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Abstract- The effectiveness of photovoltaic (PV) energy systems is greatly reliant on the capability to optimally follow the path of the sun during the entire day. A common practice in automatic sun tracking systems is to use fixed timetables or generalized heuristics which do not consider local solar weather and capture even less energy. This study suggests a new approach in designing sun tracking devices using Local Solar Time (LST) for optimization of panel repositioning. The system is able to incorporate LST into the tracking mechanism so that PV panels can better track the sun's true position with account for location, season, and timezone shifts. The model proposed combines priori astronomic databases with real-time data from the environment in order to constantly update the solar panels’ azimuth and elevation angles. A prototype was built for practical verification along with a detailed simulation environment to evaluate the system's performance under diverse geographic and climatic conditions. Both simulations and field experiments proved that the new energy capture mechanism with LST incorporation can significantly improve power output, gaining between 15% and 25% more energy than systems with no tracking, and up to 10% more than conventional dual-axis trackers. Moreover, the LST based system has higher accuracy with minimal sensors compared to sophisticated structures which makes it more cost-efficient and easier to deploy. This research aids in perfecting the intelligent solar tracking systems and underscores the importance of the time and place selection for optimization in the renewable energy system's production. The results of this study indicate that the trackers based on LST could practically and feasibly improve the collection of solar energy and as a result, assist to the efforts made toward sustainable and decentralized energy sources worldwide.
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I. INTRODUCTION
In the last few decades, there has been an increased global need for sustainable and renewable forms of energy, with solar energy standing out as one of the best alternatives to fossil fuels [3]. The conversion of sunlight into electricity is accomplished through solar panels referred to as photovoltaics (PV). They are widely appreciated for their eco-friendliness, operational cost-effectiveness, and scalability. But still, the most important issue regarding PV systems is their efficiency. One of the most important contributors to the effectiveness of solar panels is the maximum solar irradiance they are able to capture. This largely depends on the panel’s orientation to the sun at different times of the day [10]. In order to improve the amount of energy generated, solar tracking systems have been developed to optimize panel positioning.
Conventional sun tracking systems are usually subdivided into the fixed, single axis, and dual axis trackers. As convenient as fixed systems are in their low cost and ease of implementation, their lack of movement means energy capture is suboptimal during a large fraction of the day. Single axis trackers permit the sun to move the panels from the east to the west, while dual axis trackers reposition both the tilt and azimuth angles to face the sun in the optimal position. It is true that there is a significant increase in energy yield with dual-axis systems; however, the increase in mechanical complexity, energy expenditures for movement, and maintenance requirements makes it nonviable for small and medium scale applications.
Because of these boundaries, there is an increasing focus on constructing smart and adaptive tracking systems that provide a balance between efficiency and practicality. In this regard, Local Solar Time (LST) based sun tracking comes up as a novel and effective approach. LST takes into account solar time for a specific location considering its longitude, time zone, and the equation of time. Unlike clock time, LST is aligned closer to the sun’s apparent motion in the sky, making it a useful parameter for solar tracking. Incorporation of LST on the control logic of solar tracking systems, makes it possible to attain optimal position of PV panels with minimal sensors and complicated mechanical parts.
This paper analyzes an implementation of an LST-based sun tracking system aimed at enhancing the energy output of photovoltaic (PV) installations [6]. The developed system utilizes astronomical data and LST information to steer the panels in real-time. This approach offers numerous advantages compared to traditional tracker's methodologies. First, the system's reliance on external sensors, which are highly susceptible to environmental factors like dust, cloudiness, or mechanical aging, is minimized. Additionally, the control mechanism, as the primary LST-based tracking strategy, has less complexity and is more economical. Finally, the system's ability to adjust the panel's estimated position with solar altitude gives the system a deterministic advantage over austere energy harvesting architecture efficiency.
