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Abstract - Integrating solar photovoltaic (PV) systems into charging stations of electric vehicles (EVs) presents a viable option 

for improving energy efficiency and decreasing dependence on traditional grid sources. However, the effectiveness of the PV 

system relies on the selection of a suitable DC-DC converter along with the maximum power point tracking (MPPT) 

methodology. Generally, there are five key DC-DC converters (namely buck-boost, Cuk, SEPIC, zeta, and flyback converters) 

and two MPPT methods (namely perturb and observe (P&O) and incremental conductance (INC) methods) have been developed 

in the literature for different renewable energy applications in different scenarios. However, an effective combination of the 

converter and MPPT method for PV-based EV charging station application was not identified in the literature. Thus, this paper 

performs a critical review of all the key DC-DC converters and MPPT methods that are given above and identifies the best 

combination that optimally extracts maximum power from solar PV panels. For the performance comparison, various parameters, 

namely solar power extraction, converter output voltage, and converter efficiency, are computed under diverse test conditions, 

including irradiance, temperature, and the electric vehicle’s battery state of charge (SOC). The system design has been carried 

out in MATLAB/Simulink software. The outcomes of this research work explore the flyback converter as superior to other 

converters when it is combined with P&O-based MPPT. Thus, this work provides valuable insights into the investigation of an 

efficient DC-DC for solar-powered electric vehicles, fostering advancements in renewable energy utilization for automotive 

applications. 
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1. Introduction 

Energy independence is promoted through the 

advancement of battery technology and charging 

infrastructure, which allows for charging from different 

sources, such as renewable sources [1, 2]. The popularity of 

electric vehicles (EVs) is increasing due to their sustainability, 

cost savings, and innovation. The advantages of each EV type, 

including battery-based electric vehicles, plug-in-based 

electric vehicles, and hybrid electric vehicles, include quiet 

operation, zero emissions, and eco-friendly trends [3-7]. The 

attractiveness of electric vehicles lies in their ability to 

withstand fuel price fluctuations and their dependence on 

stable electricity costs. The charging infrastructure plays a 

vital role in addressing range anxiety. The benefits of EV 

adoption extend to environmental sustainability, economic 

appeal, technological innovation, and societal trends, painting 

a compelling picture of the future of cleaner, more efficient, 

and environmentally conscious mobility [8, 9]. 

The growing demand for clean transportation is met by 

the global expansion of EV charging stations. This 

infrastructure requires the DC-DC converter, which acts as a 

vital link between the electric grid and EV batteries [10, 11]. 

To ensure optimal charging conditions, it is crucial to 

efficiently convert and match voltage levels. The converter 

can ensure seamless connections with varying grid voltages by 

tailoring the grid voltage to meet specific EV battery 
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requirements, which is crucial for grid compatibility [12, 13]. 

The DC-DC converter in fast-charging stations is capable of 

handling higher power levels, which leads to efficient rapid 

charging [14]. The charging process is aligned with battery 

specifications by integrating with the EV's battery 

management system. In addition to charging, it permits 

bidirectional energy flow for vehicle-to-grid applications, 

permitting electric vehicles to release their stored energy 

during peak demand [15, 16]. The DC-DC converter is an 

essential piece of the infrastructure that supports widespread 

EV adoption through efficiency, adaptability, and future-

ready technology. 

The use of the electrical grid can be significantly 

decreased by combining solar systems with electric vehicles, 

which provides a sustainable and distributed energy source 

[17]. Solar systems generate clean, independent electricity for 

EV charging and reduce reliance on the grid, especially during 

peak demand [18, 19]. Energy independence is achieved for 

homeowners who install solar panels, which means they rely 

less on the central grid for their daily needs, including EV 

charging. Solar systems help reduce peak demand by 

producing the most energy during daylight hours, which aligns 

with peak demand periods [20]. A more distributed and 

resilient energy network can be achieved by using solar 

installations collectively in multiple homes and businesses to 

reduce the load on the centralized grid [21]. The use of excess 

solar energy for EV charging during non-sunlight hours is 

made possible by combining solar systems with battery 

storage, which reduces the need for grid-based electricity. The 

integration of smart inverters and grid management systems 

allows solar systems to provide load balancing and grid 

support services [22, 23], which stabilize the grid by adjusting 

electricity flow depending on demand. 

The addition of a DC-DC converter with a solar system is 

essential for optimizing energy conversion. This converter 

dynamically adjusts voltage to align with battery or DC load 

requirements, maximizing energy transfer efficiency, 

especially in varying sunlight conditions. It plays a pivotal role 

in minimizing energy losses and enhancing overall system 

performance, which is a key aspect when solar panels operate 

below their maximum power point [24]. The converter in solar 

systems with energy storage ensures that the system is flexible 

for diverse applications by preventing overcharging or 

undercharging. Grid-tied systems ensure seamless 

compatibility, facilitating the smooth exchange of energy 

without any interruptions. The DC-DC converter plays a vital 

role in solar energy systems by incorporating remote 

monitoring and control features, enhancing overall operational 

efficiency [25]. A significant challenge in this context is the 

optimization of maximum power extraction from the solar 

photovoltaic (PV) system discussed in [26]. To address this 

challenge, perturb and observe (P&O) and incremental 

conductance (INC) based maximum power point tracking 

algorithms have been employed [27-30].  

