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ABSTRACT
Aims: The aim of the study is to design a hybrid charging station that utilizes renewable energy sources, employs energy storage 
capabilities, incorporates insulated gate bipolar transistor (IGBT) technology, and provides a fast-charging solution. This design 
is intended to address the energy challenges arising from the widespread adoption of electric vehicles, offering a sustainable 
solution by harnessing renewable energy and storing it efficiently.
Methods: This study introduces a hybrid-charging station designed to address the charging needs of electric vehicles (EVs) and 
powered by renewable sources such as solar energy. The station utilizes IGBT technology in its rectifier section. Achieving an 
impressive 95% energy efficiency in 400 V direct current (DC) fast charging is experimentally validated. The charging process is 
initiated with energy derived from solar panels and nonstop transitions to battery or pulse width modulation (PWM) rectifier 
power as needed. The rectifier section employs the Sinusoidal PWM method for sampling a sinusoidal waveform, while pulse 
width modulation is used for the converter section by calculating the duty cycle.
Results: The hybrid charging station has demonstrated nonstop operation on both the grid and solar energy throughout the tests. 
The utilization of IGBT technology in the rectifier and converter sections contributes to achieving 400 V DC fast charging with a 
high energy efficiency rate of 95%. Parameters of the PWM rectifier and DC-DC converter have been simulated using MATLAB 
that is confirming the station’s performance. Practical implementation has shown that values are close to the simulation.
Conclusion: The widespread use of fossil fuel-powered vehicles poses environmental and health risks due to carbon emissions. 
The increasing popularity of EVs addresses this concern, but challenges arise in charging infrastructure and grid suitability. 
This study proposes a hybrid charging station using PV modules and a storage unit with a DC-DC converter. Fast-charging 
capabilities and grid integration are included for non-solar periods. The system offers energy savings, has broad applications, 
and can operate independently, making it suitable for various scenarios. Future research can explore higher battery capacities, 
increased charging capabilities, and advanced technologies for optimal energy use.
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INTRODUCTION

The innovation in transportation, initiated by the invention 
of internal combustion and electric motors due to the 19th-
century industrial revolutions, is progressively intensifying 
energy demand. Vehicles commonly used in contemporary 
transportation with internal combustion engines rely on 
fossil fuel sources. One of the most significant disadvantages 
of internal combustion engine technology (Fossil fuels) is 
CO2 emission. According to a study conducted in the USA, 
27% of all emissions originate from transportation (URL-
1, 2021). The environmental damages caused by fossil fuels, 
their adverse effects on human health, and their limited 

reserves have heightened the societal demand for renewable 
energy sources as an alternative. Climate change and 
greenhouse gas emissions are experienced all over the world. 
The main reason behind them is the energy obtained from 
fossil fuels instead of renewable energy sources. Therefore, 
it is necessary to use renewable energy sources more actively 
(Çetintaş et al., 2017). Energy demand and consumption are 
increasing day by day, in parallel with population growth. 
Currently, a significant portion of the energy requirement 
is met from fossil sources. Fossil resources not only have 
limited capacity on Earth but also possess a specific reserve 
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lifespan. Moreover, the utilization of fossil fuels is leading to 
a gradual acceleration of environmental and climatic issues. 
Individuals have become more conscious of the adverse 
impacts of fossil fuels on the environment and human health. 
Consequently, countries have begun to address a portion of 
their energy needs through renewable energy sources. Some 
renewable energy sources employed in these efforts include 
wind, solar, geothermal, hydro, and biomass energy (Gürbüz 
et al., 2021).

Compared to vehicles using fossil fuels, renewable energy 
sources are labeled clean energy that does not harm the 
environment. The increasing awareness of the environmental 
damage caused by carbon emissions from vehicles using 
fossil fuels, predominantly those with internal combustion 
engines, coupled with advancements in battery technologies, 
is steadily driving interest toward electric vehicles (EVs).

Consequently, EVs, exclusively equipped with electric 
motors, are becoming more prevalent each day. In line with 
the increasing use of EVs, energy requirements and charging 
infrastructure issues are gaining prominence. Research 
indicates that the energy demand for charging EVs imposes 
a significant burden on the grid, leading to adverse situations 
such as the increased use of power plants using fossil fuels 
to meet the growing demand for electrical energy. As a 
solution to this issue, gradual improvements should be made 
to address grid inadequacies and the utilization of renewable 
energy sources should be progressively increased.

