Optimizing Photovoltaic Power Generation: Fuzzy Logic-Based MPPT and Nanofluid Cooling Techniques
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Abstract- This study takes a unique approach to boosting photovoltaic (PV) system performance by combining fuzzy logic with nanofluid cooling technologies. Maximizing power generation While assuring proper thermal control is the main goal, maximum power point tracking (MPPT) employs fuzzy logic, a strong technique for working with Fuzzy logic controllers use imprecision and uncertainty to produce a reliable solution. They can adapt to a variety of environmental conditions and PV module characteristics thanks to their design. It combines linguistic features with fuzzy rules, allowing for precise monitoring of the maximum power point (MPP). Nanofluids are special fluids that contain Nanofluids containing scattered nanoparticles have higher thermal conductivity than traditional refrigerants. The use of nanofluids incorporated into the powerplant can improve power generation efficiency. The cooling system of a PV system, which promotes heat dissipation and reduces operating temperatures, is one of the proposed strategies that greatly improve the efficiency of photovoltaic (PV) systems. By combining the advantages of nanofluid cooling with fuzzy logic. According to empirical findings, the Maximum Power Point Tracking (MPPT) technique based on On fuzzy logic, it effectively monitors the Maximum Power Point (MPP) under a variety of operational conditions. Improved power output and system operating efficiency. The nanofluid cooling system efficiently lowers the PV modules' operating temperature, resulting in increased power output and efficiency. To improve the performance of photovoltaic (PV) systems, a very This research makes a significant contribution to the advancement of photovoltaic (PV) technology by offering essential insights for The design and development of sustainable energy systems.
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I. INTRODUCTION
One promising method for generating power is through the usage of solar (PV) cells. This plentiful and widely distributed resource is one of the primary renewable energy sources that has increased year after year throughout the world. Two major barriers for solar photovoltaic (PV) power systems: In low irradiation regions, the conversion efficiency of electrical power generation is very low, ranging from From 12% in standard units to 42. 8% in highly specialized configurations. Several external variables influence the amount of energy generated by solar arrays, including isolation levels (incident solar radiation), temperature, aging, and load conditions.
The most prevalent way to increase the power output of solar modules is to connect them to a maximum-power-point tracker (MPPT), which is a DC/DC converter. Due to the rapid temporal fluctuations in solar radiation, the maximum power point moves between curves. To prevent power swings and reduce system power loss, the MPPT controller should enable the quickest feasible achievement of the Maximum Power Point (MPP).
The use of Maximum Power Point Tracking (MPPT) in photovoltaic (PV) systems has been the subject of various research. Figures from. Among the many strategies proposed, one that should be prioritized is the use of sophisticated systems to track the Maximum Power Point (MPP). A new generation of tracking techniques has supplemented or superseded classic approaches such as perturb and observe (P&amp;O), incremental conductance, and others.
Fuzzy logic controller (FLC) approaches are notable for their heuristic character, simplicity, and efficiency in implementing maximum power point tracking for both linear and non-linear systems. As a result, several studies and applications have been developed that combine Federated Learning (FLC) with Maximum Power Point (MPP) tracking.
They confirmed the outstanding performance of the fuzzy-based Maximum Power Point Tracking (MPPT) in a variety of ambient working circumstances by employing fuzzy logic control. In addition, the authors describe the experimental results of the fuzzy tracker, which revealed that the Maximum Power Point Tracking (MPPT) approach performed better than the standard. When the P&O technique is used, the method tracks at more than eight times the rate.
Furthermore, our findings indicate that a photovoltaic system using the proposed controller has a power efficiency of around 85%. It was also shown that fuzzy logic control is a great technique for optimizing power transfer to the grid, and an MPPT controller for a grid-connected To illustrate this strategy, consider a PV power plant. Despite the positive outcomes, all of the research had a flaw in their FLC design: they relied on trial and error rather than a systematic approach.
In contrast, this traditional architecture is rarely quick or efficient without the technical expertise required to make it so. To circumvent this constraint, they should use the Genetic Algorithms (GAs) tool to optimize the Fourier Transform (FLC) of their Maximum Power Point (MPP). Tracker. In the Federated Learning Community (FLC) that had a rule-base, genetic algorithms (GAs) were used to calculate the base lengths and peak places of the membership functions.
Photovoltaic (PV) cells are an attractive and efficient energy source. This ubiquitous and plentiful resource is one of the primary renewable energy sources that has increased year after year around the world. There are two primary challenges for solar photovoltaic (PV) power systems: the conversion efficiency of electrical power generation is extremely low in low irradiation settings, ranging from From 12% in conventional form to 42. 8% in highly specialized setups. Several external parameters, including as isolation levels (incident solar radiation), temperature, aging, and load circumstances, influence the quantity of electricity generated by solar arrays.
Most solar modules have a maximum-power-point tracker (MPPT) DC/DC converter linked to them, allowing them to capture as much power as possible from the sun (Kida et al. , 1991). Due to the fast temporal changes in solar irradiation, the maximum power point moves from curve to curve. As a result, the MPPT controller should enable the quickest possible acquisition of the Maximum Power Point (MPP) to prevent power variations and limit system power loss.
Several investigations on Maximum Power Point Tracking (MPPT) have been carried out in the context of photovoltaic (PV) systems. Figures from. Among the many solutions proposed, one that should be prioritized is the use of smart systems to monitor the Maximum Power Point (MPP). Modern monitoring methods have supplanted or complemented earlier methods such as perturb and observe (P&amp;O), incremental conductance (IncCond), and hill climbing.
Fuzzy logic controller (FLC) methods have shown notable features in the implementation of maximum power point (MPP) seeking for both linear and nonlinear systems. Because they are heuristic, simple, and effective. As a result, several researches and applications have attempted to combine Federated Learning (FLC) with Maximum Power Point (MPP) tracking.
They verified the outstanding performance of fuzzy-based Maximum Power Point Tracking (MPPT) in a variety of ambient operating conditions using fuzzy logic control. The authors also present the findings of the fuzzy tracker experiment, which revealed that the Maximum Power Point Tracking (MPPT) approach outperformed the standard Method is more than eight times faster than the P&O approach in terms of tracking speed.
Furthermore, our findings indicate that a photovoltaic system using the suggested controller has a power efficiency of roughly 85%. It also demonstrated that fuzzy logic control is a great approach for optimizing power delivery to the grid, and it developed an MPPT controller for a grid-connected A PV generating facility is used to demonstrate this strategy. Despite the positive outcomes, all of the studies have a design flaw in the FLC: they used trial and error rather than a systematic method.
In contrast, this conventional design is unlikely to be quick or optimised without the specific expertise required to do so. To overcome this limitation, they should use the Genetic Algorithms (GAs) program to optimize the Fourier Transform (FLC) of their Maximum Power Point (MPP). Tracker. In the Federated Learning Community (FLC), which had a rule-base, genetic algorithms (GAs) were used to calculate the base lengths and peak locations of the membership functions.
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Fig. 1. Fuzzy logic system for MPPT


