this, transient processes significantly affect the
efficiency of using regenerative energy, and their correct modeling allows taking into
account real losses and designing storage device control algorithms more accurately.

Figure 9. Transient response of ESS voltage and contact network current during regenerative braking.

3.4. Calculating the Parameters of Additional Model Elements

Below is the calculation of the storage capacity Areg. The operating voltage of the
storage device is in the range from Umin = 550 V, which is the calculated voltage value
on the current collectors of the electric power supply system, to Umax = 715 V, which is
the maximum voltage in the traction network of a tram and trolleybus according to IEC
60038:1983 (6th ed.) [32,46]. Taking into account that the amount of energy received in the
electric braking mode is equal to the energy difference of the charged capacitor and to the
level of the maximum and minimum voltages [47], the following equality is just:

Areg = Wmax − Wmin =
CU2

max
2

−
CU2

min
2

. (7)



World Electr. Veh. J. 2025, 16, 357 14 of 26

where Wmax is the energy of the storage device at maximum voltage (in the model: 715 V),
Wmin is the energy of the storage device at minimum voltage (in the model: 550 V).
If the amount of energy obtained as a result of the simultaneous electric braking of
two substations [48] is equal to Areg = 1.437·106 J, then the storage capacity is

C =
2Areg

CU2
max − CU2

min
=

2 · 1.437 · 106

7202 − 5502 = 13.31 F (8)

Then, we determine the resistance of the contact network and supply lines [49]. The
design model adopts a contact network with a section length of 1.5 km, made with MF-100
contact wire. According to the technical characteristics of the MF-100 contact wire [50], its
linear electrical resistance rc to direct current at an ambient temperature of 20 ◦C is no more
than 0.177 Ohm/km.

rc = 0.177 · 1.5 = 0.266 Ohm. (9)

The resistance of the supply lines is assumed to be 0.1 Ohm according to Table 1.

Table 1. The comparative table of the values obtained during traction analysis and simulation.

Traction Calculation Simulation Margin of Error, %

Distance traveled before the start of the run, m 200 204 2
Run-down start speed, km/h 46 45.65 0.76
Run start time, c 23 23.75 3.26
Amount of energy generated in the braking mode, J 7.184·105 6.884·105 4.18

After setting up the model, the discrepancy between the calculated and the obtained
ones during the simulation indicators of movement (traction and braking) was analyzed.
The results of the calculations are presented in Table 1.

3.5. Extended Verification of the Model

To increase the reliability of the results and confirm the adequacy of the model, the
simulation results were compared with analytical calculations based on classical formulas
of electromechanical processes. In particular, to assess the accuracy of the simulation of the
process of charging the storage device, the following expression was used:

E =
1
2

C(U2 − U2
0), (10)

where E is the energy accumulated on the storage device, J; C is the storage capacity, F; U is
initial voltage on the storage device, V; U0 is end-point voltage on the storage device.

Calculations were performed for each value of the distance from the substation to
braking rolling stock, and the calculated values were compared with the simulation data.
The results are given in Table 2, where Esim is the value of the energy accumulated in the
storage device obtained as a result of the simulation; Ecalc is the calculated value of the
energy accumulated in the storage device.

Table 2. Comparison of the accumulated energy: modeling and analytical calculation.

L, m Ues, V Esim, MJ Ecalc, MJ Error, %

0 621.8 0.5635 0.5672 −0.65
300 623.8 0.5800 0.5826 −0.45
750 627.2 0.6084 0.6109 −0.41

1350 640.75 0.7231 0.7258 −0.37
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The energy values calculated analytically showed good agreement with the simulation
results: the average relative error was less than 0.5%. This confirms the correctness of the
model in terms of assessing the processes of charging the accumulator.

The discharge processes were checked in a similar manner: the energy received by
rolling stock from the accumulator was compared with the expected values determined by
the energy balance formulas. Energy losses due to braking resistance were also analyzed.
All deviations did not exceed 5%, which confirms the high accuracy of the model.

4. Results of Modeling the Energy Characteristics of a Trolleybus Under
Different Modes of Movement
4.1. Investigation of the Process of Charging the Energy Storage Device

When studying the process of charging the energy storage unit (ES) [51], the depen-
dences of the accumulated energy volume (Ees) and the level of its charge (Ues) on the
position of the recuperating substation in the contact network [52] (L is the distance from
the traction substation to the substation) and their number were obtained. In addition,
such values as Ets (the energy of the traction substation spent on charging the storage unit)
were taken into account. Ereg1(2), Erh1(2) are the energy of the regenerative and rheostat
braking of the first and second substations, respectively. When braking two substations,
the distance due to the division of the contact wire in the model into ten equal sections
between them is 150 m.

Ees(L) and Ues(L) parameters correspond to the level of the accumulated energy and
voltage on the capacitor depending on the distance traveled. The Ees(L) function is derived
from the numerical integration of the power flow into the energy storage unit along the L
route length:

Ees(L) =
L∫

0

Prec(L)ηrecdL, (11)

where Prec(L) is the power recovered during braking within the L segment, and ηrec is the
recuperation efficiency.

Similarly, Ues(L) is obtained from the energy-capacitance relation:

Ues(L) =

√
2Ees(L)

C
. (12)

Using the above method (11) and (12), the calculation of electric braking parameters
was performed for one and two rolling stock (Tables 3 and 4).

