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Abstract: An analysis of solar EV charging station energy management and optimization approaches. The main focus is on integrating 

renewable energy sources mainly solar power into the charging processes to increase efficiency and effectiveness. Several optimization 

techniques and energy control algorithms are developed and investigated through simulation study. Some of these strategies include 

predictive control techniques and peak shaving. The effectiveness of these techniques are evaluated by considering factors such as grid 

interaction, system reliability and charging efficiency. The research findings demonstrate that using solar energy in electric vehicle 

charging is advantageous, practical for supporting sustainability in transportation industry.  
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1. Introduction 
 

An era where environmental sustainability and energy 

efficiency are major goals is one in which renewable energy 

sources are becoming an indispensable component of 

transportation infrastructure. Among these renewable energy 

sources, solar energy is special due to its accessibility, 

availability, and versatility in powering many applications. 

Solar-powered charging stations are a significant step toward 

a more sustainable and ecologically friendly future for 

transportation. This study examines the critical elements of 

preserving and optimizing the energy output of solar-

powered charging stations in light of the expanding use of 

renewable energy in transportation. 

 

A comprehensive introduction to solar-powered charging 

stations lays the groundwork for understanding their purpose, 

performance, and design. These stations are made up of 

numerous components and subsystems, including solar 

panels, battery storage devices, charging infrastructure, and 

complex control systems. The interaction of these 

components is critical for ensuring successful energy 

production, delivery, and storage, resulting in perfect 

charging experiences while lowering operating costs and 

environmental impact. 

 

Mathematical models that explain the dynamics of solar 

power generation and battery storage are critical for the 

optimization and energy management of solar-powered 

charging stations. These models are critical tools for a 

number of activities, including system configuration 

optimization, performance prediction across a wide range of 

operating situations, and scenario analysis and simulation. 

Furthermore, by continually altering charging schedules, 

battery charging/discharging rates, and grid interactions in 

response to changing operational and environmental 

parameters, optimization algorithms play an important role in 

reducing solar energy consumption and costs. 

Energy management approaches are critical for ensuring the 

dependability, efficacy, and long-term viability of solar 

charging stations. Demand response systems, load balancing 

algorithms, and grid interaction protocols enable the most 

efficient use of available resources while ensuring the grid's 

stability and resilience. These strategies, which include 

strategic energy flow management and prioritizing renewable 

energy sources, assist in decreasing grid congestion, buffer 

peak demand, and enhance overall system performance. 

 

2. Methodology 
 

This part will go over the insights from the maximum power 

point tracking algorithm, which incorporates the Perturb and 

Observe (P&O) [1] approach. First, we created an 

environment for the solar panel that provided continuous 

irradiance and temperature. This allows the solar panel to 

charge and create energy, which is then used by the boost 

converter to enhance the circuit signals. This approach aids 

in the design of charging stations that incorporate battery 

management systems to power electronics or automobiles. 

 

a) Introduction to Maximum Power Point Tracking 

Maximum Power Point Tracking (MPPT) [2][3] is an 

important technology used in photovoltaic (PV) systems to 

maximize the output power supplied by solar panels. In 1985, 

Australian inventor Stuart Watkinson of AERL created the 

first MPPT in history. 

 

A PV panel's output voltage and current change with solar 

irradiation and temperature throughout the day. The 

Maximum Power Point (MPP) is the point on the voltage-

current curve at which the panel produces the most power. 

 

MPPT algorithms are intended to continually monitor the 

MPP of a solar panel by modifying the electrical operating 

point to reflect changing environmental circumstances. 

MPPT guarantees that the PV system functions at its peak 
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efficiency by dynamically adjusting the voltage and current 

levels, maximizing energy harvest and improving overall 

system performance. 

 

b) Maximum Power Point Tracking technique’s basic 

steps 

When it comes to photovoltaic (PV) systems, Maximum 

Power Point Tracking (MPPT) algorithms are essential for 

optimizing the energy harvesting process when the 

environment and solar panel parameters are understood. 

Perturb and Observe (P&O) is one of the most often used 

algorithms for MPPT among these. P&O works by 

continually varying the solar panels' operating point and 

tracking the ensuing shift in power production to get the 

maximum power point (MPP). In situations when conditions 

are variable or the environment is dynamic, more advanced 

MPPT algorithms could be needed. The algorithm followed 

these steps: 

1) Measurement: Start by taking the solar panel's output 

voltage and current.   

2) Calculation: Determine the panel's instantaneous power 

output using the observed voltage and current data. 

3) Perturbation: Modify the voltage or current supplied to 

the panel by some amount. 