Considering all the above-mentioned advancements and 

limitations of the literature, this paper performs a critical 

review of all the key DC-DC converters (namely Buck-Boost, 

Cuk, SEPIC, Zeta, and Flyback converters) and two MPPT 

methods (namely INC and P&O) that are available in the 

literature. Further, this paper identifies the best combination 

that optimally extracts maximum power from solar PV panels 

that are integrated into electric vehicle charging stations. It is 

to be noted that this paper is neither a review of the existing 

literature nor a bibliographic review. It is an experimental 

verification of the abovementioned DC-DC converters and 

MPPT methods to find their applicability to electric vehicle 

charging stations. 

System simulations and comparative analysis are 

performed using MATLAB/Simulink software. Various real-

time test cases with varying environmental conditions (namely 

irradiance and temperature) and EV load conditions (namely 

battery state of charge (SOC)) are implemented for validating 

the converters and MPPT methods. The comparison is done 

by calculating various performance parameters, namely solar 

power, converter output voltage, and converter efficiency. 

These contributions collectively enhance the understanding 

and practical application of solar energy in the context of 

developing EV charging stations. The rest of the paper is 

organized as follows. 

Section 2 describes the operation of solar-powered EV 

charging stations. Section 3 explains the modelling of the 

considered DC-DC converters to be used for the development 

of charging stations. Section 4 discusses the MPPT techniques 

and their implementation procedures, Section 5 presents the 

findings and comparative analysis, and Section 6 provides the 

conclusion of this article.  

2. Operation of Solar-Powered EV Charging Station 

The architecture of the solar-powered EV charging station 

embodies a forward-looking vision for the future of eco-

friendly and efficient transportation. Through the careful 

integration of a solar PV system, sophisticated MPPT 

techniques, DC-DC converters, and electric vehicles depicted 

in Fig. 1, this charging station signifies a significant 

advancement in reshaping the landscape of sustainable electric 

mobility. This comprehensive approach represents a pivotal 

shift in the way we perceive and harness clean energy for 

electric vehicles, marking a noteworthy stride in the paradigm 

of sustainable transportation. 

Solar power generation is influenced by environmental 

factors, including daily irradiation and temperature variations. 

This intermittency results in energy output fluctuations, 

posing challenges for a reliable charging service. To overcome 

this, integrating diverse technologies like MPPT methods, 

DC-DC converters, and smart grid systems is essential, but 

presents some technical challenges. Achieving seamless 

compatibility/effective communication among these systems 

demands meticulous planning, solving complexities in their 

integration. In the system architecture, the MPPT controllers 

sense the voltage and currents from the solar panels and 

generate switching pulses directed to DC-DC converters, 

ensuring a steady voltage for recharging EVs. The modelling 

of PV cells is given as follows. 

The solar PV module is the primary power generation 

source for solar-powered EV charging stations. Modelling of 

PV cells plays a key role in sizing the solar power system to 

meet the specific needs of the EV charging station [31].  
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Fig. 1. The architecture of the solar charging station with an indication of various test scenarios. 

The widely adopted single-diode model incorporates 

fundamental electrical components, including a diode, light-

generated current, series resistance, and shunt resistance, as 

illustrated in Fig. 2(a). The voltage and current relationships 

within the PV cell model are expressed as given in Eq. (1). To 

maximize the power output, a solar cell needs to be operated 

at its optimal voltage (Vopt) and current (Iopt), combinedly 

known as the maximum power point (MPP). As shown in Fig. 

2(b), the I-V and P-V characteristics of the solar cell are 

obtained by employing Eq. (1). From this, the maximum 

power (Pmp) is computed as given in Eq. (2) at the optimal 

value of both voltage/current. 

 

    

       

       1
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I I I Ipv ph sh d
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Where the output current is denoted as Ipv, representing 

the overall current output. Id signifies the diode current, while 

Ish stands for the shunt resistance current. Iph is used to 

represent the light-generated current, and Io is associated with 

the reverse saturation current. The elementary charge is 

represented by q, and Vpv indicates the voltage across the 

terminals. The ideality factor is denoted as n, and Boltzmann's 

constant is represented by k. T stands for the absolute 

temperature, and Rse represents the series resistance, whereas 

Rsh signifies the shunt resistance. 

 

3. Modelling of DC-DC Converters for Charging Station 

The DC-DC converter is a pivotal component in EV 

charging stations, bridging the balance between the power 

supply system and the battery [32]. 

 
(a) Equivalent circuit 

 

(b) P-V and I-V characteristics 

Fig. 2. PV cell equivalent circuit and characteristics. 

Its primary role is to efficiently convert and align voltage 

levels, ensuring optimal charging conditions. Moreover, it 

adapts the incoming supply voltage to match the charging 

specifications of various EV models. This research delved into 

the integration of Cuk, SEPIC, Buck-boost, Zeta, and Flyback 

converters with a solar system to maximize power extraction. 

The high-level block diagram of solar-powered EVs with 

various DC-DC converters that are operated with both INC 

and P&O MPPT controllers is depicted in Fig. 3(a) to Fig.3(e). 
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Fig. 3. Block diagrams of the EV charging system with different DC-DC converters. 

3.1. Solar Powered Cuk Converter 

The Cuk converter is a specialized DC-DC converter 

designed for efficient EV charging by maintaining a desired 

output voltage (Vout) for battery charging. The duty cycle (D) 

is regulated by INC and P&O MPPT controllers to ensure a 

consistent output voltage. Its intricate design addresses the 

unique requirements of EV charging, making it a key 

component in advancing EV charging technology for optimal 

power delivery. The Cuk converter operates in four modes of 

operation to analyze the performance [33]. 