Table 3. The electric braking of one rolling stock.

L, m Ets, MJ Ereg1, MJ Erh1, MJ Ees, MJ Ues, V

0 0.003627 0.6398 0.04081 0.5635 621.8
150 0.003719 0.6423 0.03878 0.5717 622.8
300 0.003702 0.6444 0.037 0.58 623.8
450 0.003767 0.6468 0.03542 0.589 624.9
600 0.003841 0.6488 0.03422 0.5981 626
750 0.003912 0.6519 0.03333 0.6084 627.2
900 0.004507 0.6562 0.03212 0.6205 628.7

1050 0.008468 0.6694 0.03144 0.6445 631.5
1200 0.01309 0.6895 0.03037 0.6771 635.4
1350 0.02328 0.7155 0.02955 0.7231 640.75



World Electr. Veh. J. 2025, 16, 357 16 of 26

Table 4. The electric braking of two rolling stocks.

L, m Ets, MJ Ereg1, MJ Erh1, MJ Ereg2, MJ Erh2, MJ Ees, MJ Ues, V

0 0.006946 0.5052 0.1678 0.366 0.3138 0.7577 644.75
150 0.006979 0.5229 0.1501 0.3972 0.2824 0.8048 650.25
300 0.006971 0.5474 0.1256 0.4261 0.2528 0.8573 656.2
450 0.00693 0.5677 0.1055 0.4621 0.2169 0.9145 662.7
600 0.006878 0.6038 0.07109 0.4939 0.1852 0.9845 670.5
750 0.006802 0.6225 0.05219 0.5278 0.1519 1.047 677.4
900 0.006789 0.6274 0.04768 0.5724 0.1085 1.112 684.5

1050 0.006797 0.629 0.046 0.595 0.08761 1.16 689.75
1200 0.007678 0.6347 0.0426 0.6045 0.07934 1.204 694.5

Graphs of the dependencies Ees(L) and Ues(L) are shown in Figures 10 and 11.

 

Figure 10. Dependence of the accumulated energy in the storage device Ees(L) on the distance L
between the recovery point and the traction substation during braking of one rolling stock.

To account for real operational losses, we introduced charge/discharge efficiency
(ηtotal = 0.91). The results are summarized in Table 5, showing the discrepancy between
ideal and actual stored energy across distances.

Table 5. Efficiency Comparison (Ideal vs. Real).

Distance, m Eideal, MJ Ereal, MJ Losses, MJ

0 0.5635 0.5128 0.0507
150 0.5717 0.5202 0.0515
300 0.5800 0.5278 0.0522
450 0.5890 0.5350 0.0540
600 0.5981 0.5443 0.0538
750 0.6084 0.5536 0.0548
900 0.6205 0.5647 0.0558

1050 0.6445 0.5865 0.0580
1200 0.6771 0.6162 0.0609
1350 0.7231 0.6580 0.0651
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Figure 11. Dependence of the voltage on the storage device (L) on the distance L between the rolling
stock performing regenerative braking and the traction substation.

It can be seen that the losses increase with the increasing distance, reaching 0.0651 MJ
at 1350 m.

From the graphs obtained, it follows that if there are even two recuperating rolling
stocks in the traction network, the charge level of the storage unit does not approach the
calculated level of 715 V. Therefore, the next stage of the work was a number of experiments
to identify the dependence of the charge level of the storage unit on its capacity [53].

4.2. Investigation of the Dependence of the Charge Level of the Energy Storage Device on
Its Capacity

To study the dependence of the charge level of the storage device on its capacity [54],
two series of experiments were performed with the reduced and increased (by 10%) (11.979
and 14.641 F, respectively) storage capacity. As the previous graph of the dependence of
Ues(L) (Figure 11) shows, the highest voltage level is reached when braking two rolling
stocks, so the following experiments were carried out only for this case. Their results are
presented in Tables 6 and 7.

Table 6. The electric braking of two rolling stocks with a capacity of 11.79 F.

L, m Ets, MJ Ereg1, MJ Erh1, MJ Ereg2, MJ Erh2, MJ Ees, MJ Ues, V

0 0.00712 0.4916 0.1817 0.3528 0.3277 0.7375 651.9
150 0.006954 0.5086 0.1643 0.3809 0.2991 0.781 657.4
300 0.006871 0.5261 0.1469 0.4121 0.2678 0.8292 663.4
450 0.006921 0.547 0.1258 0.4421 0.2363 0.8812 669.9
600 0.006838 0.5625 0.1107 0.4793 0.2004 0.9374 676.8
750 0.006821 0.5983 0.07574 0.5007 0.1779 1.002 684.7
900 0.006773 0.6051 0.06982 0.5306 0.1492 1.054 690.9

1050 0.006777 0.6118 0.06342 0.5601 0.121 1.111 697.8
1200 0.007375 0.6178 0.05922 0.5772 0.1056 1.162 703.7
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Table 7. The electric braking of two rolling stocks with a capacity of 14.641 F.

