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Abstract— The primary objective of this research is to develop 

a robust and cost-effective solar energy management system 

that maximizes energy extraction from photovoltaic (PV) panels 

by employing the MPPT technique. The performance evaluation 

is conducted across varying weather conditions and load 

scenarios to assess its effectiveness, reliability, and adaptability 

to dynamic operational conditions. 
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I. INTRODUCTION  

Electricity consumption has been increasing globally over the 

past several years. To meet the energy demand, fossil fuels 

cannot sustain as the primary fuel for energy production. 

Besides, the depletion of fossil fuels and their adverse effect 

on the environment enables the need for alternative fuel 

sources which are sustainable and environmentally friendly 

[1]. Solar Energy is one of the best alternatives which comes 

under renewable sources of energy. To efficiently reduce 

carbon dioxide emissions and avoid global warming, 

emphasize the need of integrating multiple sources of 
renewable energy, including concentrated solar power plants 

(CSPP) and other forms of CSP. The combined method not 

only addresses the energy demand and supply imbalance, but 

in addition drastically minimizes the environmental impact. 

 It has emerged as a promising alternative to conventional 

energy sources due to its abundance, sustainability, quiet 

operation, and inexhaustible nature. Solar photovoltaic (PV) 

systems have gained significant attention and adoption 

worldwide, with advancements in technology making them a 

viable option for meeting electricity demands[2]. However, 

the performance of Solar PV systems is heavily influenced by 
environmental factors such as solar irradiance and 

temperature. The P-V and V-I characteristics of a PV array 

are non-linear which depends on thermal gradients and 

irradiation from sunlight[3]. The electrical equivalent single-

diode model is commonly used for modeling PV cells in 

literary works, as seen in Fig.1. 

 

Fig. 1. Single-Diode model of a PV Cell  
 

 
 

 

Fig. 2. I-V and P-V curve of a PV array 

 

There is a point on the Power-Voltage (P-V) curve of the 

solar array called the Maximum power point (MPP). At this 
point, the PV system delivers its maximum output power with 

maximum efficiency. When the PV system is connected to a 

load, the intersection of the I-V curves of the PV array gives 

the operating point. But, under most conditions, this 

operating point is not at the Maximum power point. Hence, it 

is essential to ensure that the load line passes through the 

MPP to continuously deliver the maximum output power. To 
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optimize the power output of solar panels, maximum power 

point tracking (MPPT) techniques are employed[4]. In this 

research, at first, the PV system is simulated by implementing 

the MPPT technique. Next, a low-cost Arduino-based 

hardware model is developed and tested in real-time 
conditions. Also, the solar panel parameters are monitored 

and updated on the server. 

 

II. MPPT TECHNIQUES 

MPPT algorithms play an essential role in PV system 

applications to optimize the power output from solar 

panels[5]. These techniques aim to find and maintain the 

maximum power point (MPP) of the solar panel, which is the 

operating point that maximizes power generation. These 

MPPT techniques try to maintain the PV array’s operating 

point at its MPP (Maximum Power Point). There are different 

MPPT techniques that track operating points. A few of many 
are: 

A. Perturb and Observe (P&O) 

 In this technique, continuous perturbation of the 

operating point of the solar panel is done by slightly 

increasing or decreasing the voltage and measuring the 
resulting power output[6]. The algorithm compares the power 

at the new operating point with the previous one to determine 

the direction to move toward the MPP. The process is iterated 

until the MPP is reached[7].  

B. Incremental Conductance 

In this technique, the MPP is found by using the 
incremental conductance of the solar panel. The comparison 

is made between the instantaneous conductance (dI/dV) of 

the panel and the reference conductance. The voltage is 

adjusted based on the comparison, such that dI/dV is zero.  

C. Fractional Open-Circuit Voltage (FOCV) 

The fraction of the open-circuit voltage is calculated to 
determine the desired voltage for maximum power. This 

technique utilizes the relationship between the open-circuit 

voltage (Voc) and the MPP voltage (Vmpp) of the solar 

panel[8]. the MPP is determined by adjusting the operating 

voltage based on the fraction. 

D. Fractional Short-Circuit Current (FSCC)  

Similar to FOCV, the fraction of the short-circuit current 

is calculated to determine the optimum current for maximum 

power. This technique utilizes the relationship between the 

short-circuit current (Isc) and the MPP current (Impp) of the 

solar panel[9]. Thus, the MPP is determined by adjusting the 

operating current based on the fraction. 

E. Fuzzy Logic Control  

This is a popular approach that utilizes fuzzy logic 

principles to track the MPP of a solar panel.  This is a robust 

and adaptive method as it can handle uncertainties and work 

with imprecise inputs, not needing an accurate mathematical 

model and handling nonlinearities present in the solar energy 

system. 

