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This paper presents the design and development of a hybrid power supply
system for freight railway wagons, aiming to enhance energy autonomy
and reduce maintenance requirements. The system utilizes solar energy
and rechargeable batteries as primary power sources. An ESP32
microcontroller serves as the central unit, managing energy resources,
battery charging and discharging processes, and protecting the connected
loads. Additionally, the design includes voltage regulation circuits, current
protection mechanisms, and voltage and current sensing modules to ensure
precise monitoring and stable operation of the system. Simulation and
experimental results confirm the high reliability of the system under
various operating conditions and its ability to provide continuous power to
the wagon's onboard loads.

1. Introduction

With the growing expansion of railway
transportation as one of the safest and most
energy-efficient methods for freight movement,
the need for a sustainable and intelligent energy
supply system in freight wagons is increasingly
evident. Traditional power systems in freight
wagons are mainly reliant on external sources or
non-intelligent designs, which often fail to
deliver adequate performance and stability under
varying operational conditions.

On the other hand, the integration of
renewable energy sources and the development
of energy management systems in railway
vehicles can not only enhance electrical
performance and system reliability but also
reduce operational costs and improve energy
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efficiency. In recent years, numerous studies
have focused on the use of solar panels, smart
control systems, and energy storage technologies
in the transportation sector; however, most of
these efforts have been concentrated on
passenger trains or road vehicles, leaving freight
wagons relatively neglected in terms of onboard
power solutions [1], [2].

This paper presents the design and
implementation of a self-sufficient power supply
system for freight wagons, utilizing solar panels,
rechargeable batteries, and a smart controller.
The system is capable of providing electrical
energy to auxiliary equipment such as sensors,
monitoring systems, and lighting. Moreover, by
employing an energy management algorithm,
the system's performance is optimized under
different operating conditions, offering a
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practical, cost-effective, and reliable solution for
powering freight wagons, with an emphasis on
improved efficiency and operational stability

(2], [3].

2. System Design Process

This section presents a step-by-step
explanation of the design and development
process of the freight wagon power supply
system. The process includes hardware
component selection, energy consumption
analysis, control circuit design, and the
implementation of the energy management
algorithm [4]. Figure 1 illustrates the overall
block diagram of the proposed system.

Figure 1 illustrates the overall block diagram
of the freight wagon power supply system. This
system includes a solar panel as the primary
energy source, an MPPT (Maximum Power
Point Tracking) unit for optimizing the energy
extracted from the panel, a main controller unit
(ESP32 microcontroller) for intelligent energy
management and decision-making, a battery
pack as the energy storage component, and a
power conditioning and distribution unit to
deliver energy to the load. The bidirectional
communication between the controller and the
battery enables controlled charging and
discharging processes [5], [6].

2.1 Energy Source Selection and Power
Consumption Analysis

To power the system, a 12V, 100W solar
panel was selected and mounted on the wagon
roof. The energy consumers include sensors,
LED lighting systems, and communication
modules. Based on the power consumption
analysis, a 12V lithium battery with a capacity of
40Ah was chosen as the energy storage unit.

2.2 Charge and Discharge Circuit Design

To control the battery charge and discharge
processes, a solar charge controller circuit was
designed, which includes a DC-DC converter,
overcharge and deep discharge protection, and
real-time monitoring of voltage and current. The
MPPT (Maximum Power Point Tracking)
algorithm is also employed in the charge control
to optimize the utilization of the solar panel. The
overall schematic of the main power circuit is
shown in the figure 2 [7], [8].

It shows the electrical schematic of the main
power circuit and charge control section. This
circuit includes an input current sensor from the
solar panel (INPUT CURRENT SENSOR), a
synchronous buck DC-DC converter for optimal
battery charging using a MOSFET driver (U7 -
IR2104) and power MOSFETs (Q1, Q2, Q3), a
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Figure 1. Block diagram of the freight wagon power supply system using solar energy and smart energy
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back current control unit (BCCU) to prevent
battery discharge towards the panel in the
absence of sunlight (using MOSFET Q4), and
voltage divider circuits for measuring the input
voltage (SOLAR) and battery voltage (BATT)
by the microcontroller. Additionally, indicator
LEDs and protective fuses are integrated into the
circuit.

The simplified schematic of DC-DC converter is
shown in figure 3. It assuming a constant power
load, is modeled by the dynamic equations (1)
and (2). The main difference between equations
(1) and (2) lies in how the output load current (i)
is modeled. In the set of equations (1), the load
is considered as a fixed resistive load (R), thus
the load current is obtained from the relation
i_o= Uc2/(R). Whereas in the set of equations
(2), the load is modeled as a constant power load
(P), in which case the load current is calculated
as i_o= P/U_c2 . The constant power load
modeling is often more accurate for analyzing
systems that supply controlled loads or other
converters [9], [10], [11].

ey = {%(fu —1r2) for  Ton
g for  Torr
i = {L%(lua —Ucz) for Toy (1)
—r;Uc2 for  Torr

Tro = L (i iy = 1 (; Ue,
Uer = ¢ (i —ir) = cj(le - T)

i = £ (U — Uey)

: & (in1 —ir2) for Ton
Ucr = {(;11 .