 Mode-1 (Switch Q is ON, 0 < t < DT): At the beginning, 

there is no stored charge in the capacitors and inductors of 

the Cuk converter. In this mode, the inductor current (IL1) 

begins to rise and accumulate energy with a positive-to-

negative polarity in alignment with the input current (Iin). 

The direction of the current flows toward the switch Q, and 

then returns to the source as shown in Fig. 4(a). The inductor 

L1 current is calculated from Eq. (3). 

 Mode-2 (Switch Q is OFF, DT < t < T): Once the switch 

Q is turned OFF after half cycle, the previously charged 

inductor current is discharged in the reverse direction and 

hence the input voltage is added to the inductor voltage 

(VL1), and the current starts flowing through the capacitor C1 

and makes the diode D is in forward biased. The direction 

of the current is given in Fig. 4(b). Using this, the inductor 

current is computed as given in Eq. (4). 

 Mode-3 (Switch Q is ON): The inductor (L1) is charging, 

and the previously charged capacitor (C1) is discharging 

through EV loads when the switch (Q) is turned ON again 

in Mode-3. The reverse direction of the capacitor current 

makes the diode (D) reverse-biased, and the direction of the 

current is from Q, C2, EV loads, and L2 as shown in Fig. 

4(c). The inductor L2 voltage and capacitor C1 and C2 

currents are calculated from Eq. (5) - Eq. (7). 

 Mode-4 (Switch Q is OFF): The switch Q is turned OFF 

and repeats the Mode-2 operation. The previously charged 

inductor L2 is discharging through the diode D and transfers 

the energy to EV loads as shown in Fig. 4(d), and the output 

voltage is calculated from Eq. (8). The average value of L1 

and L2 inductors’ voltage in ON and OFF modes of 

operation are given by Eq. (9) and Eq. (10) respectively. 

Finally, the voltage output of the converter is given as Eq. 

(11). 
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(a) Mode-1 

 

(b) Mode-2 

 

(c) Mode-3   

 

(d) Mode-4 

Fig. 4. Current flow in the Cuk converter during the switch 

ON and OFF states in various modes. 

3.2. Solar Powered SEPIC Converter 

The SEPIC converter is a versatile DC-DC converter with 

the capability for both step-up and down the input voltage. The 

converter provides a non-inverted output and ensures 

electrical isolation between the input and output. The primary 

purpose is to stabilize and regulate the output voltage despite 

fluctuations in the input voltage [34]. The converter's switch 

is governed by the duty cycle (D), generated by the INC and 

P&O MPPT controllers to maintain the constant output 

voltage at the DC link. 

 Mode-1 (Switch Q is ON, 0 < t < DT): The switch Q is 

turned ON by applying gate pulses from the MPPT 

controller, and the inductor L1 starts charging from the input 

current (Iin). At this instant, the inductor voltage (VL1) is 

nearly equal to the source voltage (Vin). The direction of the 

input current flows through inductor L1, switch Q, and 

returns to the source. Thus, the inductor L2 is also charged 

by the capacitor C1 as shown in Fig. 5(a). The inductor 

voltages and capacitor current are computed by Eq. (12) and 

Eq. (13). 
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 Mode-2 (Switch Q is OFF, DT < t < T): In this mode, the 

inductor L1 doesn’t allow a sudden change in current. Thus, 

the inductor starts discharging in the reverse direction and 

supplies energy to the capacitor C1 as shown in Fig. 5(b). 

The inductor voltages and capacitor currents are calculated 

from Eq. (14) to Eq. (17). 
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When the switch Q is ON and OFF, the inductors L1 and 

L2 voltages are equal to an instance 0 ≤ t ≤ DT and DT ≤ t ≤ T 

as represented in Eq. (18). Further, the voltage output of the 

SEPIC converter is calculated from Eq. (19). 
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(a) Mode-1 

 

(b) Mode-2 

Fig. 5. Current flow in the SEPIC converter during the 

switch ON and OFF states in various modes. 

3.3. Solar Powered Buck-Boost Converter 

This converter is a flexible DC-DC converter with a 

combination of both boost and buck converters for voltage 

conversion. The output voltage is regulated and maintained 
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constant based on the duty ratio of the converter switch [35]. 

The converter's switch is governed by the duty cycle (D), 

generated by the INC and P&O MPPT controllers to maintain 

the constant output voltage at the DC link. 

 Mode-1 (Switch Q is ON, 0 < t < DT): The switch Q is 

turned ON, and the inductor L is charging with the supply 

current (Iin). In this mode, the diode D is forward-biased and 

acts as an open switch. The direction of current is 

represented in Fig. 6(a). The change in inductor current is 

derived as Eq. (20) and Eq. (21) during this operation. 

 Mode-2 (Switch Q is OFF, DT < t < T): In this mode of 

operation, the switch Q is turned OFF, and the diode D is 

turned ON. During this time, the inductor discharges the 

energy and transfers it to EV loads. The current flow 

direction is represented in Fig. 6(b), and the change in 

inductor current during the OFF state is calculated through 

Eq. (22) and Eq. (23). The output voltage of the converter 

under steady-state is derived as given in Eq. (24). 
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(a) Mode-1 

 

(b) Mode-2 

Fig. 6. Current flow in the buck-boost converter during the 

switch ON and OFF states in various modes. 