The increase in EVs has triggered a growing demand for 
efficient and environmentally friendly charging solutions. In 
response to the need to limit greenhouse gas emissions and 
advance sustainable energy practices, there is an increasing 
interest in charging stations powered by renewable energy 
sources. This study presents an innovative hybrid charging 
station design that utilizes renewable energy for civilian 
and military EVs and features a fast-charging capability. 
The design is monitored in real-time with the assistance 
of a microcontroller, ensuring the system’s shutdown in 
case of any issues. Additionally, batteries are employed as a 
storage unit to provide uninterrupted charging solutions. 
The detailed examination of the technical specifications of 
this charging station design, along with the utilization of 
simulation results, aims to realize the implementation of 
the design. When renewable energy-based hybrid charging 
stations are academically examined, charging methods, 
economical solutions, and decision-making mechanisms are 
categorized into various groups. Some of the studies that 
were conducted are listed below.

As per the U.S. Department of Energy (USDE), only 15% 
of the fuel used in internal combustion engine (ICE) cars 
is utilized for propelling the vehicle. Energy is lost in fossil 
fuel vehicles because it is dissipated as friction and heat in 
the moving system. While fossil fuel vehicles often require 
maintenance, EVs efficiently allocate over 75% of their energy 
towards propulsion. EVs typically offer an average range of 4 
to 8 miles per kilowatt-hour (kWh) (Tie et al., 2013).

As depicted in Figure 1, electric cars are entirely powered by 
electricity. In contrast, as illustrated in Figure 2, hybrid cars 
feature two engines: one electric and one internal combustion. 
Hybrid vehicles utilize electricity for initial acceleration and 

switch to a fossil fuel source for other driving conditions. 
However, hybrid vehicles are not environmentally friendly 
due to their use of fossil fuels.

Thanks to advances in battery technology, electric cars 
have now achieved the necessary range for practical use. As 
technology continues to evolve, these range distances are 
steadily increasing. In this way, EVs have started to replace 
hybrid vehicles in the market.

Electric cars do not have an internal combustion engine. 
For this reason, they do not create CO2 gas emissions, which 
are harmful to the environment. It also does not cause noise 
pollution. It is more economical as it uses electrical energy 
as fuel. There are both household chargers and stationary 
charging stations for charging. The performance of EVs is 
higher than fossil fuel vehicles (Çetintaş et al., 2017).

The most significant disadvantage of electric vehicle (EV) 
charging due to solar panel (PV) charging is the variability 
in the desired PV production with intelligent charging. 
Intelligent charging can provide flexibility in EV chargers 
(Mouli et al., 2016). There are several methods to increase the 
driving range of an EV. The first is the battery capacity. The 
second goal is to reduce charging time to enhance usability. 
However, the structure limits the infrastructure dedicated 
to conductivity (where the AC-DC converter is included 
in the charging station) (Saber et al., 2017). EVs offer three 
critical capabilities for existing power plants: the ability to 
adjust charging power, rapid fluctuations in charging power 
and discharging capability. EV charging typically involves 
maintaining a constant power flow until the battery reaches 
total capacity (Mouli et al., 2017).

Standardizing existing charging stations, connection 
structures, and communication protocols enhances the 
quality and speed of charging for customers. This 
development makes the EV system more efficient, 

Figure 1. (a) AC charging; (b) DC fast charging

Figure 2. Hybrid car internal structure
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contributing to widespread adoption worldwide. Various 
countries have established international standards to promote 
charging station development and broader use (Sutopo et al., 
2018). Table 1 illustrates the EV standards of some countries. 

IEC 62196 is used as the standard in EV charging stations. 
Charging voltages are divided into alternative current (AC) 
and DC. It has been observed that the electric car charge 
voltages are examined at three different levels. It is the 
charging process with a standard socket without any safety 
precautions. There are three levels: level 1, 120 VAC charging 
method; level 2, 208-240 VAC charging method; and level 3, 
208-850 VDC, respectively, fast charging method is applied. 
(Angelov et al., 2018).  Charging is carried out with a single-
phase/three-phase mains and grounding line. AC power 
supply line should be at most 32A, 250V AC (single phase), or 
480VAC (Dericioglu et al., 2018). In the fast charge method, a 
charge rate of up to 70% in the vehicle battery can be reached 
with a 30-minute charge. In this method, the EV is connected 
to the AC mains supply by using a unique battery control 
system to control the devices in the battery system (IEC et 
al., 2010).

The design incorporates insulated gate bipolar transistor 
(IGBT) technology, providing advantages and disadvantages. 
The utilization of IGBT is evident in both the rectifier section 
and the DC-DC converter section, which features maximum 
power point tracking (MPPT) functionality. IGBT rectifier 
is a pulse width modulation (PWM) rectifier constructed 
using IGBTs (Gelman et al., 2014). A PWM rectifier offers the 
following advantages: adjustable DC voltage, energy recovery, 
power factor correction, and low harmonics (Hans et al., 
1980). Rectifier switching activities initially employed silicon-
controlled rectifiers (SCRs), followed by the adoption of gate 
turn-off thyristors (GTOs), and subsequently integrated with 
IGBTs. Significantly, advancements in IGBT technology 
have been made today, establishing it as a preferred device in 
converters covering the DC connection voltage range crucial 
for traction rectifiers (700 to 1500 VDC) (H. G. Eckel et al., 
2005).