CTiLl for TDFF (2)
iy = L%(Ua —Ucz) for Ton
_LLZHCZ for TDFF

: 1 . 1/ P
Uer = g (ir2 — o) = C_2(1L2 - U_cz)

Where ip1, iz, Uci, and Uc, represent the input
and output currents and voltages of the circuit,
respectively; Uy, denotes the input voltage; R
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Figure 3. Simplified schematic of the DC-DC converter
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and P represent the load resistance and power;
and i, is the load current. Ton refers to the time
interval during which transistor T: is ON and
transistor T, is OFF, while Torr corresponds to
the interval when transistor T, is ON and
transistor Ty is OFF.

As mentioned in the previous section, the output
load modeling (io ) can be performed in two
ways: as a constant resistive load (R) or as a
constant power load (P). This difference in
modeling leads to changes in the system's state-
space matrix (Alin) [13], [14], [15], [16], [17].
Below, Alin matrices are presented for both
cases (equation 3):

[0 —£ 0 0 |
dlUcy Uy 9lUgp 9l
azm aum a.;Lz BUCZ
Alin di, B B dip
1 1
I 0 0 G RG|
] . ; 3)
0 -4 0 0
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Ajip = dip  dipp  dipp iy
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1 P
L 0 0 G QUG |
2.3 Central Control Using ESP32

Microcontroller

The core of the control system is designed
based on the ESP32 microcontroller. This unit
performs various tasks including voltage/current
sampling, charger control, output activation, and
communication with external modules via
UART/I2C interfaces. Additionally, data storage
on an SD card and wireless data transmission
capabilities have been incorporated. Figure 4
depicts the schematic of the ESP32
microcontroller section and its peripheral
connections.

The ESP32-WROOM module operates as the
central processing unit with dual M7 cores
running at 240 MHz. It receives inputs such as
temperature sensor signals (NTC TEMP
SENSOR), control signals, and feedback from
the power circuit (e.g., GP1032 and GPI0O33 for
controlling IR2104, and GPIO27 for controlling
BCCU). Moreover, control and communication
outputs like UART ports (GPIO1/GPIO3) and
12C ports (GP1021/GP1022) for interfacing with

other modules, as well as GPIO ports for
controlling relays or indicators (GPIO15,
GP1016, GP1017, GP1018, GPIO19, GPI023)
are shown in the figure. The 3.3V power supply
and ground connections are also indicated.

2.4 Energy Management Algorithm

To increase battery lifespan and prevent
energy instability under low-light conditions, an
algorithm was developed that dynamically
makes decisions based on the battery’s state of
charge (SoC), solar irradiance intensity, and load
consumption. The algorithm prioritizes energy
consumption among loads and energy storage to
issue appropriate control commands.

Below is a summary of the code implemented
in the Arduino IDE environment using C and
C++ languages. This code includes functions for
reading voltage and current  values,
implementing the Perturb & Observe MPPT
algorithm, managing the battery’s state of
charge, and controlling the connection and
disconnection of various loads based on priority
and available energy.

void ADC_SetGain(){
if(ADS1015_Mode==true){

if(ADC_GainSelect==0){ads.setGain(GAIN_T
WOTHIRDS);ADC_BitReso=3.0000;}

else
if(ADC_GainSelect==1){ads.setGain(GAIN_ONE);
ADC_BitRes0=2.0000;}

else
if(ADC_GainSelect==2){ads.setGain(GAIN_TWO);
ADC_BitRes0=1.0000;}
}

else{

if(ADC_GainSelect==0){ads.setGain(GAIN_TWOT
HIRDS);ADC_BitReso= 0.1875;}

else
if(ADC_GainSelect==1){ads.setGain(GAIN_ONE);
ADC_BitReso= 0.125;}

else
if(ADC_GainSelect==2){ads.setGain(GAIN_TWO);
ADC_BitReso=0.0625;}

}
}

2.5 ADC Initialization and Configuration

At the start of the program, an external
analog-to-digital converter (e.g., ADS1115 for
higher  precision  voltage and current
measurement) is configured. A function such as
ADC_SetGain() (sample code provided above)
sets the appropriate gain according to the
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expected voltage range and determines the
resolution value (voltage per ADC bit or
ADC BitReso) for subsequent calculations.
This function allows selecting among different
ADC modes (such as ADS1015 with 12-bit
resolution or ADS1115 with 16-bit resolution)
and various gains (e.g., 1x, 2x, or 4x) to optimize
measurement accuracy.