4) Measurement (again): At the new operating point, 

determine the panel's power output following the 

disturbance.  

5) Comparison: Evaluate the power output by comparing it 

to the output from before the disturbance in operation. 

6) Adjustment: To attain the maximum power output or 

stay within a predetermined tolerance, repeat steps 3-5 

repeatedly while modifying the operating point. 

7) Detection: Lock the panel's operating point at the 

moment the maximum power point (MPP) is identified. 

8) Constant Monitoring: Keep an eye on the surroundings 

and modify the operating point as needed to keep track 

of changes and ensure peak performance. 

 

The equation below is used to calculate the total power 

generated by the PV (photovoltaic) system 

 

 Ppv = Vpv * Ipv – R * Ipv
2 

 

where Ppv denotes the power produced by the photovoltaic 

(PV) system. The PV system's voltage is Vpv. The PV 

system's current is represented as Ipv. The resistance is 

denoted by R. 

 

c) Algorithm description 

Maximum Power Point Tracking (MPPT) [4] is a complex 

algorithm frequently used in solar charge controllers. Its 

main purpose is to extract the maximum power available 

from photovoltaic (PV) modules under specific 

environmental conditions. The MPPT algorithm 

continuously monitors the voltage and current output of the 

solar panels and adjusts the load impedance to ensure that 

the PV module operates at its maximum power point. This 

results in increased efficiency, improved energy harvesting, 

and ultimately, greater power for your solar system. 

 

The basic idea of the algorithm is given below from the flow 

chart as shown in figure 1. 

1) Several inputs are received by the system: power at the 

current time (P(t)), power at the previous time step (P(t-

Δt)), voltage at the current time (V(t)), current at the 

current time (I(t)), and current at the previous time step 

(V(t-Δt)). 

2) The system subtracts the prior time step values from the 

current time step values to determine the change in 

voltage (ΔV) and the change in power (ΔP). 

3) The system determines if the power change (ΔP) is 

equal to zero. If so, step 5 is reached. If not, step 4 is 

followed. 

4) The algorithm determines whether the power change 

(ΔP) is more than or equal to a predetermined threshold. 

If so, it goes back to how it was. If not, step 5 is 

followed. 

5) The voltage change (ΔV) is checked by the system to 

see if it is larger than zero. If so, it goes back to the 

initial state and raises the reference voltage (Vref). If 

not, step 6 is followed. 

6) The system determines whether the voltage change 

(ΔV) is less than zero. If so, it goes back to the initial 

state and lowers the reference voltage (Vref). If not, step 

7 is followed. 

7) If the voltage (V) is greater than zero, the system detects 

it. If so, it goes back to how it was. If not, step 8 is 

followed. 

8) The system goes back to its initial condition by 

lowering the reference voltage (Vref). 

 

 
Figure 1: Flow chart for the algorithm 

 

3. Implementation 
 

At first, it was difficult to construct the dynamic model, later 

than applying the maximum power point tracking algorithm, 

and then access the voltage and current from the booster to 

the solar panel. It was a simple assignment to do by utilizing 
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the MATLAB function. Later, making a few assumptions 

like not taking the environmental behavior into account. 

 

a) Simulation Setup 

MATLAB software along with Simulink was used to 

simulate this method. Figure 2 shows the characteristics of 

the solar panel, which was essential to understand the 

performance and other factors to use for the respective 

applications.  

 

 
Figure 2: Solar Panel Power Characteristics 

 

Figure 3 shows the graph for solar panel with 10 series 

modules and 8 parallel strings of voltage versus current and 

voltage versus power with different irradiance values. 

 

 
Figure 3: Solar Panel-10 series modules and 8 parallel 

strings characteristics 

 

b) Assumptions 

To simplify the study, several assumptions are made while 

creating a MATLAB Simulink model for a Power Point 

Tracking (MPPT) system for a photovoltaic (PV) array. 

Ideal MPPT algorithm operation, linear component 

behavior, steady-state conditions, constant temperature and 

irradiance levels, ignoring shading effects, ideal component 

behavior, constant load conditions, ignoring environmental 

factors, and no grid interaction are some of these 

assumptions. Although these suppositions make the 

simulation easier to understand, it's crucial to be aware of 

their limits and potential effects on the accuracy of the 

outcomes. Adjustments may be required based on real-world 

situations to ensure an exhaustive review. 

 

c) Discussion 

The units 'Power (Watts)' and 'State of Charge (Wh)' are used 

to measure power and state of charge, respectively. The 

graph as shown in Figure 4 shows the relationship between 

power generated and power consumption, with power 

measured in watts and state of charge in watt-hours (Wh). 