What distinguishes this study from other works is its capability 
to provide charging solutions for both military and civilian 
vehicles. The design’s adaptability to challenging terrain 
conditions, flexibility, portability, and remote controllability 
signify compliance with military standards. The remote 
controllability feature allows intervention in emergencies. 
Additionally, the design aims to minimize waiting times in 
military settings through its fast-charging capability. EVs 
also create an advantage in military applications, but high 
reliability is required. Another advantage of this design is its 
ability to operate silently, providing a strategic benefit (Khalil 
et al., 2009).

In the study by Liu and Makaran, they designed a battery 
charger powered by solar energy, a renewable energy source. 
DC/DC converter was used in the design. This study was 

Table 1. EV standards by country (Ng et al., 2011)
EV Country
Society of Automotive Engineers (SAE) USA
International Electrotechnical Commission (IEC) Europe
Japanese Electrotechnical Committee (JEC) Japan
China Electricity Council (CEC) China

designed mainly for small vehicles. This study encompasses 
a hybrid charging station powered by renewable energy 
sources, particularly solar energy. The hybrid charging 
station also functions as a fast-charging station, constituting 
the amalgamation of two systems. The first system involves 
an IGBT rectifier, while the second incorporates an MPPT-
enabled DC-DC converterC-DC topologies are utilized in this 
system. The AC obtained from the grid is converted to direct 
current (DC) through the IGBT rectifier. Simultaneously, the 
DC from the MPPT system is combined with the rectifier 
output, resulting in the collaborative operation of the two 
systems. This feature allows for installation in any desired 
location without the necessity of grid power. The presence of 
grid energy at the installation site is optional.

METHODS

Renewable Energy

The energy demand, initiated with the Industrial Revolution, 
has brought about specific challenges due to the use of fossil 
fuels and the impact of a growing population. The production 
of most goods and associated logistical activities heavily relies 
on fossil fuel resources, leading to environmental problems 
and hazardous carbon emissions affecting the atmosphere. 
As alternatives to these issues, environmentally friendly and 
clean energy sources, known as renewable energy sources, 
have gained increasing significance (Öymen et al., 2020). 
Geothermal, hydroelectric, solar, biomass, and wave energy 
are examples of renewable energy sources. These sources 
are becoming more crucial as countries invest more in their 
utilization due to their inexhaustible nature (Bekar et al., 
2020).

Solar energy, one of the renewable energy sources, is utilized 
not only for heating, cooling, and obtaining hot water but 
also for electricity generation. The most common method of 
electricity production from solar energy involves photovoltaic 
applications using solar cells. To harness energy from solar 
radiation effectively, it is ideal to be located between latitudes 
of 45° north and south (Karamanav et al., 2007). Turkiye, 
geographically situated between 36-42° north latitudes, 
enjoys an advantageous position for solar energy compared to 
many other countries. According to the Turkiye Solar Energy 
Potential Atlas (GEPA), created to maximize the utilization of 
solar energy and assess its potential in electricity generation, 
Turkiye has an annual average of 2741 hours of sunlight and a 
total energy amount of 1527 kWh/m2 per year (Arca et al., 
2022). Figure 3 provides Turkiye’s monthly solar radiation 
values. 

Figure 3. The solar radiation values for Turkiye by month (kWh/m2)
(URL-2, 2022)
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Electrical Equivalent Circuit Model of Solar Cells

The similarity of solar cells to diode structures can be referred 
to as photodiodes due to their resemblance to diode currents, 
according to Equation 1. For the electrical equivalent circuit 
of a solar cell, a single-diode electrical circuit model is 
preferred for its simplicity and reliability (Karabaş et al., 2019). 
This choice is due to the complexity of the dual-diode 
structure and the lack of a significant difference in the 
modeling stage (King et al., 2004). Figure 4 illustrates the 
single-diode equivalent circuit for a solar cell.

In the figure’s equivalent circuit of the solar cell, Iph 
represents the solar energy photon current, Vd the diode, Rp 
the parallel resistance, and Rs the series resistance. Since Rp 
and Rs introduce conduction losses, they negatively impact 
the cell efficiency. Rp is the resistance that reflects defects due 
to the crystal structure of the cell, while Rs represents the 
internal resistance of the solar cell. The series-connected Rs 
resistance affects the short-circuit current, while the parallel-
connected Rp resistance influences the open-circuit voltage 
(Ozcalik et al., 2013). I and V indicate the current and voltage 
of the solar cell. The adapted Iph current equation, according 
to Figure 4, is provided below when a load is connected to 
the solar cell contacts. The I current is the generated current 
of the solar cell. The formulas containing calculations for the 
solar cell are specified in Equations (1), (2), (3), (4), and (5). 