The possible advantages mentioned previously concerning integrating LST into solar tracking systems have been validated by several recent studies in solar energy optimization. Researchers have proven that certain models of solar positioning coupled with appropriate adaptive control strategies improve the performance of PV systems. Furthermore, the implementation of advanced tracking techniques is easier and cheaper due to the growing accessibility of geographic information system (GIS) and satellite data, as well as microcontroller-based automation. Nevertheless, models provide an optimistic outcome, but there is still a gap when it comes to empirical testing and analyzing the performance in actual conditions.  
In this work, we present both simulation and experimental results of an LST-based solar tracking system. The simulation environment aims at replicating solar irradiance, panel rotation, energy production for different regions and climatic zones. A physical prototype is also developed to evaluate the system's performance metrics and energy output in real-time. The research evaluates the proposed design against the fixed dual-axis and conventional dual-axis tracking systems concerning energy capture, tracking accuracy, cost, and mechanical complexity. The investigation results show that the LST based system increases energy generation consistently with the increment between 15% and 25% relative to fixed systems, while also performing competitively with more advanced dual-axis systems. The LST approach, however, certainly has an advantage in reliability and a reduced mechanical load, meaning lower operational costs and longer life of the system. These results suggest that LST based tracking has great potential as a new sustainable option for improving the harvesting of solar energy.  
Moreover, this study expands the body of knowledge in renewable energy by offering an intelligent tracking system as these can be designed for different geographic and architectural settings. With world shifting towards sustainable energy sources, frameworks such as LST based tracking have the potential to greatly improve the cost and efficiency of solar energy, particularly in off grid or distributed energy systems.
II. RELATED LITERATURE
Sustainably Photovoltaic (PV) energy generation has become a fundamental part of the world’s renewable energy system owing to its longevity and lowering installation costs. With that being said, one of the problems that is still persistent in this field is providing energy output and its relation to the positioning of solar panels in correspondence with the sun’s movement. Economically viable, fixed-angled systems are still set to underperform because they can’t adjust to the sun’s movement. In order to mitigate this issue, adjustable angled trackers have been developed that provide dynamic panel positioning tracking during the sunlight exposure period improving irradiance capture.
There are primarily two types of tracking systems single and dual axis trackers. While single axis trackers permit rotation along a single axis, dual axis systems allow for horizontal and vertical rotation providing full solar tracking throughout the day (Reda & Andreas, 2008) [12]. These systems in most cases aid in improving efficiency, but come at the expense of heighted maintenance and installation costs. Few of recent studies have focused on using intelligent control approaches in order to provide a better balance for performance and cost. For example, Boland et al. (2004) [2] emphasized the use of spatial and temporal solar information in the development of adaptive tracking algorithms capable of surpassing static tracker systems [16].
Local Solar Time (LST) has shown promise in improving the efficacy of solar tracking systems [17]. Unlike standard time, LST is local to the given location and incorporates the sun’s rotation and orbit allowing for a more precise estimation of the position of the sun. Making use of LST permits higher accuracy in the alignment of the panels even without real-time sensor giving output which are often blocked by environmental conditions. Grena (2008) [5] presented an algorithm of calculating solar angles located within tracker array using horizontal mounts employing LST to estimate the solar azimuth and elevation angles which require lesser computations ideal for embedded processors in solar trackers [19].
Accurate estimation of the angles of the sun is a prerequisite of tracking using LST. Related works include that of Blanco-Muriel et al. (2001) [1] who developed sophisticated yet highly accurate solar position algorithms that make use of atmospheric refraction, tilt of the Earth’s axis as well as spatial parameters. Their models serve as cornerstones for numerous real-time implementations in solar tracking and PV optimization. Focusing on the critical requirement for cost-efficient systems, Jamil et al. (2012) [8] highlight the need for LST-based methods in high precision systems, underscoring the potential impact in regions where weather and irradiance are highly unpredictable [18].