F. Neural Network 

Neural network-based MPPT algorithms have been 

utilized to improve the accuracy and performance of solar 

energy systems and leverage the capabilities of artificial 

neural networks to learn the mapping between input 

parameters and the desired MPP. A dataset is used for 

training the neural network that includes input parameters 

like solar panel voltage, current, irradiance, and 
corresponding output values representing the MPP.  

Each MPPT technique has its own advantages and 

limitations, and its effectiveness can vary depending on 

factors such as solar panel characteristics, environmental 

conditions, and system design. 

TABLE I. Types of MPPT Techniques and their characteristics 

MPPT 

Technique 

Convergence 

speed 

Implementation 

Complexity 

Sensed 

Parameters 

Perturb and 

Observe 

Varies Low Voltage 

Incremental 

Conductance 

Varies Medium Voltage, 

Current 

Fractional 

Open-Circuit 

Voltage 

Medium Low Voltage 

Fractional 

Short-Circuit 

Current 

Medium Medium Current 

Fuzzy Logic 

Control 

Fast High Varies 

Neural 

Network 

Fast High Varies 

III. PERTURB & OBSERVE ALGORITHM 

The flowchart of the P&O method is shown in Fig. The 

Perturb & Observe algorithm states that when the operating 

voltage of the PV panel is perturbed by a small increment, if 
power P is positive, then perturbation is done in the same 

direction as MPP[8]. If P is negative, moved away from the 

direction of MPP, and the sign of perturbation is changed. 

The algorithm follows these steps:  

1) Initialization:  

Start with an initial operating point, typically set to the open 

circuit voltage or maximum power point.   

2) Perturbation: 

Slightly increase or decrease the operating voltage or current 

of the system.   

3) Power measurement:  

Measure the power output of the system at the perturbed 

operating point.   

4) Power comparison:  

Compare the measured power with the power measured in the 

previous iteration.  

5) Decision-making: 
Based on the power comparison, make a decision on how to 

adjust the operating point in the next iteration. The 

adjustment is typically done in the direction that leads to an 

increase in power output.   

6) Iteration:  

Repeat steps 2-5 until the MPP. 

 
 

 

 

 

 



 

 

Fig. 3. Flowchart of P&O Algorithm 

IV. SIMULATION 

 

  

Fig. 4. Simulink model 
 

This system includes a PV module, a buck converter with 

a battery block, and an MPPT block (subsystem). Solar 

irradiance and cell temperature profiles are given as input to 

the solar panel[10]. The output of the solar panel block is 

connected to the input of the buck converter. The 12V lead-
acid battery is taken as load and connected across the buck 

converter. The MPPT block (subsystem) generates a duty 

cycle as the output which is given as gate pulses to the buck 

converter[11]. 
 

Fig. 5. Output voltage, current, and SOC of battery 

 

Initially, the battery with 45% SOC is considered. At first, 

the battery voltage fluctuated but came to steady-state 

conditions and the corresponding output current is 
varied[12]. The battery’s SOC started increasing indicating 

the charging of the battery. This shows that the MPPT 

algorithm is working and the expected results are obtained. 

V. HARDWARE IMPLEMENTATION 

Fig. 6. Block diagram 
 
The block diagram of the Solar MPPT system is given in 

Fig. It has a solar panel, voltage and current sensor, Arduino 

NANO microcontroller, DC-DC Buck Converter [13], 

Battery, ESP01 Wi-Fi module,20x4 LCD, and load. Solar 

Panel produces electrical energy from the light incident on it. 

Arduino NANO board is chosen to implement P&O 

Algorithm.ACS712 current sensor is used to sense the current 

from the solar panel[14]. The DC-DC Synchronous Buck 

converter is designed to reduce the panel voltage to the load 

voltage[15]. The voltage conversion is made by adjusting the 

duty cycle of the MOSFET switches of the Buck 

Converter[16]. The PWM signal is given to the gate of the 
Buck converter to vary the duty cycle, from the Arduino 

NANO depending on the input voltage received from the 

solar panel. A voltage divider circuit is used to measure panel 

voltage and battery voltage[17]. The voltage divider reduces 

the voltage range of the Arduino analog inputs for measuring. 

20 × 4 Liquid crystal display (LCD) is used to display load 

condition, solar panel voltage, SOC of battery, and 

percentage of pulse width modulation (PWM). ESP01 Wi-Fi 

module is interfaced with Arduino to fetch the solar panel  

parameters and send them to the server through the internet 

to enable monitoring under real-time time conditions[18].  

 
Fig.7: Experimental Set-up in Laboratory 



 

VI. CONCLUSION 

In this study, we embarked on a comprehensive exploration 

of solar maximum power point tracking (MPPT) and energy 

monitoring systems under real-time conditions. The primary 
objective was to design and implement an efficient solar 

MPPT system that not only optimizes energy harvesting but 

also provides accurate real-time monitoring. The response is 

more stable and relatively faster. Its increased energy 

harvesting efficiency contributes to higher energy yields, 

while real-time monitoring aids in system maintenance and 

fault detection. 
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