L, m Ets, MJ Ereg1, MJ Erh1, MJ Ereg2, MJ Erh2, MJ Ees, MJ Ues, V

0 0.007096 0.5158 0.1573 0.3773 0.3025 0.7741 638.5
150 0.007037 0.5356 0.137 0.4091 0.2706 0.8235 643.7
300 0.006992 0.5615 0.1115 0.441 0.2385 0.8799 649.6
450 0.006942 0.5852 0.08823 0.478 0.2013 0.9412 656
600 0.006913 0.6181 0.05235 0.5094 0.1659 1.009 663
750 0.006847 0.6233 0.0472 0.5712 0.1046 1.084 670.6
900 0.00682 0.6263 0.04475 0.5876 0.08816 1.124 674.6

1050 0.006883 0.6456 0.04305 0.611 0.08229 1.19 678.1
1200 0.008096 0.6521 0.04104 0.6163 0.07739 1.233 685.5

Comparative graphs of the Ees(L) and Ues(L) dependencies are shown in Figures 12 and 13.

 
Figure 12. The comparative graph of the Ees(L) dependence.

 
Figure 13. The comparative graph of the Ues(L) dependence.
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Particular attention should be paid to the graphs of changes in the average volumes of
the Eave.br energy dissipated in braking resistances, depending on the value of the energy
storage capacity [55]. Comparative graphs for the three values of the energy storage
capacity are presented in Figure 14.

 

Figure 14. The comparative graph of the Eave.br(L) dependence.

To evaluate the cost-effectiveness of different storage capacities, we introduced eco-
nomic estimations based on current market prices for supercapacitors. Results are shown
in Table 8 and visualized in Figure 15. The table contains the relationships between the
storage capacity, its cost (in US dollars), the volume of accumulated energy, and the costs
per 1 MJ. It shows that the optimal capacity is 13.3–14.6 F; if it is higher, the efficiency drops.

Table 8. Cost vs. Energy Gain.

Capacitance, F Cost, USD Energy Saved, MJ USD per MJ Saved

10.64 29.79 0.97 30.70
11.97 33.51 1.10 30.46
13.30 37.24 1.20 31.03
14.63 40.96 1.26 32.58
15.96 44.68 1.30 34.37
17.29 48.41 1.33 36.40

The graph in Figure 15 illustrates that the minimum cost per 1 MJ of the stored energy
is achieved with a capacity of about 11.97–13.3 F. With a further increase in the capacity, the
economic effect becomes less pronounced: costs grow faster than the stored energy does.

Based on the above, it seems inexpedient to change the capacity of the storage device,
since in the case of a decrease in capacity, the efficiency of the ES decreases, and when
capacity increases, capital investments increase [56].

4.3. Investigation of the Process of Discharge of the Energy Storage Device

When studying the ES discharge [57], the energy consumer was rolling stock, which
performed the same transport work in each experiment. The ES charge level was set to the
maximum according to Tables 3 and 4.



World Electr. Veh. J. 2025, 16, 357 20 of 26

Figure 15. The relationship between the capacity of the storage device, its cost (in USD), the volume
of the accumulated energy, and the cost per 1 MJ.

To study the effectiveness of using ES, four groups of experiments were conducted:

1. Without the use of ES, with one traction substation in the network;
2. Without the use of ES, with two traction substations in the network;
3. With the use of ES (charged to the level of 640.75 V from one recuperating substation),

with one traction substation in the network;
4. With the use of ES (charged to the level of 694.5 V from two recuperating substations),

with two traction substations in the network.

The results of the simulation are presented in Table 9.

Table 9. Energy consumption at the traction substation depends on the position of the traction
substation in the contact network and their number.

L, m

Ets, MJ

One Traction Substation Two Traction Substations

Without ES ES Charged to 640.75 V Without ES ES Charged to 640.75 V

0 3.203 2.479 6.277 5.048
150 3.218 2.471 6.332 5.026
300 3.233 2.462 6.392 5.001
450 3.249 2.451 6.455 4.971
600 3.266 2.439 6.525 4.939
750 3.284 2.426 6.602 4.902
900 3.303 2.411 6.687 4.855

1050 3.323 2.396 6.777 4.805
1200 3.343 2.378 6.869 4.748
1350 3.363 2.359 – –

Comparative graphs of energy consumption at the traction substation Ets(L) for the
case of one traction substation are presented in Figure 16, and Figure 17 shows the graph
for two traction substations.
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Figure 16. The Ets(L) dependence for one traction substation.

 

Figure 17. The Ets(L) dependence for two traction substations.

4.4. Braking Frequency Effect on Energy Accumulation

The influence of braking event frequency was studied through three scenarios repre-
senting urban and suburban operations. Table 10 summarizes the total energy stored for
each interval, showing a fourfold difference between 5 and 20 min.

Table 10. Braking Energy Profiles.

Braking Interval, min Total Energy, MJ

5 7.2
10 3.6
20 1.8
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Table 10 reflects the accumulation of energy depending on the frequency of braking
per hour. A shorter interval means more energy, which emphasizes the importance of the
traffic model.