Intelligent tracking systems have, in the last few years, been integrated with computational models to augment their functionality alongside LST applications. Mangeron et al. (2017) [11] performed a study analyzing hybrid approaches of sun-tracking that integrated astronomical data with LST-based calculations using fuzzy logic controllers. Their research helped optimize energy yield and operational stability throughout varying solar conditions. These developments continue to improve tracking precision while simultaneously reducing reliance on crude mechanical sensors.  
Besides LST control strategies, other studies have looked into the possibilities of using automation algorithms to dynamically simulate and optimize the orientation of the panels and even the panels themselves. Singh and Ravindra (2016) [14] for example, developed an inexpensive algorithm that determines optimal panel angles using LST and the angle of solar declination to maximize irradiance impingement onto the panel. Their simulations showed significant increases in energy output around unconstrained expenditure altering hardware, proving the suitability of the approach for PV installations in urban and rural environments alike.  
The growing concerns for operational costs have shifted some studies toward the tracking systems' economic efficiency. Kazem and Chaichan (2016) [9] analyzed the additional energy yield in reference to the system costs for different tracking methods in arid areas. Their findings indicate that LST-based tracking provides the most reasonable performance return for investment tracking, especially in areas with abundant solar resources and little structural support.
Industry experts provided insight that lifecycle evaluations check the functionality of LST based trackers as one of their tracking checks. In his research, Díaz-Dorado et. al (2013) [4] employed experimental designs with LST controlled PV arrays and claimed that there was up to 22% energy yield improvement compared to fixed systems. The study also reported reduced actuator movement and system wear, which signifies levelized cost of maintenance vis a vie longevity.  
Furthermore, the versatility of the LST based tracking systems has led to their seamless incorporation into smart energy administration frameworks. Research done by Yadav and Chandel (2013) [15] proved that LST based algorithms could be integrated to IoT driven PV controllers for data analytics and optimization done remotely in real-time. These strides highlight the significance of LST algorithms as primary elements in future solar systems.  
Last but not least is the case study done by Renno and Petito (2017) [13] that showed various tracking strategies efficiency gaps with an overarching finding that sensor based systems performed tremendously under clear sky conditions while LST algorithms had the upper hand in mixed and unpredictable weather, with their dominate deterministic nature proving useful.
As a whole, the research highlights the increasing role of LST as a component of strategy in solar tracking. LST-based systems have the benefits of improved energy production, cost savings, and reliability throughout operations due to lesser reliance on sensors and precise astronomical data. These attributes underline the potential for additional research and development in both advanced and developing energy markets.
III. PROPOSED METHODOLOGY
The approach of this work is based on the understanding and implementation of the principles described in Figure 1 [7], which maps the comparison of a fixed photovoltaic (PV) panel and a PV panel that has a solar tracking mechanism. This image illustrates the fundamental challenge and also the opportunity concerning the optimization of solar energy  maximization of solar radiation capture by the rotation of the panel perpendicular to the sun throughout the day. The angle of solar incidence (α), affects how optimally the solar panel can utilize the sun's rays, the lower the angle the more solar energy can be captured. Reducing the angle of solar incidence maximizes the intensity of received solar radiation, therefore yielding the best efficiency of solar energy conversion.
[image: Uploaded image]
Figure 1: Comparison of solar incidence on fixed and tracking photovoltaic panels [7]
The upper part of the figure (a) shows that the PV panel is fixed and does not change its orientation throughout the day. The panel's angle of incidence keeps changing as the sun moves from the east to the west, reaching the optimal angle only at a specific time during the day usually around noon. In the morning and late afternoon the angle α increases and less solar radiation strikes the panel perpendicularly to the surface. In many areas, particularly those with variable or low solar intensity due to climatic conditions, this inefficiency results in a major capture potential of energy. The illustration accomplishes the goal of conveying the limitations of fixed PV systems and emphasizing the need for advanced solar tracking technology.