    (1)

 (2)

    (3)

  (4)

 (5)

In the given equations, I represents the output current, I0 
is the diode saturation current, q denotes the elementary 
charge of an electron (1.602×10^(-19) C), K is the Boltzmann 
constant (1.381×10(-23) J/K), and T represents the temperature 
in Kelvin (Bayrak et al., 2012). 

Three-Phase PWM Rectifier

A three-phase DGM rectifier is an electronic circuit utilized 
for converting alternating current to DC through PWM. Its 
operational principle involves managing current control 
and voltage transformation by controlling the conduction 

Figure 4. Monocrystalline solar cell electrical equivalent circuit

and cutoff states of three groups of semiconductor switches, 
similar in structure to the three groups of diodes in a bridge 
rectifier. The DGM controller adjusts the conduction time 
of each switch based on the magnitude and phase angle 
of the input voltage. The longer the conduction time of the 
switch, the higher the output voltage, and vice versa. Upon 
adjustment of the conduction time, the average voltage across 
the switch reaches the desired value throughout the entire 
cycle. Adding a capacitor to the output minimizes voltage 
fluctuations (Zhou, 2023).

IGBT rectifiers are devices that drive the applied alternating 
current to convert it into the desired DC through PWM 
technique. In previous applications, rectifiers developed 
using thyristors had lower efficiency, lower power factors, 
insufficient switching frequencies, and higher harmonic 
distortions, making using IGBT rectifiers more advantageous. 
IGBT rectifiers have been employed in the design of the 
charging station, aiming for high efficiency and a higher 
power factor. An IGBT rectifier consists of four elements: a 
transformer, a semiconductor switch IGBT, a capacitor, and 
an inductor.

In the circuit depicted in Figure 5, Vin represents the input 
voltage, Q1, Q2, Q3, Q4, Q5, and Q6 denote the IGBT 
semiconductor switching elements, L represents the 
inductance, C represents the capacitor, R represents the load 
resistance, Io represents the output current, and Vo represents 
the output voltage. The IGBTs are switched to adjust the 
desired DC at the system’s output.

The control method for the three-phase PWM rectifier is 
provided in Figure 6. The Proportional-Integral (PI) control 
method adjusts the gain by comparing the externally 
provided reference DC information with the output DC 
information, allowing the desired DC to be set at the output. 
The Control Unit transmits the error value obtained by 
comparing the rectifier output voltage with the reference 
input voltage generated using a sine wave table, along with 
the DC voltage value and the “Modulation Index” value, 
which will be obtained using the “Duty Cycle” value. Multiple 
methods are used for switching semiconductors IGBTs in 
PWM rectifiers. Some of these methods are as follows.

Figure 5. Three-phase PWM rectifier topology

Figure 6. The control method of the PWM rectifier
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Hysteresis current control (HCCPWM): The hysteresis 
current-controlled PWM method is one of the preferred 
control methods due to its direct control of current, simplicity, 
and short dynamic response time. This control method 
calculated the error ratio between the actual current and the 
reference current generated by the control algorithm. 
Semiconductor devices remain in conduction within the 
specified maximum and minimum limits for the calculated 
error value, allowing the current to flow. When the current 
error value reaches certain limits, signals that decrease or 
increase the current value are sent to the switching element. 
Figure 7 illustrates the current error and PWM signal. 

A PI controller is employed as the system control algorithm. 
The voltage error information from the DC output is 
controlled through the PI controller, determining the 
magnitude of the current coming from the grid. The voltage 
measured from the grid allows the determination of the grid 
angle through the phase-locked loop (PLL). Additionally, it 
ensures the creation of a synchronous current reference with 
the grid. The grid current is subtracted from the reference 
current for the current error. This error value determines the 
switching states (Evren et al., 2021). 

Space vector pulse width modulation (SVPWM): Another 
technique used in the semiconductor switching of power 
electronic devices in industrial applications is the SVPWM 
technique. This technique offers advantages such as a constant 
output voltage and a high power factor with fewer harmonics 
in the output voltage. Unlike other techniques, SVPWM 
utilizes a reference vector. In operating a three-phase system, 
the SVPWM for SVPWM, similar to the structure in Figure 
5, has eight conduction states for three of the six switching 
elements for the upper switches. The lower switches operate 
inversely to the upper switches.