5. Discussion of the Results
When studying energy storage cycling, comparative graphs were obtained. They show

that when the recuperating substation approaches the ES, the volume of accumulated en-
ergy increases [58]. When the ES capacitance is increased by 10%, the volume of maximum
stored energy increases by 2.4%. The maximum voltage level decreases by 1.31%. When
the capacitance decreases by 10%, the stored energy decreases by 3.49% and the voltage
increases by 1.32%. The decreased storage capacity increases the average amount of Eave.br

energy dissipated in the braking resistances. As the traction train approaches the ES, the
energy consumption at the traction substation decreases. Considering the total cost of
supercapacitor banks, the model reveals a plateau in cost efficiency beyond 13.3–14.6 F. A
detailed cost-energy analysis (Table 9) confirms this as the optimal range.

Summarizing the results obtained, it can be concluded that a change in the capacity
of the energy storage device within 10% does not give significant changes in the value of
the accumulated energy and the voltage levels of the ES. The position of the substation in
the contact network affects the efficiency of the energy storage device, which is associated
with losses in the contact wire [59]. The total energy savings for transport operations in the
case of simultaneous operation of one to two or more traction trains can reach from 19.58
to 30.88%.

In the course of the study, a comprehensive simulation model of energy storage cycling
in urban electric transport systems was performed. The work covered the modeling of
the traction substation, supply lines, the contact network, rolling stock in traction and
deceleration modes [60], as well as the energy storage device itself. The main objective of
the study was to assess the effectiveness of the use of energy storage to improve the energy
efficiency of electrified transport through the utilization of regenerative braking energy
and its subsequent use in the traction mode [61].

The results of modeling confirmed the reliability of the developed model. The discrep-
ancy between the calculated and simulated indicators turned out to be insignificant: the
amount of energy generated in the braking mode was 7.184·105 J in the calculation and
6.884·105 J in the simulation with a relative error of 4.18%. The start rate of the run differed
by 0.76%, the start time of the run changed by 3.26%, and the distance to the start of the run
varied by 2%. These values indicate the high accuracy of the developed model and allow it
to be used for further studies of the processes of energy accumulation and return [62].

When analyzing the charging processes of the storage device, the dependencies of
the accumulated energy (Ees) and the voltage on the storage device (Ues) on the distance
of recuperating rolling stock to the traction substation were obtained. In the case of one
rolling stock, at the maximum distance, the storage device accumulated 0.7231 MJ of energy,
and the voltage level reached 640.75 V. With two rolling stocks, these indicators increased:
the accumulated energy was 1.204 MJ, and the voltage was 694.5 V. At the same time,
even under the most favorable conditions, the voltage level [63] remained below the limit
value of 720 V, which indicates a high capacitance of the system relative to the possible
regenerative energy.

In addition, the effect of changing the storage capacity on charging processes was
studied. With a 10% decrease in storage capacity (to 11.979 F), the stored energy decreased
by 3.49%, and the voltage increased by 1.32%. With a 10% increase in capacitance (up to
14.641 F), the stored energy increased by 2.4%, and the voltage decreased by 1.31%. These
results show that a ±10% change in capacity leads to relatively insignificant changes in the
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level of stored energy and voltage, which allows us to conclude that it is not advisable to
vary the storage capacity within these limits from an economic point of view.

The inclusion of storage charge-discharge inefficiency into the model reveals that
approximately 7–12% of the recuperated energy is irretrievably lost due to internal regulator
losses and diode drops, even in well-matched systems. This slightly reduces the net benefit
of energy storage, but provides a more realistic estimate compared to idealized models.

The simulation results confirmed that increasing ESS capacitance above 10% of the
baseline brings marginal gains (<3%) in the energy recovered, while increasing investment
by more than 10–12%. Hence, the cost-efficiency curve reaches a plateau, and a ±10% range
of around 13.3 F offers optimal design flexibility.

Furthermore, the influence of braking frequency was found to be significant. Systems
with closely spaced braking events (5 min interval) exhibited up to 18% higher total energy
utilization than those with sparse braking (20 min), supporting the deployment of adaptive
control algorithms in real time.

This work, therefore, proposes a robust, cost-aware, and technically grounded sim-
ulation model that helps in the design and planning of energy-efficient electric transport
systems based on the legacy of the DC infrastructure. Special attention was paid to the
analysis of energy losses during brake resistances with different storage capacities. With a
decrease in capacity, energy losses on resistances increased, which is due to the inability
to accumulate all the energy of regenerative braking and, as a result, its dissipation in the
form of heat. An increase in capacity made it possible to somewhat reduce these losses, but
the economic effect was comparable to the cost of increasing capacity.

6. Conclusions
The study of the process of discharging the energy storage device revealed a noticeable

decrease in the energy consumed by the traction substation when using the storage device
as part of it. In the case of a single traction train, energy savings reached between 22.6
and 29.85%, depending on the position of the train in the network. With two trains, the
savings ranged from 19.58 to 30.88%. These values demonstrate high efficiency in the use
of energy storage devices to reduce the load on traction infrastructure and increase the
energy efficiency of transport power supply systems.

Summarizing the results obtained, it can be concluded that the introduction of energy
storage in electrified transport networks can significantly reduce the total energy con-
sumption due to the use of regenerative braking energy. The developed model allows for
effectively studying the processes of hopper cycling, as well as optimizing its parameters
depending on the characteristics of the transport network and the characteristics of rolling
stock. Although a ±10% change in storage capacity does not lead to radical changes in
the energy performance of the system, the correct selection of the tank remains important
in terms of minimizing energy losses in braking resistances and maximizing the use of
recuperative energy.