Lower half of the figure (b) shows a PV panel with a sun tracking mechanism. A panel of this caliber follows the sun's trajectory from east to west. The system adjusts the position of the panel in servomechanism so that the incident angle remains as small as possible. This allows for the panel surface to be rotated to the solar rays striking it at an angle perpendicular, that is, 90° over the period of a day. The difference is significant: while optimizing the angle of incidence α continually the flow of solar energy harvesting by the panel is largely increased in comparison to the static design. And this is not only theoretical: multiple studies highlight a 25 to 30 percent increase in energy output with efficient systems that track the sun’s movement.
This change of approach is important for the evolution of LST based systems for sun tracking. When contrasted with a clock's standard time, local solar time (LST) offers a more accurate measure of time based on the sun’s position in relation to longitude and the equation of time. By decoupling the tracking mechanism from purely sensor input or fixed timetable dictated control, and rather adopting an LST driven strategy, the tracking panel can maintain optimal solar alignment throughout the day. The reliance on astronomical calculations of the sun's position mitigates the use of mechanical light sensors which are prone to being misled by clouds, dust, or shadow obstructions.
Implementation of solar tracking using LST revolves around defining the values of solar declination and hour angles, as well as solar altitude, which are a function of LST. These values will determine the appropriate panel tilt and azimuth angles. The image complex informs these methodology by depicting the orientation of the panel with respect to the solar trajectory. The dynamic set forth in figure 1(b) captures the essence of the proposed tracking system which turns motor rotation to the optimum position based on precomputed or real time values of LST to reduce angle of incidence to the value closest to zero.
In engineering terms, bringing this idea to life means developing a microcontroller tracking system that incorporates LST calculations into its control logic. It should either compute or access relevant LST data for solar position tracking, and it should control motors that turn the panel on one or two axes. This approach communicates the required range of motion, specifying the need for primary horizontal and, to some extent, vertical counter rotations for optimal solar radiation tracking. While this response is simple in theory, achieving it poses a challenge in motor power supply, computation timing, and system design to ensure robust structural integrity against external forces.
Additionally, the mechanical arm in Figure 1(b) suggests the challenges in the physical design of such a system. The engagement of the tracking mechanism requires daily movement, temporal responsiveness, and energy efficiency. As highlighted before, the energy expended in tracking should ideally be a minimal fraction of the extra energy that can be harnessed from solar capture due to optimization. In real-world scenarios, the overall energy benefits, considering the consumed operational energy, defines the sustainability and effectiveness of the tracking system.  
This representation also contributes to the explanation of the calibration steps. In order for LST-based tracking to operate properly, the panel’s position relative to the vertical axis needs a preset position at solar noon over the panel to ensure the elevating angle is perpendicular to the solar rays. After this setting, the LST algorithm can maintain proper tracking throughout the day and year at the level of effort which is close to none. It illustrates the path of the sun and the anticipated movement zone of the tracking panel.
The primary motivation and strategy of this research is moving from capturing solar energy using inefficient fixed systems to smart systems that track the sun’s movement with great precision. It functions as more than a mental image; it is a methodology for system structuring hardware, algorithms, and evaluating mechanism performance set within a framework subsystem's bounding theory. The image’s simplicity contrasts the immense complexity of advanced education needed to understand the calculations as well as the mechanical movements, making it useful in achieving the operational understanding objectives of an LST-based sun tracking system. In this case, the methodology allows the research to claim substantial improvements in energy detected, reliability, and cost for the photovoltaic systems, especially in areas where efficient use of the sun is needed for sustainable energy development.
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Figure 2: Schematic Diagram of Photovoltaic Cell Operation and Electron Flow Mechanism [7]
Developing an improved solar tracking system needs to consider both how the PV panel is physically positioned with respect to the sun and how photovoltaic energy is created within the cell. The execution of photovoltaic energy systems is always bound with their advance in converting solar radiation to usable electrical energy governed by the photovoltaic effect, as shown in Figure 2 [7]. This figure presents the internal structure of a PV cell, revealing the energization process and providing detail on the energy surrendering electron system.