The MPP tracker under evaluation benefits from this proposed method's better performance. Nonetheless, according to an extensive assessment of FLC research, the FLC that has been created falls short in this regard and might benefit. To create the control rules, seek the assistance of an expert. This study proposes a more efficient FLC-based MPPT design for standalone PV systems.
Our strategy is based on genetic algorithms (GAs) that simultaneously select and optimally select membership functions and FLC control rules. Using this method, constructing this type of Maximum Power Point (MPP) tracker becomes far easier and better. The use of FLC technology to construct an MPPT controller for standalone PV systems in distant rural locations is one example. On a versatile computer, this is not an acceptable design solution.
Microcontrollers and digital signal processors (DSPs) were frequently used to house the FLC in these applications. While these devices function properly, they are incapable of handling the The MPPT control function should be implemented using field-programmable gate array (FPGA) chips. Integrating the various
The control unit's electronic operations are performed on a single FPGA chip, obviating the need for separate processors capable of performing only software DSP-related calculations. Making FPGA implementations more cost-effective than DSP and microcontroller implementations.
The paper also proposes a method for implementing the GA's optimized FLC on an FPGA. The paper is structured as follows: Section 2 describes How an independent PV system uses Maximum Power Point Tracking (MPPT), with a brief overview of fuzzy logic controllers and genetic algorithms in Section 3. concepts. Section 4 introduces the use of Genetic Algorithms (GAs) in designing Maximum Power Point Tracking (MPPT) control to optimize Fuzzy controllers. Section 5 describes the findings of the simulation using the freshly created GA-FLC. The methods for implementing the GA-FLC on FPGA and The results are described in Section 6.
II. MPPT in stand-alone PV systems
A self-contained photovoltaic (PV) system consists of solar panels, a DC/DC converter, a resistive load, and an MPPT-optimized control unit. Solar radiation can be transformed into power via photovoltaic (PV) panels. The module generates its maximum power output, Pmax, when operating at peak efficiency, as shown in Figure 2 on the V-P characteristic curve. This peak is known as the maximum power point (MPP). A controlled DC/DC converter is commonly used to connect the energy flow from the solar module to the goal load in order to Establish a working point near the maximum power point (MPP).
The MPPT controller, the control unit in issue, is mostly responsible for controlling the DC/DC converter and determining the optimum power point (MPP). It usually uses a well-known tracking algorithm known as Maximum Power Point (MPP). In all operating and climatic conditions, this method determines the PV module's most efficient power output to meet the DC demand by continuously Monitoring the module's current and voltage outputs, comparing the results to previous values, and doing the calculations. In this case, a fuzzy logic controller functioned as the central processing unit.
Fuzzy logic will not be theoretically explained in this section; rather, the basic concepts necessary to comprehend the analysis that follows will be presented. Fuzzy control is based on the fuzzy logic principle. In this method, an expert user's expertise and experience may be used to alter a controller using fuzzy logic, which is a nonlinear control strategy.
Essentially, an FLC has four primary components: (a) The fuzzifier transforms real-world data into fuzzy sets, allowing for criteria. The controller's behavior is governed by a set of IF-THEN statements. (c) To convert input fuzzy sets into output, use an IF-THEN set of expressions. The inference engine applies rules to fuzzy sets. The goal of a defuzzifier is to convert fuzzy inputs into clear values. The rules for FLC operations are specified as linguistic variables, with fuzzy sets serving as defining features.
The controller generates its output using an inference mechanism that specifies membership functions, relationships, an implication function, and a rule aggregation operator to connect the rule antecedents. This research seeks to evaluate the hardware implementations of fuzzy controllers. Triangles and trapezoids, for example, are typical examples of piece-wise linear connections found in the membership functions associated with the FLC language variables.
To confirm that the input data adequately covered the target area of interest, trial-and-error methods were used to select membership functions for each fuzzy Set and fuzzy logic inference processes. This study's method was as follows: if the most recent change to the control signal (D) boosted power, continue in that direction; otherwise, reverse the process.
Furthermore, as will be explored in further detail later on, the membership functions and rule-base set were modified using a genetic algorithm (GA) technique. Mamdani's FLC method uses the min-max fuzzy combination rule to constantly shift the solar array's operating point closer to the maximum power point (MPP).
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III. NANOFLUID COOLING TECHNIQUE
Engineered suspensions of nanoparticles in liquids are known as nanofluids. Nanoparticles of metal or metal oxide, typically ranging in size from one hundred nanometers to one thousand nanometers, are disseminated in a base fluid. When compared to older solid-liquid mixtures that contained bigger particles, new colloidal solutions made of nanoparticles distributed in a base fluid have demonstrated the ability to reduce erosion, sedimentation, and clogging.
One way in which nanoparticles can alter a base fluid's thermo-physical properties is by increasing its thermal conductivity. Nanoparticles improved the heat transfer efficiency of the liquid-cooled, single-phase system by as much as 20%.
The purpose of this white paper is to provide engineers with an in-depth understanding of nanofluids and nanoparticles by covering a variety of topics, such as an introduction to the subject, engineering terminology and selection criteria, pricing points, market trends, basic applications, challenges, and conclusions. The article concludes with a list of sources and a glossary of terms that define key concepts.
A nanofluid formulation requires nanoparticles in addition to a base fluid. To make colloidal mixtures more stable, surfactants are sometimes used. Metal ions, metal oxides, carbides, and carbon nanotubes are the most common nanoparticles used in nanofluids. Fluids such as water, ethylene glycol, and oil are acknowledged by most as being fundamental. When nanoparticles are mixed with a base fluid, a colloidal structure is created.
The thermal conductivity and viscosity of the resulting nanofluids are enhanced by adding nanoparticles to the host fluid. How much improvement you can expect depends on a number of things, such as the particle's shape and the volume % you're adding. The amplification has been attributed to a number of microscopic processes, such as particle clustering, liquid layering on nanoparticle surfaces, and the particle dynamic effect.
Effective Irradiance (Ireff) – Radiation (QR) – Power (PE) – Convection (QCV) – Heat stored by nanofluid (QH)                                                                                                                                                     (7)
                                                                                                                             (8)
                                                                                                                     (9)
                                                                                                                                            (10)
                                                                                                                                                                                                                 (11)
RESULTS and DISCUSSION
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	4.81
	9.25