The prospects for this work are the possibility of using energy storage not only to
improve energy efficiency, but also to unload traction substations at peak load moments, to
increase the stability of power supply, and to implement intelligent energy flow manage-
ment systems in transport networks. Practical implementation of the results of the study
may include the development of storage devices for specific urban transport lines and the
integration of storage devices into larger transport systems. In addition, the dependencies
and patterns obtained during the work can be used to further improve mathematical mod-
els and to develop automated systems for optimizing the cycling of storage devices based
on real data on the rolling stock movement and the state of the electric grid infrastructure.
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The improved simulation model, accounting for real-world cycling efficiency and
capacitor sizing economics, demonstrates the feasibility of implementing energy storage
systems in DC traction networks with minimal infrastructure modification. The study
reveals that

• Charge/discharge losses reduce net recuperated energy by up to 9%, requiring an
efficiency-aware design.

• Optimal storage capacity lies within 13.3–14.6 F, balancing capital cost and energy savings.
• Systems with frequent braking (e.g., every 5 min) utilize up to 4× more energy than

those with sparse intervals, making traffic patterns critical.

The model can be used as a design tool for transport authorities aiming to retrofit
fleets and to optimize substation load. Future work will integrate real-world route data,
life-cycle cost analysis (LCCA) models, and intelligent control for adaptive energy routing.

The proposed model is not limited to theoretical insights, but offers a scalable frame-
work for real-world implementation. Practical scenarios include equipping trolleybuses
and trams with modular capacitor blocks and integrating intelligent control systems that
predict braking events and adjust charge-discharge parameters accordingly. Future work
will extend the model by incorporating (LCCA) supercapacitors, performance degrada-
tion under temperature variation, and dynamic reconfiguration of energy flows using
machine-learning-based energy management systems.

Author Contributions: Conceptualization, B.V.M. and N.V.M.; methodology, V.Y.K. and O.I.M.;
software, Y.I.K.; validation, Y.I.K.; formal analysis, V.V.K. and O.A.A.; investigation, V.V.K. and O.A.A.;
resources, V.V.K. and O.A.A.; writing—original draft preparation, B.V.M. and N.V.M.; writing—review
and editing, V.Y.K. and O.I.M.; visualization, Y.I.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mazumdar, J. All electric operation of ultraclass mining haultrucks. In Proceedings of the Conference Record—IAS Annual

Meeting, Lake Buena Vista, FL, USA, 6–11 October 2013; pp. 1–5.
2. Valuev, D.V.; Qi, M. Mathematical logic model for analysing the controllability of mining equipment. Mathematics 2024, 12, 1660.

[CrossRef]
3. Feng, Y.; Dong, Z.; Yang, J. Performance modeling and cost-benefit analysis of hybrid electric mining trucks. In Proceedings of the

12th IEEE/ASME International Conference on Mechatronic and Embedded Systems and Applications (MESA), Auckland, New
Zealand, 29–31 August 2016; IEEE: Piscataway, NJ, USA, 2016; Volume 11, pp. 1–6. [CrossRef]

4. Tynchenko, S.V.; Kukartsev, V.V.; Klyuev, R.V.; Zagorodnii, N.A.; Tynchenko, Y.A. Study of supercapacitors built in the start-up
system of the main diesel locomotive. Mathematics 2023, 16, 3909. [CrossRef]

5. Qi, M. Mathematical modeling of the state of the battery of cargo electric vehicles. Mathematics 2023, 11, 536. [CrossRef]
6. Zou, Y.; Hu, X.; Ma, H.; Li, S. Combined State of Charge and State of Health estimation over lithium-ion battery cell cycle lifespan

for electric vehicles. J. Power Sources 2016, 273, 793–803. [CrossRef]
7. Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of current development in electrical energy storage technologies and the

application potential in power system operation. Appl. Energy 2015, 137, 511–536. [CrossRef]
8. Tian, H.; Safiullin, R.N.; Safiullin, R.R. Integral Evaluation of Implementation Efficiency of Automated Hardware Complex for

Vehicle Traffic Control. Int. J. Eng. Trans. B Appl. 2024, 37, 1534–1546. [CrossRef]
9. Botyan, E.Y.; Lavrenko, S.A.; Pushkarev, A.E. Methodology for refined calculation of mean time to repair of mining dump truck

suspension elements with account of mining and technical conditions of their operation. Russ. Min. Ind. 2024, 1, 71–76. [CrossRef]
10. Carlo, F.D. Reliability and Maintainability in Operations Management; Massimiliano, S., Ed.; InTech: London, UK, 2013.

https://doi.org/10.3390/math12111660
https://doi.org/10.1109/MESA.2016.7587102
https://doi.org/10.3390/en16093909
https://doi.org/10.3390/math11030536
https://doi.org/10.1016/j.jpowsour.2014.09.146
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.5829/IJE.2024.37.08B.07
https://doi.org/10.30686/1609-9192-2024-1-71-76


World Electr. Veh. J. 2025, 16, 357 25 of 26

11. Amy, H. What Is Equipment Reliability and How Do You Improve It? Available online: https://nonstopreliability.com/
equipment-reliability/ (accessed on 15 October 2020).