The graph displays solar power generated from solar panels 

and power consumption from the grid. The graph displays 

power in watts on the vertical axis and time in hours on the 

horizontal axis. Solar power generated is denoted positively, 

while power consumption is represented negatively. This 

contrast highlights the transfer of energy from the solar 

panels to the load. Additionally, the graph shows the state of 

charge of the battery, illustrating the difference between 

generated and consumed power. The graph displays the 

battery's state of charge as a dashed line, which fluctuates in 

response to changes in generated and consumed power. It is 

important to note that the battery's state of charge is negative, 

indicating a period of discharge.  

 

The units used for quantifying battery state of charge and 

capacity are specified as 'Battery State of Charge' and 

'Capacity', respectively. A table presents the battery's state of 

charge over a 25-hour timeframe, with each entry 

representing the battery's state of charge and the disparity 

between generated and consumed power for each hour. It is 

worth noting that the initial 15-hour interval reflects a 

negative state of charge, indicative of battery discharge. After 

15 hours, the state of charge transitions to positive values, 

indicating that the battery is charging. The plot shows the 

battery's capacity, which represents its maximum energy 

storage potential. It is worth noting that the battery's specified 

capacity is 20 Wh, indicating its maximum energy storage 

capability. 

 

 
Figure 4: Simulation analysis for power consumption and 

battery state of an electric vehicle 

 

d) Procedure 

The procedure for this simulation is given below 

1) Run simulations in various irradiance situations to 

measure performance. 

2) Use the Perturb and Observe MPPT method to produce 

duty cycles. 
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3) Create a boosting gating pulse using a DC-to-DC PWM 

generator for efficient power conversion. 

4) Calculate power by multiplying PV panel voltage and 

current. 

5) Use a scope to visually represent essential factors and 

optimize performance. 

6) Use voltage and current measurement blocks to monitor 

the parameters across the resistive load. 

7) Use an RL load and an IGBT as switching devices in the 

boost converter arrangement. 

8) Create a boost circuit with an RLC branch to provide 

continuous voltage from the PV array. 

9) Use constant blocks to represent temperature and 

irradiance, which are critical for system performance. 

 

e) Results 

As the output, one can observe the plot in Figure 5 provides 

insights into solar panel efficiency and power generation 

dynamics across a spectrum of -20% to 100%. Negative 

efficiency values indicate instances where the solar panel 

draws power from the grid instead of generating it. The plot 

also displays voltage and current values, which are 

fundamental in determining power generation capabilities. 

Voltage variations ranging from 0V to 80V and current 

fluctuations ranging from -2A to 2A were observed. The 

negative current readings in the initial rows signify grid 

power consumption, while subsequent positive values 

denote power generation. It is noteworthy that optimal 

power generation occurs at 60% efficiency, characterized by 

a voltage of 40V and a current of 1A. This observation 

highlights the importance of efficiency in maximizing solar 

panel performance. 

 

 
Figure 5: Solar Panel Efficiency 

 

f) Statistical Analysis  

Consequently, a lower internal resistance results in a higher 

current and a lower voltage, while a higher internal 

resistance results in a lower current and a higher voltage. 

The current and voltage of a solar panel are inversely 

proportional to its internal resistance. The optimal internal 

resistance for a solar panel depends on several factors, such 

as the type of solar panel, available sunlight, and load 

requirements as shown in figure 6. 

 
Figure 6: Solar Panel Internal Resistance 

 

Case 1: Where considered here the irradiance value is 1000 

watts per square meter (W/m²) and the temperature is 25°C 

as shown in figure 7, irradiance can be seen in figure 8, and 

boost current in figure 9, the plot shows that as the 

PV_Voltage increases, the PV_Current decreases, and vice 

versa, which is expected behavior for a solar panel. This is 

used to calculate the solar panel's maximum power point 

(MPP), which is the point at which the product of 

PV_Voltage and PV_Current reaches its maximum value, 

reflecting the panel's best working circumstances. 

 

 
Figure 7: Plot of PV_Current and PV_Voltage 

 

Reasoning from figure 8 is used to calculate the efficiency 

of a PV system by comparing the power output to the input 

irradiance. The efficiency is computed as the power output 

divided by the input irradiance multiplied by 100. For 

example, with an irradiation of 1100 W/m2, the power 

production is 10 W, resulting in an efficiency of 

(10/1100)*100 = 0.91%. 
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Figure 8: Plot of Irradiance 1000 W/m² and Power_PV 

 

 
Figure 9: Plot of Bus_Voltage and Boost_Current 

 

Case 2: In this case, consider the irradiance value of 550 

watts per square meter (W/m²) and the temperature of 25°C 

as indicated in figure 10. Figure 11 shows the irradiance, 

while figure 12 shows the boost current. 