3.4. Solar Powered Zeta Converter 

To manage the DC-DC conversion process efficiently, the 

zeta converter dynamically controls the voltage supplied to the 

EV battery [36]. This setup ensures the safe and effective 

charging of the EV battery. The voltage output is regulated 

and maintained constant based on the duty ratio of the 

converter switch, which is governed by the duty cycle (D), 

generated by the INC and P&O MPPT controllers. 

 Mode-1 (Switch Q is ON, 0 < t < DT): The switch Q is 

turned ON, and diode D is turned OFF by reverse voltage.  

During this time interval (DT), both inductors Li and Lo, and 

capacitor C1 are charged. The current flow direction is 

denoted in Fig. 7(a). The change in inductor current and 

capacitor voltages is calculated from Eq. (25) to Eq. (26). 

 Mode-2 (Switch Q is OFF, DT < t < T): During this time 

interval (DT < t < T), the switch Q is turned OFF, and the 

diode D is turned ON and is in the forward-biased mode. 

Due to turning the switch OFF, both the inductors Li and Lo 

are discharging into capacitors C1 and CD, respectively, as 

shown in Fig. 7(b). The inductor current and capacitor 

voltages are calculated from Eq. (27) to Eq. (28). 
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The output voltage of the zeta converter is given as Eq. (29).  

1out in

D
V V

D



   (29) 

 

(a) Mode-1 

 

(b) Mode-2 

Fig. 7. Current flow in the zeta converter during the switch 

ON and OFF states in various modes. 
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3.5. Solar Powered Flyback Converter 

The flyback converter provides electrical isolation 

between solar panels and electric vehicles. The solar PV 

panels generate variable output voltages based on irradiation 

and temperature conditions. The flyback converter handles a 

wide range of input voltages and steps up or down the voltage 

as needed to recharge the EV batteries. The flyback converter 

topology is discussed in three modes of operation as follows 

[37]. 

 Mode-1 (Switch Q is ON, 0 < t < DT): The flyback 

transformer’s primary is directly linked to the input voltage 

(Vin) source. Once the switch Q is ON at DT, the input 

current (Iin) flows to the primary. At this time, the input 

current and primary current (Ip) are the same as the 

magnetizing current (Im). This causes an increase in primary 

current and magnetic flux, effectively storing energy in the 

flyback transformer. The induced voltage (Vp) in the 

secondary winding is negative, leading to the reverse 

biasing of the diode (D-OFF). At this time, the output 

capacitor efficiently supplies energy to the EVs as shown in 

Fig. 8(a). The flyback transformer secondary voltage (Vs), 

the change in magnetizing current in the flyback 

transformer primary winding (∆ILm), and the flyback 

converter output voltage (Vout) are calculated using Eq. (30) 

and Eq. (31). 

 Mode-2 (Switch Q is OFF, DT < t < T): The stored energy 

in the flyback transformer winding does not immediately 

dissipate to zero when switch Q is turned OFF. During this 

time interval, the flyback transformer primary current (Ip) 

and magnetic flux decrease. The diode (D) allows current to 

flow from the flyback transformer according to Faraday's 

law of electromagnetic induction due to forward bias. The 

energy from the flyback transformer recharges the output 

capacitor and EV battery, as shown in Fig. 8(b). The diode 

current (ID), capacitor current (ICout), and output current (Iout) 

are calculated as Eq. (32) and Eq. (33). 

 Mode-3 (Switch Q is ON): In this Mode-3, the already 

charged output capacitor (Cout) discharges the energy 

through the EVs. The high value of the output capacitor 

reduces the output ripples and maintains the constant output 

voltage (Vout) across the load terminals, irrespective of 

switching ON and OFF conditions to recharge the EV 

batteries represented in Fig. 8(c). The voltage output of the 

converter is calculated from Eq. (34) under steady-state 

conditions. 
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(a) Mode-1 

 

(b) Mode-2 

 

(c) Mode-3 

Fig. 8. Current flow in the Flyback converter during the 

switch ON and OFF states in various modes. 

4. MPPT Control of Solar-Powered Charging Stations 

The implementation of a charge controller equipped with 

MPPT technology to efficiently harness the maximum power 

from photovoltaic panels. These MPPT algorithms are crucial 

for solar systems due to their ability to maximize energy 

output, enhance efficiency, adapt to changing environmental 

Q (ON)

D (OFF)

Cout

EV 

Battery

Vin
Vout

Iin

Vp

N1

N2

Vs

+   

-

+   

-

Ip

+   

-

ICout

VD+   -

Lm

Switchig pulses 

from MPPT 

controller

Q (OFF)

D (ON)

Cout

EV 

Battery

Vin
Vout

ID

ICout

Iout

N1

N2

Ip

Vs

+   

-

Vp

-

+   

-

+   

+   

-

Is

Switchig pulses 

from MPPT 

controller

Q (ON)

D (OFF)

Cout

EV 

Battery

Vin
Vout

Iin

N1 N2

+   

-

ICout

+   

-

+   

-

Iout

Switchig pulses 

from MPPT 

controller

VCout



 

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. Mamidala and Y. V. P. Kumar, Vol.16, No.1, March, 2026 

 

162 
 

conditions, accommodate various panel types, and optimize 

the performance of multi-panel setups [38, 39]. In this article, 

two MPPT algorithms are implemented as shown in Fig. 9 for 

extracting the maximum power from a solar system intended 

for an EV battery charge controller. The P&O and INC-based 

MPPT controllers [40, 41] are used in this paper to track 

maximum power from solar PV panels by integrating various 

DC-DC converters that are discussed in the previous section. 