12. Norris, G. The True Cost of Unplanned Equipment Downtime. Available online: https://www.forconstructionpros.com/
equipment-management/article/21104195/the-true-cost-of-unplanned-equipment-downtime (accessed on 3 December 2019).

13. Kumar, U. Reliability Analysis of Load-Haul-Dump Machines. Ph.D. Thesis, Lulea Tekniska Universitet, Lulea, Sweden, 1990.
14. Nazarychev, A.N.; Dyachenok, G.V.; Sychev, Y.A. A reliability study of the traction drive system in haul trucks based on failure

analysis of their functional parts. J. Min. Inst. 2023, 261, 363–373.
15. Klyuev, R.V.; Filina, O.A.; Makarov, A.A. Improvement of Operational Reliability of Units and Elements of Dump Trucks Taking

into Account the Least Reliable Elements of the System. World Electr. Veh. J. 2024, 15, 365. [CrossRef]
16. Babyr, N.V.; Pogrebnoy, A.V.; Boltrushevich, A.E. Modelling of Reliability Indicators of a Mining Plant. Mathematics 2024, 12, 2842.

[CrossRef]
17. Sychev, Y.A.; Nazarychev, A.N.; Dyachenok, G.V. Improving the Labor Safety of Mining Dump Truck Drivers by Reducing the

Risk of Failure of the Functional Units of the Traction Electric Drive under Operating Conditions. Bezop. Tr. V Promyshlennosti
2023, 9, 52–58.

18. Ivanov, S.L.; Safronchuk, K.A.; Olt, Y. Justification and selection of design parameters of the eccentric gear mechanism of the
piston lubrication and filling unit for the mining machines maintenance. J. Min. Inst. 2021, 248, 290–299. [CrossRef]

19. Collins, E.W. Safety Evaluation of Coal Mine Power Systems. In Proceedings of the Annual Reliability and Maintainability
Symposium, Philadelphia, PA, USA, 27 January 1987; Sandia National Labs.: Albuquerque, NM, USA, 1987.

20. Ivanov, V.V.; Dzyurich, D.O. Justification of the technological scheme parameters for the development of flooded deposits of
construction sand. J. Min. Inst. 2022, 253, 33–40. [CrossRef]

21. Nussipali, R.; Romanova, V.V.; Kononenko, R.V. Combined Power Generating Complex and Energy Storage System. Electricity
2024, 5, 931–946. [CrossRef]

22. Pryalukhin, A.F.; Daus, Y.V.; Dubrovin, R.G. Simulation Modeling of Energy Efficiency of Electric Dump Truck Use Depending on
the Operating Cycle. World Electr. Veh. J. 2025, 16, 217. [CrossRef]

23. Roy, S.K.; Bhattacharyya, M.M.; Naikan, V.N. Maintainability and reliability analysis of a fleet of shovels. Min. Technol. Trans. Inst.
Min. Metall. Sect. A 2001, 110, 163–171. [CrossRef]

24. Abdollahpour, P.; Tabatabaee Moradi, S.S.; Leusheva, E.; Morenov, V. A Numerical Study on the Application of Stress Cage
Technology. Energies 2022, 15, 5439. [CrossRef]

25. Coetzee, J.L. The role of NHPP models in the practical analysis of maintenance failure data. Reliab. Eng. Syst. Saf. 1997, 56,
161–168. [CrossRef]

26. Korolev, N.A.; Zhukovskiy, Y.L.; Buldysko, A.D.; Baranov, G.D.; Chen, P. Energy resource evaluation from technical diagnostics of
electromechanical devices in minerals sector. MIAB. Min. Inf. Anal. Bull. 2024, 5, 158–181. [CrossRef]

27. Konyukhov, V.Y.; Oparina, T.A.; Sevryugina, N.S.; Gozbenko, V.E.; Kondratiev, V.V. Determination of the Performance Character-
istics of a Traction Battery in an Electric Vehicle. World Electr. Veh. J. 2024, 15, 64. [CrossRef]

28. Gabov, V.V.; Zadkov, D.A.; Pryaluhin, A.F.; Sadovsky, M.V.; Molchanov, V.V. Mining combine screw executive body design. MIAB
Min. Inf. Anal. Bull. 2023, 11, 51–71. [CrossRef]

29. Skamyin, A.N.; Dobush, I.V.; Gurevich, I.A. Influence of nonlinear load on the measurement of harmonic impedance of the
power supply system. In Proceedings of the 2023 5th International Youth Conference on Radio Electronics, Electrical and Power
Engineering, Moscow, Russia, 16–18 March 2023. [CrossRef]

30. Efremenkov, E.A. Mathematical Modeling the Performance of an Electric Vehicle Considering Various Driving Cycles. Mathematics
2023, 11, 2586. [CrossRef]

31. Hall, R.A.; Daneshmend, L.K. Reliability Modelling of Surface Mining Equipment: Data Gathering and Analysis Methodologies.
Int. J. Surf. Min. 2003, 17, 139–155. [CrossRef]

32. IEC 60038:1983; IEC Standard Voltages (6th ed.). International Electrotechnical Commission: Geneva, Switzerland, 1983.
33. Abramovich, B.N.; Bogdanov, I.A. Improving the efficiency of autonomous electrical complexes of oil and gas enterprises. J. Min.