 

The connection between the bus voltage and boost current 

for various boost converter circuit operating points is 

illustrated in figure 12. The boost current increases as the 

bus voltage drops, suggesting that the circuit is in boost 

mode. The figure may also be used to calculate the 

efficiency and power output of the boost converter circuit 

under various operating situations. 

 

 
Figure 10: Plot of PV_Current and PV_Voltage 

 

 
Figure 11: Plot of Irradiance at 550 W/m² and Power_PV 

 

 
Figure 12: Plot of Bus_Voltage and Boost_Current 

 

4. Related Insights 
 

In photovoltaic (PV) systems, where they improve energy 

production by continuously changing the operating point of 

solar panels to their optimum power output, optimum Power 

Point Tracking (MPPT) algorithms are crucial to the field of 

solar energy. MPPT algorithms are widely used in a variety 

of settings, including as off-grid systems, grid-connected 

solar power plants, and solar-powered gadgets like portable 

chargers and electric cars. The efficiency and financial 

sustainability of solar power generation are increased in grid-

connected systems through the use of MPPT algorithms, 

which optimize solar panel energy harvesting. MPPT 

guarantees the best possible use of solar energy in off-grid 

applications, including distant locations or transportable 

installations, allowing for a dependable and sustainable 

power source.  

 

Furthermore, through constantly modifying charging 

parameters in response to environmental changes, MPPT is 

essential to increasing energy conversion efficiency and 

prolonging battery life in solar-powered devices. Because of 

MPPT algorithms' versatility, efficacy, and efficiency, they 

are essential resources for utilizing solar energy and 

accelerating the switch to renewable energy sources. 
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a) Applications 

Solar-Powered Vehicles [5][6], Electric vehicles, including 

hybrid cars, ships, and unmanned aerial systems that are 

solar-driven use the energy from the sun to supplement or 

propel them directly. These algorithms help maximize range 

and fuel efficiency in these vehicles by optimizing energy 

conversion and usage. For instance, such algorithms 

adaptively tune-up solar panel charging parameters based on 

environmental conditions like light intensity and temperature 

to increase the amount of power extracted from solar panels 

while also optimizing battery charging. Consequently, MPPT 

ensures that solar-powered vehicles can cover longer 

distances with higher efficiency even in harsh environments. 

Moreover, MPPT assists in reducing the effect of variability 

of solar energy availability thus guaranteeing a constant 

supply of power for different operations using solar-driven 

cars. In this regard, there is growing interest in applying these 

vehicles for sustainable transportation purposes arising from 

their benefits in terms of energy conservation. 

 

Portable solar chargers [7] are small devices that utilize 

sunlight to load mobile phones, tablets, and portable power 

banks. In these charges, MPPT algorithms are very important 

as they maximize charging speed and optimize energy 

conversion efficiency. Such algorithms keep track of the 

maximum power point (MPP) of solar panels hence making 

sure that the charger works at its best efficiency and produces 

the maximum amount of power from available sunlight. For 

individuals who use portable chargers for them to charge 

their devices faster and effectively especially outdoors or in 

case of lack of access to traditional sources of electricity, this 

optimization is quite important. Furthermore, by optimizing 

energy utilization while adapting to constantly changing 

environmental conditions the MPPT algorithms help boost 

the overall performance and usability of portable solar 

chargers. These charges enjoy a wide application both in 

outdoor activities like camping and hiking as well as in 

emergencies where electricity may be limited or unavailable. 

 

In Grid-Connected Solar Power Plants [8] as shown in figure 

13, which generate electricity from the sun itself and put it 

into the utility grid, are called grid-connected solar power 

plants. To achieve this these systems, require MPPT 

algorithms to enhance ROI and maximize energy production. 