 

(a) P&O method 

 

(b) INC method 

Fig. 9. Flowcharts of various MPPT control methods. 

4.1. P&O-Based MPPT Controller 

The P&O MPPT method continuously perturbs the 

operation voltage (V_PV(k)) and currents (I_PV(k)) of a solar 

panel. This perturbation is followed by measuring the 

resulting power output (P_PV(k)). By comparing the newly 

measured power (P_PV(k-1)) with the previous value, the 

system determines the increased or decreased power from Eq. 

(35). This iterative process is designed to bring the system 

closer to the maximum power point and optimize energy 

production, as represented in the flowchart as shown in Fig. 

9(a). 
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4.2. INC-Based MPPT Controller 

The incremental conductance MPPT controller is an 

advanced tracking technique used in this solar charging station 

to optimize power output from solar panels by adjusting the 

operating point [42, 43]. The INC method continually assesses 

the relationship between incremental changes in power and 

voltage or current to accurately track the maximum power 

point. This method starts with an initial MPP estimate and then 

calculates incremental changes in power and current/ voltage 

(dI_PV/dV_PV) and compares with reference values (I_PV). 

Based on continuous adjustments and comparisons, this 

method tracks the maximum power from solar panels. The 

implementation of the INC method is explained step by step 

in the flowchart, and it is represented in Fig. 9(b). 

5. Results and Discussions 

The results provide the performance characteristics and 

their comparative analysis of the considered five key DC-DC 

converter circuits, namely Buck-Boost, SEPIC, Cuk, Zeta, and 

Flyback. Their performance is assessed based on their ability 

to produce the maximum power from the solar PV system, 

their ability to keep constant voltage at the converter’s output 

terminals, and their ability to obtain the maximum efficiency 

from the converters. To test the performance of these 

converters, different possible test cases are implemented as 

shown in Table 1 with various combinations of irradiance, 

temperature, and EV battery SOC.  

Table 1. Test cases to compare the converter performance 

Case Irradiance Temperature Battery 

SOC 

(%) 

1 High (1000 

W/m2) 

High (40 oC) 70 

(High) 

2 Low (500 W/m2) Low (25 oC) 70 

(High) 

3 High (1000 

W/m2) 

High (40 oC) 30 

(Low) 

4 Low (500 W/m2) Low (25 oC) 30 

(Low) 
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Various results, namely solar PV power characteristics, 

voltage characteristics, and efficiency characteristics of 

converters with P&O and INC MPPT controllers, are plotted 

and compared. The comparative analysis under these test 

cases is presented in the following subsections. 

5.1. Analysis of Results Obtained Under Test Case-1 

In this test case-1, both the solar irradiance and 

temperature are high for a period of 0.5 secs. The MPPT 

controllers, like P&O and the INC, are implemented to extract 

the maximum power from the solar panels to recharge the 

batteries. In this case-1, only 70% SOC of the EV battery is 

connected to investigate various DC-DC converters using 

P&O and INC MPPT controllers. Figure 10 represents the 

maximum power obtained from the solar panels. Figures 11 

and 12 show the converter's output voltages and efficiency, 

respectively, using the P&O MPPT controller. For high 

irradiation and temperature conditions, the maximum power 

produced from the flyback converter is 1588.9 W, the buck-

boost converter is 1582.5 W, the ZETA converter is 1577.5 

W, the CUK converter is 1577.5 W, and the SEPIC converter 

is 1577.5 W. All the converters maintain the DC link voltage 

around 216.57 V. The efficiency of ZETA converters is 

97.3%, and both the flyback and buck-boost converters are 

97.2%. The efficiency obtained from the SEPIC and CUK 

converters is 97.1% and 97%, respectively. From these results, 

by considering all three responses (efficiency, solar power, 

and DC link voltage) at steady state during 0.4-0.44 sec, more 

ripple content and oscillations are seen from all the converters 

except the flyback converter. 

 

Fig. 10. Assessment of different DC-DC converters in terms of solar power extraction using P&O MPPT controller. 

 
Fig. 11. Assessment of different DC-DC converters in terms of output voltage using P&O MPPT controller. 

 
Fig. 12. Assessment of different DC-DC converters in terms of efficiency using P&O MPPT controller.
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The maximum solar power extraction, converter's output 

voltage, and efficiency using the INC MPPT controller are 

shown in Fig. 13, Fig. 14, and Fig. 15, respectively. With the 

higher value of irradiation and temperature, the maximum 

power extracted from the flyback converter is 1588.9 W, the 

buck-boost converter is 1586 W, the Zeta converter is 1581 

W, the Cuk converter is 1578 W, and the SEPIC converter is 

1576.5 W. It is also seen that all DC-DC converters retain the 

constant DC link voltage of 216.5 V. The efficiency obtained 

from the buck-boost converters is 97.53%, and the zeta and 

flyback converters are 97.52% and 97.17%. The lowest 

efficiency obtained is from the SEPIC and Cuk converters of 

97.02% and 96.95%, respectively. From the results, by 

considering all three waveforms at steady state during 0.4-0.44 

sec, more ripple content and oscillations are observed from all 

the converters except the flyback converter. 