Inst. 2021, 249, 408–416. [CrossRef]
34. Zuev, B.Y. Methodology of modeling nonlinear geomechanical processes in blocky and layered rock masses on models made of

equivalent materials. J. Min. Inst. 2021, 250, 542–552. [CrossRef]
35. Sorokova, S.N. Mathematical Modeling of Mechanical Forces and Power Balance in Electromechanical Energy Converter.

Mathematics 2023, 11, 2394. [CrossRef]
36. Golik, V.I.; Brigida, V.; Kukartsev, V.V.; Tynchenko, Y.A.; Boyko, A.A.; Tynchenko, S.V. Substantiation of Drilling Parameters for

Undermined Drainage Boreholes for Increasing Methane Production from Unconventional Coal-Gas Collectors. Energies 2023,
16, 4276. [CrossRef]

37. Klyuev, R.V.; Karlina, A.I. Improvement of Hybrid Electrode Material Synthesis for Energy Accumulators Based on Carbon
Nanotubes and Porous Structures. Micromachines 2023, 14, 1288. [CrossRef]

https://nonstopreliability.com/equipment-reliability/
https://nonstopreliability.com/equipment-reliability/
https://www.forconstructionpros.com/equipment-management/article/21104195/the-true-cost-of-unplanned-equipment-downtime
https://www.forconstructionpros.com/equipment-management/article/21104195/the-true-cost-of-unplanned-equipment-downtime
https://doi.org/10.3390/wevj15080365
https://doi.org/10.3390/math12182842
https://doi.org/10.31897/PMI.2021.2.13
https://doi.org/10.31897/PMI.2022.3
https://doi.org/10.3390/electricity5040047
https://doi.org/10.3390/wevj16040217
https://doi.org/10.1179/mnt.2001.110.3.163
https://doi.org/10.3390/en15155439
https://doi.org/10.1016/S0951-8320(97)00010-0
https://doi.org/10.25018/0236_1493_2024_5_0_158
https://doi.org/10.3390/wevj15020064
https://doi.org/10.25018/0236_1493_2023_111_0_51
https://doi.org/10.1109/REEPE57272.2023.10086795
https://doi.org/10.3390/math11112586
https://doi.org/10.1076/ijsm.17.3.139.14773
https://doi.org/10.31897/PMI.2021.3.10
https://doi.org/10.31897/PMI.2021.4.7
https://doi.org/10.3390/math11102394
https://doi.org/10.3390/en16114276
https://doi.org/10.3390/mi14071288


World Electr. Veh. J. 2025, 16, 357 26 of 26

38. Rao, K.R.; Prasad, P.V. Graphical methods for reliability of repairable equipment and maintenance planning. In Proceedings of
the Annual Symposium on Reliability and Maintainability (RAMS), Philadelphia, PA, USA, 22–25 January 2001; pp. 123–128.

39. Kumar, R.; Vardhan, A.; Kishorilal, D.B.; Kumar, A. Reliability analysis of a hydraulic shovel used in open pit coal mines. J. Mines
Met. Fuels 2018, 66, 472–477.

40. Sinha, R.S.; Mukhopadhyay, A.K. Reliability centred maintenance of cone crusher: A case study. Int. J. Syst. Assur. Eng. Manag.
2015, 6, 32–35. [CrossRef]

41. Gharahasanlou, A.N.; Mokhtarei, A.; Khodayarei, A.; Ataei, M. Fault tree analysis of failure cause of crushing plant and mixing
bed hall at Khoy cement factory in Iran. Case Stud. Eng. Fail. Anal. 2014, 2, 33–38. [CrossRef]

42. Kang, J.; Sun, L.; Soares, C.G. Fault Tree Analysis of floating offshore wind turbines. Renew. Energy 2019, 133, 1455–1467.
43. Tuncay, D.; Nuray, D. Reliability analysis of a dragline using fault tree analysis. Bilimsel Madencilik Derg. 2017, 56, 55–64.

[CrossRef]
44. Patil, R.B.; AMhamane, D.; Kothavale, P.B.; S Kothavale, B. Fault Tree Analysis: A Case Study from Machine Tool Industry. In

Proceedings of the An International Conference on Tribology, TRIBOINDIA-2018, Mumbai, India, 13–15 December 2018.
45. Qi, M. Analysis of a Predictive Mathematical Model of Weather Changes Based on Neural Networks. Mathematics 2024, 12, 480.

[CrossRef]
46. Valuev, D.V. Mathematical Modelling of Traction Equipment Parameters of Electric Cargo Trucks. Mathematics 2024, 12, 577.