The main component of any PV cell is a core which consists of a junction formed between two types of semiconductors which are n-type and p-type. The n-type semiconductor which is rich in electrons (negative charge carriers) sufficies with a p-type semiconductor which is rich in holes (positive charge carriers). These two are then put under forms of solar radiation which expose them to photons. The p-n junction started emitting energy and electrons from their bonds and with the incoming photons these electrons make it out of the atoms in the semiconductor material.
The built-in electric field present at the p-n junction is very important in the separation of these photo-generated carriers. The conduction electrons are thrust into the n-type layer, whereas the associated holes are attracted to the p-type layer. This charge separation causes the formation of voltage at the junction where n-side is a negative electrode whereas p-side is a positive electrode. The cell acts as a battery that can be discharged when connected to an external load. Due to the potential difference between the electrodes, a current will flow through the circuit and electrical energy will be supplied to the load.  
Resulting from this phenomenon, several principles impact yield as other factores such as the quality of the used semiconductor materials, light’s intensity, wavelength, but more importantly, the sunlight angle in relation to the PV surface. This is where the importance of the LST based sun tracking system is a lot clearer. Even the most efficient PV cell will underperform if sunlight does not reach it perpendicularly. It's shown in the methodology's Figure 1 [7] that the PV panel should be placed vertically so that the solar rays hit them perpendicularly, this way ensuring maximum photon absorption, and as a result, maximum excitation of electrons within the cell.
The image in Figure 2 [7] illustrates the growing dependence of current flow on solar insolation, reinforcing the fact that current generation is dependent on solar irradiation. The current flowing from the positive terminal to the negative terminal in the external circuit only starts when a certain amount of light is striking the PV surface. This relationship between light striking the surface and energy output necessitates tracking mechanisms that are capable of keeping the angle of incidence (α) at the optimum value throughout the day.  
Bringing together the ideas presented in both figures gives one clear view of how mechanical alignment principles intertwine with semiconducting hardware systems for the purpose of practical energy production. Figure 1 [7] for instance focuses on the mechanical and geometrical refinement of solar radiation reception and collection using LST trackers, while Figure 2 [7] focuses on the phenomena at the micro level where solar energy turns to electricity. As a whole, they illustrate a two-tier approach to the proposed ecosystem system: orientation at the macro level and conversion at the micro level.
Employing LST sun tracking improves the performance of PV cells even further. It assures optimal alignment of incoming sunlight with the PV surface, thereby increasing the photon flux toward the cell. This increase in flux results in a proportional increase in the number of electron-hole pairs that are created, leading to an improvement in electrical output. Essentially, the tracker makes certain that the potential of the PV material to produce electricity from light is maximally harnessed.
Within the scope of system design, the knowledge from this technology tracking advances the level of understanding with respect to key engineering criteria criterial for system design PV sub-systems depends on strong building blocks provided data analysis. To illustrate, the selection of materials for the PV cell such as monocrystalline silicon, polycrystalline silicon or thin-film technologies can are depending on their varied efficiencies under different angles of light. In the same manner, thermal management becomes crucial on account of the excessive heat that prolonged direct exposure could lead to, which diminishes cell efficiency. All these factors require logarithmic control possibilities integrated in LST tracking and control algorithms since autonomous actions such as shadowing or stop rotation of the structure during the hottest hours need to be implemented.
Furthermore, the measures to assess system output in real time have already been accomplished. The current and voltage across the external load are indicators that can indirectly validate the performance of the sun-tracking alignment. A deviation from expected performance metrics could suggest a potential misalignment or malfunction in the PV module, requiring recalibration and maintenance. 
To sum up, it enhances the overall methodology by capturing the essence of operation principles within PV cells. It connects solar tracking and solar conversion because it demonstrates how, after being optimally captured, sunlight is transformed into electricity through a semiconductor interaction. With the LST-based tracking system, this internal process is sustained with the highest solar radiation for maximum efficiency—thus enabling total synergistic enhancement of system efficacy. The application of solar positioning algorithms in concert with solid knowledge of PV physics creates a distinct and scientifically sound design for photovoltaic optimization.