In Figure 8, the vector representation for the eight possible 
switching states of the rectifier is provided. The reference 
vector is determined in the region where the calculation 
result falls and is closest to three neighboring vectors (Yüksek 
et al., 2019). 

Figure 7. Current error in hysteresis current control

Figure 8. Voltage vector parts of a space vector according to the network

Sinusoidal pulse width modulation (SPWM): The SPWM 
technique is the industry’s most widely used switching 
technique compared to the other two techniques. This 
technique is based on a carrier-based modulation technique. 
In this technique, the angle of the obtained reference current 
is phase-shifted by the angle between the desired voltages. 
This waveform is compared with a high-frequency carrier 
triangular wave to generate the necessary PWM pulses for 
switching. Instead of keeping the width of all pulses constant 
in this modulation technique, it is varied proportionally to 
the amplitude of a sinusoidal wave considered as the center of 
each pulse. At the same time, distortion factor and low-order 
harmonics are significantly reduced with this method. 
According to literature studies, the SPWM signal exhibits 
better performance than other PWM signals, as it has fully 
open and closed states of the switching element despite 
having an equal switching frequency to the carrier wave. The 
efficiency of the rectifier is improved through the control 
method based on the comparison made with the SPWM 
method. Other advantages of this method include decreasing 
the Total Harmonic Distortion (THD) of the output current 
and voltage. Figure 9 illustrates the generation of the required 
PWM signal with a triangular carrier wave. 

In this study, the SPWM method has been employed as 
the switching control method for the rectifier. Information 
regarding the simulation and implementation conducted 
using this method is provided in the Results section. The 
required PWM signal is generated by comparing the low-
frequency sine wave with the high-frequency (10-20 kHz) 
carrier triangular signal. When the carrier triangular signal 
is smaller than the sine wave, the output voltage, Vout, 
equals Vdc. Otherwise, the output voltage is equal to -Vdc. 
This calculation is shown in Equation 6.

  (6)

The pulse widths of the SPWM waveform are calculated as 
indicated in Figure 10. 

Figure 9. PWM signal compare of one phase for three phase rectifier
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   (7)

    (8)

  (9)

     (10)

  (11)

     (12)

Here, m represents the modulation index, f is the 
measurement frequency, and Ts denotes the measurement 
time. Also, sampling has been done for a specific time 
interval. The calculated values define the time that needs to 
be applied due to the switching. 

Buck-Boost Type DC-DC Converter

Switching DC-DC converters provides a regulated DC output 
by adjusting the DC input to the desired value using the 
PWM method. Although this system is quite diverse, it is 
commonly used in thermal power plants, the iron and steel 
industry, solar power plants, and many other places. There 
are three types: step-down, step-up, and both step-down and 
step-up. Additionally, there is a type with MPPT capability. 
In the conducted study, two DC-DC converters were used. 
The first one is a step-down and step-up type DC-DC 
converter with MPPT capability. The other one is a buck-
boost type DC-DC converter without MPPT capability. 
Generally, these converters consist of a semiconductor device 
(IGBT, MOSFET, BJT), inductor, diode, and capacitor 
elements. Figure 11 illustrates the schematic of a step-down 
and step-up DC-DC converter. In the circuit shown, Vs 
represents the input voltage, S the semiconductor switching 
element, D the diode, L the inductor, C the capacitor, R the 
load resistance, and Vo the output voltage. In a buck-boost 
circuit, the input voltage can be lower than, higher than, or 
equal to the output voltage. It is necessary to examine the 
conduction (S on) and cutoff (S off) states of the S switch in 
the circuit analysis. In Figure 12, the conduction and cutoff 
durations are shown, Equation (13) provides the duty cycle 
calculation, and Equation (14) presents the theoretical output 
voltage formula for the converter. 

Figure 11. Buck-boost DC-DC converter circuit

Figure 12. Buck-boost converter duty cycle

    (13)

    (14)

Here, p represents the duty cycle, Vo is the output voltage, Vs 
is the input voltage, t (ton and toff) is the on and off times of 
the S switch, and Ts is the switching period. The duty cycle, 
denoted by P, can take values between 0 and 1. Different 
voltage levels are obtained for different P values. When P < 
0.5, it is a step-down type; when P > 0.5, it is a step-up type 
(Çalışkan et al., 2017). Capacitors and inductors are used 
to reduce the fluctuations in the converter’s output. The 
inductance value used to minimize the reduction in output 
current should be adjusted.

The expression describing the inductor current and the 
voltage across the circuit when the switch is ON is given in 
Equation (15). 

  (15)

The expression describing the inductor current and the 
voltage across the circuit when the switch is OFF is given in 
Equation (16). 