[CrossRef]
47. Kabir, S. An overview of fault tree analysis and its application in model based dependability analysis. Expert Syst. Appl. 2017, 77,

114–135. [CrossRef]
48. Tynchenko, V.S.; Bukhtoyarov, V.V.; Wu, X.; Tyncheko, Y.A.; Kukartsev, V.A. Overview of Methods for Enhanced Oil Recovery

from Conventional and Unconventional Reservoirs. Energies 2023, 16, 4907. [CrossRef]
49. Malozyomov, B.V.; Martyushev, N.V.; Voitovich, E.V. Kononenko Designing the Optimal Configuration of a Small Power System

for Autonomous Power Supply of Weather Station Equipment. Energies 2023, 16, 5046. [CrossRef]
50. Konyukhov, V.Y.; Oparina, T.A.; Zagorodnii, N.A.; Efremenkov, E.A. Mathematical Analysis of the Reliability of Modern

Trolleybuses and Electric Buses. Mathematics 2023, 11, 3260. [CrossRef]
51. Valuev, D.V.; Qi, M. Review Models and Methods for Determining and Predicting the Reliability of Technical Systems and

Transport. Mathematics 2023, 11, 3317. [CrossRef]
52. Zuo, X.; Yu, X.R.; Yue, Y.L.; Yin, F.; Zhu, C.L. Reliability Study of Parameter Uncertainty Based on Time-Varying Failure Rates

with an Application to Subsea Oil and Gas Production Emergency Shutdown Systems. Processes 2021, 9, 2214. [CrossRef]
53. Filina, O.A.; Panfilova, T.A. Increasing the Efficiency of Diagnostics in the Brush-Commutator Assembly of a Direct Current

Electric Motor. Energies 2024, 17, 17. [CrossRef]
54. Balaraju, J.; Raj, M.G.; Murthy, C. Estimation of reliability-based maintenance time intervals of Load-Haul Dumper in an

underground coal mine. J. Min. Environ. 2018, 9, 761–771.
55. Bala, R.J.; Govinda, R.; Murthy, C. Reliability analysis and failure rate evaluation of load haul dump machines using Weibull.

Math. Model. Eng. Probl. 2018, 5, 116–122. [CrossRef]
56. Waghmode, L.Y.; Patil, R.B. Reliability analysis and life cycle cost optimisation: A case study from Indian industry. Int. J. Qual.

Reliab. Manag. 2016, 33, 414–429. [CrossRef]
57. Barabady, J.; Kumar, U. Reliability analysis of mining equipment: A case study of a crushing plant at Jajarm Bauxite Mine in Iran.

Reliab. Eng. Syst. Saf. 2008, 93, 647–653. [CrossRef]
58. Taherı, M.; Bazzazı, A.A. Reliability Analysis of Loader Equipment: A Case Study of a Galcheshmeh. MT Bilimsel 2017, 11, 37–46.
59. Valuev, D.V.; Qi, M. Stochastic Models and Processing Probabilistic Data for Solving the Problem of Improving the Electric Freight

Transport Reliability. Mathematics 2023, 11, 4836. [CrossRef]
60. Gozbenko, V.E. Determination of the Reliability of Urban Electric Transport Running Autonomously through Diagnostic

Parameters. World Electr. Veh. J. 2023, 14, 334. [CrossRef]
61. Boychuk, I.P.; Grinek, A.V.; Kondratiev, S.I. A Methodological Approach to the Simulation of a Ship’s Electric Power System.

Energies 2023, 16, 8101. [CrossRef]
62. Shishkin, P.V. Development of a Mathematical Model of Operation Reliability of Mine Hoisting Plants. Mathematics 2024, 12, 1843.

[CrossRef]
63. Bryukhanova, N.N.; Kondratiev, V.V.; Kononenko, R.V.; Pavlov, P.P. Reliability Study of Metal-Oxide Semiconductors in Integrated

Circuits. Micromachines 2024, 15, 561. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13198-014-0240-7
https://doi.org/10.1016/j.csefa.2013.12.006
https://doi.org/10.30797/madencilik.388169
https://doi.org/10.3390/math12030480
https://doi.org/10.3390/math12040577
https://doi.org/10.1016/j.eswa.2017.01.058
https://doi.org/10.3390/en16134907
https://doi.org/10.3390/en16135046
https://doi.org/10.3390/math11153260
https://doi.org/10.3390/math11153317
https://doi.org/10.3390/pr9122214
https://doi.org/10.3390/en17010017
https://doi.org/10.18280/mmep.050209
https://doi.org/10.1108/IJQRM-11-2014-0184
https://doi.org/10.1016/j.ress.2007.10.006
https://doi.org/10.3390/math11234836
https://doi.org/10.3390/wevj14120334
https://doi.org/10.3390/en16248101
https://doi.org/10.3390/math12121843
https://doi.org/10.3390/mi15050561
https://www.ncbi.nlm.nih.gov/pubmed/38793134

	Introduction 
	Methods and Materials 
	Description of the Simulation Model of a Trolleybus with an Energy Storage Device 
	Description of the Trolleybus Simulation Model in the Braking Mode 
	Explanation of the ESS Architecture and Rationale for Using a Supercapacitor 
	General Block Diagram of the Energy Control and Management System Used in the Modeling Framework 

	Description of the Mathematical Model of the Traction Drive with an Energy Storage Device 
	Energy Storage Model 
	Calculating the Parameters of Additional Model Elements 
	Extended Verification of the Model 

	Results of Modeling the Energy Characteristics of a Trolleybus Under Different Modes of Movement 
	Investigation of the Process of Charging the Energy Storage Device 
	Investigation of the Dependence of the Charge Level of the Energy Storage Device on Its Capacity 
	Investigation of the Process of Discharge of the Energy Storage Device 
	Braking Frequency Effect on Energy Accumulation 

	Discussion of the Results 
	Conclusions 
	References