Periodically, voltage values of the solar
panel, battery charge/discharge current, and
battery voltage are read via the ADC and
converted to actual values using ADC_BitReso
and proper coefficients. For the solar panel, an
MPPT algorithm (such as Perturb and Observe)
is applied to continuously operate the panel at its
maximum power point by adjusting the duty
cycle of the DC-DC converter. The battery state
of charge is estimated based on its voltage and,
if possible, via coulomb counting.

2.6 Load Management Decision Logic

e Priority 1: Supplying power to critical
loads.

¢ Normal Conditions: If sufficient power is
available from the solar panel, the battery is
charged, and all loads are powered. If the
solar panel power is insufficient, the battery
is used to supply the loads.

o Energy Deficiency Conditions (Low SoC):
When the battery’s state of charge (SoC)
falls below a threshold (e.g., 30%), non-
essential loads are gradually disconnected

energy for critical loads and prevent deep
battery discharge.

The algorithm includes protections against
overcharge, over-discharge, and overcurrent for
the battery and other components. This
programming approach enables intelligent and
flexible management of energy sources and
consumers.

3. Results and Performance Analysis

To evaluate the performance of the designed
DC-DC converter and the sliding mode control
system, simulations were carried out in the
MATLAB/Simulink environment. In these
simulations, the output load was modeled as a
constant power load, and the system parameters
were set according to the design values (e.g., Ti
= 0.0015s, c2=5, ¢3=150, and e=8). The results
of these simulations are presented in Figures 5(a-
f), illustrating the system’s dynamic response to
variations and its stability.

As shown in Figure (5a), the output voltage
of the converter (UC2 ) rapidly reaches its
desired value of 24 V after a transient period and
stabilizes, indicating the proper operation of the
controller in regulating the output voltage.
Figure (5b) illustrates the output current (IL2 ),
which stabilizes at a constant value proportional
to the constant power load after voltage
stabilization. The input voltage (UC1 ) and input
current (IL1) of the converter, shown in Figures
(5¢) and (5d) respectively, also demonstrate
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Figure 4. Schematic of the ESP32 microcontroller section.

GPIO10 <J}—1—T9 "

based on their defined priorities to preserve

stable behavior following a transient phase,
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confirming the correct function of the input stage
and control algorithm.

The system trajectory in the state-space,
depicted in Figure (5e), clearly shows the
convergence of the system to a stable operating
point. Finally, Figure (5f) presents the sliding
variable and transistor control signal; the
convergence of the sliding variable to zero
confirms the effective performance of the sliding
mode controller in stabilizing the system and

forcing it to operate on the designed sliding
surface.

To further assess system performance under
near-real conditions, Hardware-in-the-Loop
(HIL) testing was conducted. In this approach,
the control section (ESP32 microcontroller) was
implemented physically, while the power section
(DC-DC converter and load) was modeled in the
simulation environment. The results of the HIL
tests for the constant power load with parameters

(<)

(e)

Figure 5. Simulation in the MATLAB environment and system response for a constant power load; c2 =
0.0015 s, c3 =5, Ti=150, and e=8. (a) Output voltage waveform UC2 ; (b) Output current waveform IL2 ;
(c) Input voltage waveform UCL1 ; (d) Input current waveform IL1 ; (e) System trajectory; (f) Sliding
variable waveform and transistor control sianal.
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Ti = 0.0015s, c2 = 5, ¢3 = 150, and e = 8 are
presented in Figures 6(a-f).

The results obtained from simulations and
HIL tests show good agreement with the results
of practical experiments (which will be detailed
in the following sections). For example, the

the simulation were also confirmed in practical
tests.

Although minor differences may exist due to
factors such as component tolerances, parasitic
effects in the real PCB, and varying
environmental conditions in the laboratory, the