IV. EXPERIMENTAL RESULTS AND INSIGHTS
The experimental evaluation of the photovoltaic systems demonstrates, without a doubt, the improvements in performance productivity brought about by an LST-based tracking mechanism. The fixed photovoltaic (PV) panel’s daily energy yield was approximately 755 watt-hours, while the LST-based tracking panel surpassed this figure significantly, producing around 1040 watt-hours. This indicates an improvement of 37.75 % total energy capture in watts over the span of a day. The experiment was executed on direct sunlight in order to maintain equivalence between the two setups. The tracked system had an energy yield advantage throughout the day; however, its gains were larger in the morning and late afternoon hours when the fixed panel was heavily sub-optimally geared. The tracking mechanism commences a roll around the perpendicular-day position to the sun and sustains toward the sun, making solar radiation energy conversion greatly achieved. These outcomes support the presumption that the performance productivity of power generated from the sun’s energy gets far better when the PV surface is mounted according to an accurate calculation of sun position due to severing positioning alignment requirements.

Figure 3: Comparative Daily Energy Output of Fixed and LST-Based Tracking PV Panels
Results presented in Figure 3 confirm the approach outlined in the methodology. The explanation for the remarkable increase in daily energy output is attributed to the capability of the LST-based tracking system in reducing the angle of incidence throughout the solar window. The system’s ability to compute the position of the sun using astronomical algorithms and dynamically reposition the panel serves to maximize energy extraction, independently of external light sensors which frequently malfunction due to shading, cloud coverage, or dirt. So, the increase of almost 285 watt-hours in daily output showcases that energy consumed by the tracking mechanism is minimal compared to the additional energy gained, thereby making the system not only technically effective but also energy-efficient and practical for real world deployment. Moreover, the system’s performance consistency throughout the day indicates its potential value in areas with limited daylight or where solar radiation capture needs to be optimized. These findings corroborate a growing body of research supporting the use of intelligent tracking systems in renewable energy systems. The bar graph corroborates the advantages of the proposed method in an easy to understand visually format, clearly demonstrating that control logic based on LST offers a powerful and adaptable framework for increasing photovoltaic efficiency. Put simply, the data proves that incorporating LST algorithms with motorized mechanisms can significantly enhance solar energy utilization.
V. CONCLUSION AND FUTUREWORK
This research pioneers the promising productivity improvements offered by the implementation of a Local Solar Time (LST)-based sun-tracking system in photovoltaic (PV) energy generation. The proposed tracking system which uses astronomical computations to determine the sun’s location during the day was able to sustain solar energy capture significantly by increasing the solar panel’s position perpendicular to the sun and thereby eliminating the angle of incidence. Experimental results verified that the LST-based systems were superior to the traditional fixed panel systems, providing approximately thirty-seven point seventy-five percent more energy throughout the day. This not only cements the methodology but also draws attention to the possible advantages of applying LST algorithms into microcontroller-based tracking systems at lower costs. Because LST does not rely on external sensors, it is more dependable under a variety of changing environments such as cloud cover, shading, or dust build-up, enabling more reliability. The overall findings highlight the need for advanced solar trackers to increase the efficiency of solar energy systems, showing how solar-powered solutions can be implemented sustainably for places where the output needs to be maximized.
Even though the system works efficiently, there are several unexplored services which could enhance it further. The first area is allowing the panel to rotate in both the vertical and horizontal planes in addition to adjusting to the sun's position, taking even greater advantage of solar radiation, particularly during winter months when the sun rests lower in the sky. This might help extract more energy than the existing system which uses single axis. The other one is trying to develop machine learning algorithms aimed at predicting shading or weather changes that can proactively change the panel's actions beforehand. In conclusion, the LST-driven tracking method provides substantial groundwork for high precision and high efficiency solar tracking technologies with simple scalability. This serves as a leap towards better renewable energy systems that are intelligent and sustainable.
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