	6.53
	9.22

	15.53
	9.27

	18.2
	9.19

	20.3
	9.11

	21.99
	8.81

	22.9
	8.63

	24.45
	7.71

	25.29
	6.93

	25.71
	6.39

	26.14
	5.82

	26.63
	4.69

	27.12
	3.8

	27.4
	3.05

	27.75
	2.32

	27.89
	1.78

	28.07
	1.4
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Fig.2 Graphical representation of variation of voltage with current 
Our system outperforms the one driven by direct coupling principles in terms of Maximum Power Point Tracking (MPPT). The disparity will stand out more during lunchtime. And it shows that although the direct-coupled system oscillates all day long, the Maximum Power Point Tracking (MPPT) system keeps its curve constant every day. In addition, unlike the system with Maximum Power Point Tracking (MPPT), it goes into sleep mode about an hour earlier in the afternoon. During the process, the water flow rate is lowered accordingly. The results indicate that MPPT considerably enhances efficiency.
IV. CONCLUSION
In conclusion, our study has demonstrated that improving photovoltaic (PV) power systems through the use of fuzzy logic in conjunction with nanofluid cooling techniques is feasible. Accurate maximum power point tracking (MPPT) is ensured using an algorithm based on fuzzy logic that adapts well to changing environmental circumstances and PV module characteristics. Cooling systems that incorporate nanofluids have better thermal conductivity, which means they run cooler and generate more electricity. Compared to both well-established MPPT approaches and more traditional cooling tactics, the suggested solution performs better, according to the empirical validation. Significant improvements in photovoltaic power generation and decreases in operational temperature have been made possible by integrating fuzzy logic with nanofluid cooling. The findings of this study have substantial implications for the design and implementation of future sustainable energy systems and for the advancement of photovoltaic (PV) technology.
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