The overall quantitative analysis of test case-1 is 

consolidated in Table 2. From this, it is concluded that the 

performance of the flyback converter is superior to that of the 

other conventional converters in the context of maximum 

power extraction. Better efficiency is obtained from the zeta 

converter with a P&O MPPT controller and a buck-boost 

converter with an INC MPPT controller. Also, all solar-

powered DC-DC converters maintain a constant output 

voltage. 

 
Fig. 13. Assessment of different DC-DC converters in terms of solar power extraction using the INC MPPT controller.

 
Fig. 14. Assessment of different DC-DC converters in terms of output voltage using the INC MPPT controller.

 
Fig. 15. Assessment of different DC-DC converters in terms of efficiency using the INC MPPT controller.
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Table 2. Performance comparison of converters with respect to test case-1 

Converter 
Solar Power (Ppv in W) DC Link Voltage (Vdc in V) Efficiency (%) 

P&O INC P&O INC P&O INC 

ZETA 1577.5 1581.0 217 217 97.3 97.52 

SEPIC 1577.5 1576.5 217 217 97.1 97.02 

FLYBACK 1588.9 1588.9 -217 -217 97.2 97.17 

CUK 1577.5 1578.0 -217 -217 97.0 96.95 

BUCK-

BOOST 

1582.5 1586.0 -217 -217 97.2 97.53 

Superior FLYBACK FLYBACK All Converters All Converters ZETA BUCK-BOOST 

5.2. Analysis of Results Obtained Under Test Case-2 

In test case-2, both the solar irradiance (500 W/m2) and 

temperature (25 °C) are low for a period of 0.5 secs. The P&O 

and INC MPPT controllers are implemented to extract the 

maximum power from the solar panels. In this test case-2, only 

70% SOC of the EV battery is connected to investigate various 

DC-DC converters using P&O and INC MPPT controllers. 

Figure 16 represents the maximum power obtained from the 

solar panels. Figures 17 and 18 show the converter's output 

voltages and efficiency, respectively, using the P&O MPPT 

controller. For lower irradiation and temperature conditions, 

the maximum power produced from the flyback converter is 

866.9 W, the ZETA converter is 859.7 W, the CUK converter 

is 857 W, the SEPIC converter is 855 W, and the buck-boost 

converter is 854.5 W. All investigated converters maintain the 

DC link voltage around 216.4 V. The efficiency of flyback 

converters is 97%, and ZETA, buck-boost, and SEPIC 

converters are 94.5%. The efficiency obtained from the CUK 

converter is 94% compared with other converters. 

 
Fig. 16. Assessment of different DC-DC converters in terms of solar power extraction using P&O MPPT controller. 

 
Fig. 17. Assessment of different DC-DC converters in terms of output voltage using P&O controller. 



 

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. Mamidala and Y. V. P. Kumar, Vol.16, No.1, March, 2026 

 

166 
 

 
Fig. 18. Assessment of different DC-DC converters in terms of efficiency using P&O MPPT controller. 

By considering all three waveforms at steady state during 

0.4-0.44 sec, more ripple content and oscillations are observed 

from all the converters except the flyback converter. The 

maximum power obtained from the solar panels is depicted in 

Fig. 19. Figures 20 and 21 represent the converter's output 

voltages and efficiency, respectively, using an INC MPPT 

controller. With the lower value of irradiation and temperature 

conditions, the maximum power extracted from the flyback 

converter is 888.6 W, the ZETA converter is 863 W, the buck-

boost converter is 856 W, the CUK converter is 851.5W, and 

the SEPIC converter is 842 W. In this test case-2, all DC-DC 

converters maintained a DC link voltage of around 216.4 V by 

investigation. The maximum efficiency obtained from the 

flyback converters is 96.76%, and both ZETA and buck-boost 

converters' efficiencies are 94.8%. The lowest efficiency 

obtained from the SEPIC converters is 94.25% compared with 

the other converters. 

The overall quantitative analysis of test case-2 is 

summarized in Table 3. From this, it can be concluded that the 

performance of the flyback converter is superior to that of the 

other converters in the context of maximum power extraction 

and efficiency. Besides, all solar-powered DC-DC converters 

provide a constant output voltage. 

 
Fig. 19. Assessment of different DC-DC converters in terms of solar power extraction using the INC MPPT controller. 

 
Fig. 20. Assessment of different DC-DC converters in terms of output voltage using the INC MPPT controller. 
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Fig. 21. Assessment of different DC-DC converters in terms of efficiency using the INC MPPT controller. 

Table 3. Performance comparison of converters with respect to test case-2 

Converter Solar Power (Ppv in W) DC Link Voltage (Vdc in V) Efficiency (%) 

P&O INC P&O INC P&O INC 

ZETA 859.7 863.0 217 217 94.5 94.80 

SEPIC 855.0 842.0 217 217 94.5 94.25 

FLYBACK 866.9 866.6 -217 -217 97.0 96.76 

CUK 857.0 851.5 -217 -217 94.0 94.35 

BUCK-

BOOST 

854.5 856.0 -217 -217 94.5 94.80 

Superior FLYBACK FLYBACK All Converters All Converters FLYBACK FLYBACK 

5.3. Analysis of Results Obtained Under Test Case-3 

In test case-3, both the solar irradiance (1000 W/m2) and 

temperature (40 °C) are high for a period of 0.5 secs. The P&O 

and INC MPPT controllers are implemented to extract the 

maximum power from the solar panels. In this case, only 30% 

SOC of the EV battery is connected to investigate various DC-

DC converters using P&O/INC MPPT methods. Figure 22 

represents the maximum power obtained from the solar 

panels. Figures 23 and 24 show the converter's output voltages 

and efficiency, respectively, using a P&O MPPT controller. 