 (16)

To achieve the desired output values for a buck-boost type 
DC-DC converter, the output voltage, capacitor capacitance, 
and inductor inductance must be adjusted. The circuit’s 
output voltage is given in Equation (17), the value of the 

Figure 10. SPWM pulse width calculation method



11

J Comp Electr Electron Eng Sci 2024, 2(1), 5-16 Hybrid charging station integration of solar power and IGBT

inductor to be used is given in Equation (18), and the value 
of the capacitor to be used is given in Equation (19) (Dogra et 
al., 2014). 

    (17)

    (18)

   (19)

System Setup and Operating Structure 

Electric vehicle hybrid charging station control system: The 
structure for the hybrid charging station is provided in Figure 
13. The hybrid charging station comprises one rectifier, two 
buck-boost converters, batteries, and photovoltaic panels. 
Energy for the EV in the hybrid charging station is supplied 
in two ways: first, through solar energy, and second, from the 
grid. The energy obtained from the sun and charging the EV 
also charges the batteries in the storage unit simultaneously. 
This way, when there is no charging process, the energy 
obtained from the sun is preserved. In cases where solar 
energy is not sufficient for the charging process, the charging 
process is provided through the batteries, and when both are 
not sufficient, the charging process is ensured with the DC 
rectified from the grid through the rectifier.

These adjustments in the system ensure the maximum use 
of energy from the sun and are monitored and controlled in 
real-time through the human machine interface (HMI). A 
10.1” TFT All-in-One computer is used as the HMI unit. The 
PWM rectifier performs the AC-DC conversion, converting 
380V AC to 408V DC. The energy obtained from the sun, 
with the MPPT feature of the buck-boost converter, tracks the 
maximum power point to produce 408V DC at its output. The 
second buck-boost converter used in the system provides the 
DC required for the EV. The system’s output can be adjusted 
from 0 to 400V DC. Control in the PWM rectifier and DC-
DC converters is provided by the dsPic33ep256mc206 
microcontroller.

PV modules: The system utilizes 60 monocrystalline solar 
panels with a power rating of 450W each. Selecting 
monocrystalline solar panels is attributed to their higher 
efficiency, longer lifespan, lower thermal losses, and aesthetic 
appeal. Additionally, the panels are connected in series and 
parallel configurations, with 10 panels in series and 6 in 
parallel, producing approximately 460V DC at the output. 
Considering an output of 10A per panel, it is observed that the 

Figure 13. Hybrid charge station topology

system can deliver a total current of 600A. Furthermore, each panel 
has a power output of 450W, as indicated in Table 2. Cumulatively, 
the system boasts a total power of 27,000 watts, showcasing its 
substantial energy capacity. The specific characteristics of the panels 
are provided in Table 2. 

Storage unit: The storage unit is used to ensure the continuity 
of the system and to meet the energy needs in cases where 
solar energy is insufficient. The system uses 30 VRLA (Valve 
Regulated Lead Acid) batteries. The charging process of the 
batteries is provided by the energy generated by the PV 
modules. The Buck-Boost converter uses the energy stored in 
the batteries to charge the EV in case of need. The technical 
specifications of the VRLA batteries are given in Table 3. 

HMI: A typical display unit, the HMI, monitors system 
measurements and adjusts them within the desired range. 
The HMI consists of a TFT panel, a processor, and a remote 
communication module. Through the HMI, the control 
process is carried out, and the system has the task of turning 
off the rectifier section based on the solar energy potential 
and operating the DC-DC converters. The control unit in the 
system is the HMI. The image belonging to the HMI is 
presented in Figure 14. 

Buck-boost type DC-DC converter design: The step-up/
step-down type DC-DC converter in the circuit in Figure 15 
is used for two purposes. The first converter transforms the 
250V to 460V DC from the PV panels into 408V DC required 
for charging the batteries at the output. This DC-DC 
converter, unlike the others, has the MPPT feature. This 
feature is implemented only in software without the need for 
any hardware changes. With MPPT, the maximum power 

Table 2. The electrical characteristics of the used solar panel in the 
system
Description Values
PV panel maximum power (W) 450
Maximum power point current (A) 10.6
Open circuit voltage (V) 46.6
Maximum power point voltage (V) 42.3
Module efficiency (%) 20.3

Table 3. The technical specifications of the VRLA battery used in the 
system
Description Values
Nominal voltage 12V
Capacity 100A
Charge current 20A
Nominal charge voltage 13.6V
Boost charge voltage 14.2V

Figure 14. HMI screen of hybrid charge station
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point of the energy obtained from the sun is determined. The 
second converter has an input voltage range of 300V to 408V 
DC, which will not discharge the batteries deeply. It uses the 
voltage from the batteries and generates 400V DC at the 
output to charge the EV batteries. The system uses IGBT, coil, 
diode, and capacitor as switching elements.