The algorithms keep track of and adjust each solar panel’s 

working point such that even with changing weather 

conditions they deliver the maximum amount of power 

possible. Through optimization, the overall efficiency of the 

solar power plant increases leading to the production of more 

electricity for sale to the grid. In addition, by tapping into the 

available solar resources effectively; MPPT algorithms help 

in integrating these solar power plants with the existing 

electrical system thereby maintaining or stabilizing both grid 

stability and voltage 

 
Figure 13: Grid Connected Solar System Flow chart 

 

Off-Grid Solar Systems [9] as shown in figure 14, it is 

possible to install off-grid solar systems that produce 

electricity through solar energy and store it in batteries for 

use in remote areas. These systems need MPPT algorithms to 

achieve maximum power point tracking (MPPT) and make 

sure that the output of these panels is reliable as per the 

requirement. The system follows these principles by ensuring 

that they keep on maximizing how much they are charging 

and minimizing the amount of energy that gets lost in this 

process. It helps by getting the most out of sunlight and 

optimizing energy harvest from available sunlight, thus 

making sure such a system can be used to serve areas where 

no conventional sources of power exist. MPPT technology 

helps elongate battery life by averting overcharging or 

undercharging issues, hence improving the overall reliability 

and performance of standalone PV systems. Some examples 

include remote villages, mobile phone masts, and scientific 

research stations among others; there is a need for continuous 

and reliable electrical power supply 

 

 
Figure 14: Off-Grid Solar System Flow chart 

 

the overall reliability and performance of standalone PV 

systems. Some examples include remote villages, mobile 
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phone masts, and scientific research stations among others; 

there is a need for continuous and reliable electrical power 

supply. 

 

b) Complexity and Scalability 

In solar energy systems, maximum power point tracking 

(MPPT) algorithms are intricate systems whose complexity 

varies based on control approach, computing demands, and 

hardware implementation. Conventional techniques such as 

Perturb and Observe [10] and Incremental Conductance are 

straightforward to use, but they may have disadvantages such 

as slow convergence and oscillations. Although they are 

more difficult to use, advanced methods like model 

predictive control and AI-based algorithms provide better 

accuracy and performance. The choice of an acceptable 

approach is a trade-off between complexity, performance, 

and practical concerns because the complexity of MPPT 

algorithms affects system cost, hardware requirements, and 

implementation effort. 

 

The capacity of MPPT algorithms to adjust to modifications 

in system size, configuration, and operating environment 

without experiencing appreciable performance deterioration 

is known as scalability. These algorithms are essential for 

many applications, ranging from large-scale commercial and 

utility-scale solar power facilities to household installations. 

They ought to work with different types of hardware and 

adjust to different environmental factors without sacrificing 

stability or performance. While P&O and IncCond, two 

common MPPT techniques, are somewhat scalable, 

complicated systems may call for the customization of more 

sophisticated techniques. Scalable MPPT methods are crucial 

for the broad implementation of solar energy technologies 

because they guarantee maximum performance and 

efficiency over time. 

 

c) Optimization Technique 

One popular optimization method for Maximum Power Point 

Tracking (MPPT) in photovoltaic (PV) systems is the Perturb 

and Observe (P&O) approach. Using the P&O approach, a 

small amount of perturbation (increment or decrement) to the 

solar panel's operational voltage or current causes a change in 

power output, which is then monitored. The algorithm 

calculates whether the power has grown or decreased based 

on this observation. The perturbation direction is maintained 

if the power increases and reversed if the power drops. 

Iteratively repeating this process continues until the 

maximum power point (MPP) is attained or approached. The 

P&O approach is frequently utilized in many PV applications 

because of its simplicity and effectiveness, as well as its 

ability to track the MPP under changing environmental 

circumstances. 

 

5. Conclusion 
 

In summary, this has provided a comprehensive examination 

of Maximum Power Point Tracking (MPPT) algorithms and 

their diverse applications in the field of solar energy. 

Through a systematic analysis of literature encompassing 

grid-connected solar power plants, off-grid systems, and 

solar-powered vehicles and devices, key insights into the 

significance, functionality, and impact of MPPT have been 

elucidated. These results highlighted the critical role of 

MPPT in optimizing energy production, utilization, and 

efficiency across various contexts, emphasizing its 

contribution to enhancing the performance, reliability, and 

economic viability of solar energy systems. By continuously 

adjusting the operating conditions of solar panels to track the 

maximum power point, MPPT algorithms facilitate the 

extraction of the maximum available solar energy, thereby 

advancing the transition to clean and sustainable energy 

sources. 

 

In the future, the aim is to improve the system by integrating 

a battery management system (BMS). This will enable 

comprehensive monitoring of battery performance, 

including charging and discharging activities.  This will 

analyze metrics such as state of charge (SoC) and state of 

health (SoH) to gauge overall system efficiency. 

Furthermore, will assess the cost-effectiveness of the 

integrated setup, taking into account factors such as initial 

investment and long-term savings. To determine the most 

suitable option, we will conduct comparative analyses of 

battery chemistries and configurations. Additionally, we will 

develop strategies to optimize battery usage and implement 

predictive maintenance techniques to ensure system 

reliability and longevity. 
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