For higher irradiation and temperature conditions, the 

maximum power extracted from the flyback converter is 

1588.1 W, the buck-boost converter is 1585 W, the Zeta 

converter is 1576 W, the Cuk converter is 1569.5 W, and the 

SEPIC converter is 1568W. All converters maintained the DC 

link voltage around 214 V. The efficiency of flyback 

converters is 97.57%, and CUK, ZETA, and SEPIC converters 

are 97.5%, 97.2%, and 97.15%, respectively. The efficiency 

obtained from the buck-boost converter is 96.92%. 

 
Fig. 22. Assessment of different DC-DC converters in terms of solar power extraction using P&O MPPT controller. 
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Fig. 23. Assessment of different DC-DC converters in terms of output voltage using P&O MPPT controller. 

 
Fig. 24. Assessment of different DC-DC converters in terms of efficiency using P&O MPPT controller. 

From the results, by considering all three waveforms at 

steady state during 0.4 sec to 0.44 sec, more ripple content and 

oscillations are observed from all the converters except the 

flyback converter. The maximum power obtained from the 

solar panels is depicted in Fig. 25, Fig. 26, and Fig. 27, which 

represent the converter's output voltages and efficiency, 

respectively, using an INC MPPT controller at 30% SOC. 

With the higher value of irradiation and temperature 

conditions, the maximum power produced from the flyback 

converter is 1588.9 W, the buck-boost converter is 1582.2 W, 

the ZETA converter is 1579.5 W, the SEPIC converter is 1569 

W, and the CUK converter is 1562.5 W. In this test case-3, all 

DC-DC converters maintained a DC link voltage of around 

216.4 V by investigation. The maximum efficiency obtained 

from the ZETA converters is 97.35%, the FC converter is 

97.13%, SEPIC converter is 97.1%. The lowest efficiency 

obtained from buck-boost and CUK converters are 97.06 and 

97%, respectively, compared with other converters.  

The overall quantitative analysis of test case-3 is 

summarized in Table 4. From this, it is concluded that the 

performance of the flyback converter is superior to that of the 

other conventional converters in the context of maximum 

power extraction. Better efficiency was obtained from the 

flyback converter with P&O MPPT controller and zeta 

converter with INC MPPT controller, and all solar-powered 

DC-DC converters maintained a constant output voltage. 

 
Fig. 25. Assessment of different DC-DC converters in terms of solar power extraction using the INC MPPT controller. 
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Fig. 26. Assessment of different DC-DC converters in terms of output voltage using the INC MPPT controller. 

 
Fig. 27. Assessment of different DC-DC converters in terms of efficiency using the INC MPPT controller. 

Table 4. Performance comparison of converters with respect to test case-3 

Converter Solar Power (Ppv in W) DC Link Voltage (Vdc in V) Efficiency (%) 

P&O INC P&O INC P&O INC 

ZETA 1576.0 1579.5 214 214 97.20 97.35 

SEPIC 1568.0 1569.0 214 214 97.15 97.10 

FLYBACK 1588.1 1588.9 -214 -214 97.57 97.13 

CUK 1569.5 1562.5 -214 -214 97.50 97.00 

BUCK-BOOST 1585.0 1582.2 -214 -214 96.92 97.06 

Superior FLYBACK FLYBACK All Converters All Converters FLYBACK ZETA 

5.4. Analysis of Results Obtained Under Test Case-4 

In this test case-4, both the solar temperature and 

irradiance are low for a period of 0.5 secs. The P&O and INC 

MPPT controllers are implemented to extract the maximum 

power from the solar panels. In this test case-4, only 30% SOC 

of the EV battery is connected to investigate various DC-DC 

converters using P&O and INC MPPT controllers. Figure 28 

represents the maximum power obtained from the solar 

panels. Figures 29 and 30 show the converter's output voltages 

and efficiency, respectively, using a P&O MPPT controller. 

For lower irradiation and temperature conditions, the 

maximum power extracted from the flyback converter is 866.5 

W, from the ZETA and buck-boost converters is 854.5 W, the 

SEPIC converter extracted 849 W, and the CUK converter is 

845 W. All investigated converters maintain the DC link 

voltage around 214 V. The efficiency of the flyback converter 

is 96.97%, the buck-boost and SEPIC converters is 94.6%. 

The efficiency obtained from both ZETA and CUK converters 

is 94.4%. 
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Fig. 28. Assessment of different DC-DC converters in terms of solar power extraction using P&O MPPT controller. 

 

Fig. 29. Assessment of different DC-DC converters in terms of output voltage using P&O MPPT controller. 

 

Fig. 30. Assessment of different DC-DC converters in terms of efficiency using P&O MPPT controller. 