If we consider that the PV output voltage is 400V DC, the 
required duty cycle can be calculated using Equation (14) as 
follows: 

The duty cycle of the IGBT switch is calculated as 50.5%. The 
minimum current of the circuit is determined to be 10A. 
The switching frequency is chosen as 20 kHz. The required 
inductance value can be calculated using Equation (18) as 
follows: 

Here, the calculated value is approximately 1 mH. Assuming 
a load value of 100 ohms for the system’s start and considering 
a ripple of 100mV in the output voltage, the required capacitor 
value can be calculated using Equation (19) as follows: 

PWM rectifier design: In the circuit shown in Figure 16, the 
PWM rectifier converts 380V three-phase alternating current 
from the grid into 408V DC. IGBT is used as the switching 
element in the circuit. In addition to this, a transformer, 
inductors, capacitors, and diodes are used as isolation and 
voltage reduction components. In this case, the storage unit’s 
batteries represent the load resistance.

Figure 15. Buck-boost DC-DC converter circuit

Figure 16. Three-phase PWM rectifier circuit

The role of the rectifier during the system’s operation is to 
become active when the energy obtained from the sun and 
stored in the batteries is insufficient, thus performing the 
charging process. 

The PWM rectifier has a power factor (PF) exceeding 95%. 
The current harmonic is below 5%. The switching frequency 
of the PWM rectifier is 16 kHz. The calculated period for this 
frequency value is determined using Equation (12) as follows: 

Fs = 16 kHz 

 

RESULTS

PWM Rectifier Simulation Study

Simulations were conducted based on the theoretical values 
of the PWM rectifier used in the system. In this study, 
inductors, capacitors, transformers, and switching elements 
were assumed to be ideal. As depicted in Figure 17, the circuit 
simulation was implemented using Matlab/Simulink. 

The simulation results are presented in Figure 16. The 
AC signal from the input has been converted to 408V DC 
through the PWM rectifier. The IGBT switching frequency is 
selected as 16 kHz. The corresponding triangular wave signal 
generates the main PWM pulses. The modulation index is 
30.5%. The simulation graphs for input voltage and current 
are shown in Figure 17, indicating that the fluctuation in 
the output voltage of the PWM rectifier is close to 100 mV. 
Additionally, the rectifier is loaded with a 5-ohm resistor. The 
graphs for output voltage and current are provided in Figure 
18. The IGBT switching signals generated by the SPWM are 
shown in Figure 19. 

As shown in Figure 18, the output voltage is specified as 400V 
DC. The load at the output draws approximately 82A current. 
Both current and voltage have fluctuations of up to 100mV 
and 100mA. The system starts with a soft start, reaching 
nominal values in 0.3 seconds. Additionally, Figure 20 
provides the switching PWM pulses. Feedback information 
is obtained from the input voltages and compared with a 
triangular wave at a frequency of 16 kHz to enable the IGBTs 
to switch according to the SPWM method. This result is 
multiplied by the modulation index, allowing controlled 
adjustment of the SPWM for the desired output voltage. 

Buck-Boost Type DC-DC Converter Simulation Study

A simulation study has been conducted based on the 
theoretical values of the DC-DC converter used in the system. 
This study considered the inductor, capacitor, and switching 
elements ideal. The circuit simulation, as shown in Figure 21, 
was implemented using the Matlab/Simulink. 

For the initial condition, the resistance value is calculated 
below to allow a minimum current, also known as the 
damper load, to pass through the resistor. The resistance 
value is calculated for a 408V charging voltage and a 4A load 
resistance. 
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Figure 18. PWM rectifier input voltage and currents

Figure 19. PWM rectifier output voltage and currents

Figure 17. Three-phase PWM rectifier circuit (Detailed)



14

J Comp Electr Electron Eng Sci 2024, 2(1), 5-16 Kuzu et al.

In the simulation conducted for the buck-boost converter, 
a 408 Ω resistor was used as the load, and the calculated 
capacitor and inductor values were utilized. The input voltage 
was set to the nominal voltage of 400V DC from the panels. 
The IGBT switching frequency was chosen as 20 kHz, and the 
duty cycle period was set to the calculated value of 50.5%. The 
simulation results are presented in Figure 22. 

As a result of the simulation, the PWM signal, output voltage, 
and output current related to the duty cycle of the IGBT switch 
were obtained, as shown in Figure 18. The IGBT was driven 
with a 50.5% duty cycle. The load voltage has a ripple voltage 
of 100 mV, while the load current is at a value of 4A with a 100 
mA fluctuation. 

Hybrid Charging Station Experiment and Implementation

The experimental and implementation phase of the hybrid 
charging station was conducted using Matlab/Simulink 
simulation. The study involved images of the 380V AC power 
source, PWM rectifier, DC-DC converter, Transformer, 
Power Supply, Mainboard, IGBTs, and HMI unit, as depicted 
in Figure 19. 