stability of the output voltage and the overall system performance trend in both
performance of the MPPT algorithm observed in
._-J. - 18
U, i
> U:‘:I @ f :
‘ 14
15 12
A
2 5 z 10 | I'. 1
> e 2 [\~
5 6 :
P —
4 v
. Fd
5 - 0
o 0. 0.02 0 0.04 0.0 C 0.02 0.C 0.04 0.05
ts] tis]
(a) (b)
49 &
U i I,
] ! -
485
| .
i P *
e f |/ <.
-] —
475} L
= 0.0 0.02 0.03 004 0.05 % 0.01 0.02 0.03 0.04 0.05
tisl t(s]
() (d)
5 05( N o
0.5 g /
o M\ A
= [ . % 0.01 0.02 0.03 0.04 0.05
@ 05 \d '.ll t[s]
\l 20
-1 v
‘ _'% 15.[
15 g .ol
«10° S S 20 @ N
5 - ) 10 of i L i A
deldt [V/s] A0 -.'.n o eVl 0 0.01 0.02 0.03 0.04 0.05
t[s]
(e) (f)
Figure 6. HIL test results and system response for a constant power load with parameters ¢2=0.0015 s, ¢3=5,
Ti=150, and e=8. (a) Output voltage UC2 ; (b) Output current IL2 ; (c) Input voltage UC1 ; (d) Input current
IL1 ; (e) System trajectory; (f) Sliding variable and transistor control signal waveforms.
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simulation and experimental modes is aligned
and confirms the reliability of the design.

3.1 Solar panel performance and charging
efficiency

During peak irradiance hours, the solar panel
generated 80 to 95 watts, which was transferred
to the battery by the charge controller. The
recorded charging current graph shows that the
MPPT algorithm successfully tracked the
maximum power point, resulting in maximum
utilization of solar energy.

3.2 Battery discharge process during no
irradiance

During night or low-light conditions, the
battery alone is responsible for supplying power
to the loads. Tests show that the selected battery
can supply the load for up to 10 hours under
normal conditions. The battery discharge curve
during this period was linear and stable, with no
signs of severe voltage drop observed.

3.3 Energy consumption management

The designed system, using the energy
management algorithm, gradually turns off non-
essential loads when the battery charge
decreases. This method increases the operational
endurance of the system and prevents complete
shutdown during the night.

3.4 Performance charts

As can be seen in the figure below, the system
reached an efficiency of 98.5% at power above
200 watts. These results confirm the stable and
accurate performance of the system. The
efficiency observed in practical tests at high
power (about 98.5% according to Figure 7) is
consistent with the predictions obtained from
modeling and simulation. To evaluate the
performance of the designed power supply
system, a series of tests were performed under
various  environmental  conditions  (full
brightness, partial cloudiness, and night). In
these tests, the solar panel voltage and current,
battery charge status, and power consumption of
equipment were recorded and analyzed
instantaneously.

Figure 8 shows an image of the final printed
circuit board (PCB) of the designed and
fabricated power supply system. On this board,
component placement has been optimized to
ensure efficient current paths and minimize
noise susceptibility. Major components such as
the ESP32 microcontroller (located centrally at
the top of the board), MOSFET driver circuits

(e.g., U7-IR2104 as shown in the schematic on
page 3 and placed near the MOSFETS), power
MOSFETs (positions Q1, Q2, Q3, Q4),
inductors (L1), capacitors, and input/output
terminals (solar panel connection, battery, and
load) are clearly visible. Additionally,
communication port connectors and indicator
LEDs are integrated on the board. The modular
design of this PCB facilitates easier testing and
troubleshooting.

Table 1. Table caption (Times New Roman 10

regular)
T(C) E(MPa) v 6,(MPa)  a(x10%/C)
24 213 0.295 423 9.91
230 201 0.307 4245 10.79
>450 170 0.321 291.2 11.27

4. Conclusions
In this paper, an independent power supply

system for freight wagons was designed, built,

and tested. The system operates based on
renewable energy generation (solar panel) and
utilizes an intelligent energy management
algorithm. The hardware design involved precise
component selection, including a 100 W solar
panel, a 40 Ah lithium battery, and the ESP32
microcontroller, ensuring power requirements
are met while maintaining stable performance
under varying environmental conditions.

The results from operational tests showed
that:

e The implemented charge control system
with the MPPT algorithm improved the solar
panel efficiency by an average of 35%
compared to a system without MPPT,
guaranteeing maximum extractable power
from the panel under varying irradiance
conditions.

e The optimization not only increased panel
efficiency but also enabled effective power
transfer to the battery; under suitable
irradiance, charging power reached up to
670 W. The overall system efficiency in
transferring this power, especially under
higher loads, exceeded 98% as confirmed by
tests (Figure 7).

e The energy management algorithm, through
intelligent ~ load  prioritization  and
disconnection of non-essential loads during
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energy shortages, extended battery life in
critical conditions (e.g., cloudy days or
nighttime) by approximately 5 hours,
preventing deep battery discharge. Under
these conditions, the system reliably
supplied up to 435 W to critical loads.

e The modular and extensible design of the
control circuit allows its application in other
mobile and isolated systems.

From an operational standpoint, the proposed
system is feasible for industrial and railway
environments and can be introduced as an
alternative solution to traditional and unstable
energy sources
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Figure 7. Overall system efficiency at different power levels.
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Figure 8. Final prototype PCB
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