From the results, by considering all three waveforms at 

steady state during 0.4 sec to 0.44 sec, more ripple content and 

oscillations are observed from all the converters except the 

flyback converter. The maximum power obtained from the 

solar panels is depicted in Fig. 31. Figures 32 and 33 represent 

the converter's output voltages and efficiency, respectively, 

using an INC MPPT controller. With the lower value of 

irradiation and temperature conditions, the maximum power 

extracted from the flyback converter is 888.6 W, the ZETA 

converter is 857.5 W, the buck-boost converter is 851.5 W, 

both CUK and SEPIC converters extracted 837.5 W and 827 

W, respectively. In this test case-4, all DC-DC converters 

maintained a voltage at the DC link around 214 V by 

investigation. The maximum efficiency obtained from the 

flyback converters is 96.8%, both ZETA and buck-boost 

converters are 94.8%, and the SEPIC converter is 94.1%. The 

lowest efficiency obtained from the CUK converters is 93.7% 

compared with other converters. The overall quantitative 

analysis of test case-4 is summarized in Table 5. From this, it 

is concluded that the performance of the flyback converter is 

superior to that of the other converters in the context of 

maximum power extraction and efficiency. Further, all solar-

powered DC-DC converters maintained a constant output 

voltage. 
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Fig. 31. Assessment of different DC-DC converters in terms of solar power extraction using the INC MPPT controller. 

 
Fig. 32. Assessment of different DC-DC converters in terms of output voltage using the INC MPPT controller. 

 
Fig. 33. Assessment of different DC-DC converters in terms of efficiency using the INC MPPT controller. 

Table 5. Performance comparison of converters with respect to test case-4. 

Converter Solar Power (Ppv in W) DC Link Voltage (Vdc in V) Efficiency (%) 

P&O INC P&O INC P&O INC 

ZETA 854.5 857.5 213.8 213.8 94.4 94.8 

SEPIC 849.0 827.0 213.8 213.8 94.6 94.1 

FLYBACK 866.5 866.6 -213.8 -213.8 96.9 96.8 

CUK 845.0 837.5 -213.8 -213.8 94.4 93.7 

BUCK-BOOST 854.5 851.5 -213.8 -213.8 94.6 94.8 

Superior FLYBACK FLYBACK All Converters All Converters FLYBACK FLYBACK 
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6. Conclusions 

This research conducts a comprehensive analysis aimed at 

exploring the ramifications of employing highly efficient DC-

DC converters in solar PV systems to achieve optimal power 

tracking in solar-powered EV charging stations. Five DC-DC 

converters are implemented, namely Buck-Boost, SEPIC, 

Cuk, Zeta, and Flyback, along with two MPPT control 

mechanisms, namely P&O and INC. The performance is 

validated by executing various real-time test cases. The 

comparison is done by calculating various performance 

parameters, namely solar power, converter output voltage, and 

converter efficiency. All the salient findings of this work are 

summarized as follows. 

 Solar Power Extraction: Table 6 and Fig. 34 provide 

summarized findings with respect to the solar power 

extraction capability of various DC-DC converters. From 

these cumulative comparison results, it is found that the 

flyback converter is superior to other DC-DC converters in 

maximum solar power extraction ability in all test cases.  

 Efficiency: Table 7 and Fig. 35 provide summarized 

findings with respect to converter efficiency. From the 

cumulative comparison results, it is found that the flyback 

converter is superior to other DC-DC converters with 

respect to efficiency in most of the test cases. 

 Converter Output Voltage: The results indicate consistent 

maintenance of an optimal voltage level of around 216 V 

across various test cases for all converters. This underscores 

their ability to provide effective voltage regulation, 

particularly advantageous for electric vehicle charging 

applications. 

Hence, based on the findings derived from various test 

cases, it is established that the solar charging station utilizing 

the flyback converter has surpassed the performance of the 

buck-boost, SEPIC, Cuk, and Zeta converter solar charging 

stations. This analysis indicates that the flyback converter 

stands out as the most effective choice for EV applications. 

Table 6. Cumulative quantitative performance comparison with respect to solar power extraction 

Converter Type P&O MPPT Controller INC MPPT Controller 

Test Cases 1 2 3 4 1 2 3 4 

ZETA 1577.5 859.7 1576.0 854.5 1581.0 863.0 1579.5 857.5 

SEPIC 1577.5 855.0 1568.0 849.0 1576.5 842.0 1569.0 827.0 

FLYBACK 1588.9 866.9 1588.1 866.5 1588.9 866.6 1588.9 866.6 

CUK 1577.5 857.0 1569.5 845.0 1578.0 851.5 1562.5 837.5 

BUCK-BOOST 1582.5 854.5 1585.0 854.5 1586.0 856.0 1582.2 851.5 

 

 
Fig. 34. Cumulative performance comparison of various converters with respect to solar power extraction. 

Table 7. Cumulative quantitative performance comparison with respect to efficiency 

Converter Type P&O MPPT Controller INC MPPT Controller 

Test Cases 1 2 3 4 1 2 3 4 

ZETA 97.3 94.5 97.20 94.4 97.52 94.80 97.35 94.8 

SEPIC 97.1 94.5 97.15 94.6 97.02 94.25 97.10 94.1 

FLYBACK 97.2 97.0 97.57 96.9 97.17 96.76 97.13 96.8 

CUK 97.0 94.0 97.50 94.4 96.95 94.35 97.00 93.7 

BUCK-BOOST 97.2 94.5 96.92 94.6 97.53 94.80 97.06 94.8 
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Fig. 35. Cumulative performance comparison of various converters with respect to efficiency. 
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