As seen in Figure 23, the circuit consists of several electrical 
components. Additionally, a 100A MCCB (Moulded Case 
Circuit Breaker) has been utilized to protect any short circuits 
in the system’s inputs and outputs. For the storage unit, 30 
units of 12V VRLA batteries have been employed to charge 
the EV. Fluke brand measurement tools were used to measure 
input and output voltages. The switching frequencies were 
monitored with an oscilloscope.

Before connecting the application circuit to regular EVs, 
tests were conducted under load in a test environment. These 
tests were conducted based on the voltage and current values 
simulated. Isolated driver circuits were used to drive the 
IGBTs. All power supplies were provided from the supply 
card shown in Figure 19. The power supplies in the system 
are divided into 12V and 5V. In Figure 24, a 408.0V DC is 
observed at the outputs of both the PWM rectifier and the 
DC-DC converter. 

In Figure 25, the switching frequency of the DC-DC 
converter is provided. The duty cycle period starts as a soft 
start at 50.5%. 

The simulation and application results show that a 408V DC 
output is provided for the PWM rectifier with a fluctuation 
level below 1%. It is also shown in Figure 20. Additionally, the 
switching pulses for the PWM rectifier are shown in Figure 26. 
The IGBTs are driven with a soft start, ensuring work safety 
by shutting down the system in case of any danger. When the 
system’s efficiency is theoretically calculated, it exceeds 95%, 
aligning well with the practical application. The Buck-Boost 
type DC-DC converter converts the voltage obtained from 
solar energy to 408V DC to charge the batteries in the storage 
unit and serves as an energy source for the second converter. 

Figure 20. PWM rectifier for 6 IGBT SPWM pulses that produced with modulation index

Figure 21. Buck-boost type DC-DC converter simulation model

Figure 22. DC-DC converter simulation graphics
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DISCUSSION

The dependence on vehicles using fossil fuels for 
transportation, which is significant in our lives, harms the 
environment and human health. Vehicles utilizing fossil 
fuels also contribute significantly to carbon emissions, 
posing a substantial threat to the atmosphere and 
impacting global climates. For these reasons, the number 
of environmentally friendly EVs is increasing daily. 
However, this rise raises questions about the charging 
infrastructure and the suitability of the electrical grid.

This study transfers the DC generated through PV 
modules to the storage unit using a buck-boost type DC-
DC converter. The batteries in the storage unit charge, and 
fully charged batteries are sufficient to charge multiple 
vehicles. The hybrid charging station employs a fast-
charging method, offering up to 70% charge in half an 
hour if the vehicle’s specifications allow. In cases where 
solar energy is insufficient, and the storage unit is not 
enough for vehicle charging, the grid-powered rectifier 
is activated. The system contributes to energy savings by 
utilizing solar power.

Hybrid charging stations have no space limitations and can 
be used by individuals or companies. They are suitable for 
military vehicles in remote areas, providing independence 
from the grid. The system operates based on renewable 
energy without dependence on the grid. Future research 
can focus on increasing battery capacities and providing 
charging capabilities for EVs supporting up to 1000 
VDC. Advancements in fast-charging technologies can 
increase current f low and allow for higher power levels. 
Increasing the number of PV modules can power multiple 
vehicles with solar panels alone. Bidirectional rectifiers 
can transfer excess energy back to the grid, incorporating 
different control structures and artificial intelligence for 
optimization.

Figure 23. (a) Transformer, (b) power supply card, (c) main board, (d) IGBTs, (e) HMI unit

Figure 24. PWM rectifier output voltage with oscilloscope

Figure 25. DC-DC converter PWM pulses

Figure 26. PWM rectifier IGBT SPWM pulses for three-phase
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CONCLUSION

The development and implementation of hybrid charging 
stations represent a promising solution to address the 
environmental and health concerns associated with 
traditional fossil fuel-powered transportation. By harnessing 
solar energy through photovoltaic modules and employing 
an innovative buck-boost DC-DC converter, this study 
demonstrates a sustainable approach to charging EVs while 
minimizing reliance on the conventional grid. The hybrid 
charging stations not only contribute significantly to reducing 
carbon emissions but also offer flexibility for use in diverse 
settings, including remote areas and military applications. 
The incorporation of fast-charging technology, coupled with 
the ability to draw power from both solar and grid sources, 
ensures a reliable and efficient charging infrastructure. As we 
look toward the future, further research and advancements 
in battery capacities, fast-charging technologies, and 
bidirectional rectifiers, combined with artificial intelligence 
optimization, hold the key to enhancing the viability and 
scalability of this eco-friendly solution.
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