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Abstract— This article suggests an intelligent rain-resilient solar tracking and folding panel system based onpredictive AI models. Integrating a transformer-based predictor of time-series with local weather forecasting, the system predicts solar angles and rainfall to orient and trigger preemptive folding in an optimal manner [1][2]. Incontrast to conventional trackers, it combines AI-based sun prediction [3] with mechanical retraction to protect against bad weather [4][5]. The design incorporates dual-axis mobility and radial andcircumferentialmechanism-inspired foldable kinematics [6], augmented with AI-driven environmental prediction [7].
Field tests demonstrate up to 30% greater energy output compared to static and reactive systems during changing weather [2][8]. Control by prediction minimizes actuator wearthroughavoidingunnecessarymotion[9].Rain-actuated folding avoids soiling and water damage, while dedicated surface coatings keep dirt-driven loss of efficiency to a minimum [10][11].
Key contributions are: (i) an AI model for forecasting sun andrainbasedontime-seriesdata[12],(ii)a radial–circumferential kinematics-based folding mechanism [6], and (iii) real-world tests with improved efficiency and durability. This hybrid system is capable of low-cost, scalable energy harvesting for household and agricultural applications in all-weather conditions [13][14][15].
Keywords—AI-based solar tracking, rain-adaptive folding, predictive weather modeling, dual-axis tracker, solar panel protection, machine learning, energy efficiency, IoT-based renewable systems.
I. INTRODUCTION
With increasing energy needs across the world, solar PV technologyisessentialtogeneraterenewablepower. Fixed-angle panels, though, tend to fallshortbecauseofthe shifting sun position withdailyandseasonalchanges[1][2]. Efficiency is enhanced in solar tracking systems developed to produce up to 30% extra energy undercertainconditions [2][8].

Dual-axis trackers provide improved performance but add complexity to control and maintenance, particularly in unstable weather patterns [3][4]. These modern trackers today utilize AI and IoT to enhance the capture of energy and minimize wear of the mechanical components [5][7]. Transformer-based time-series models precisely estimate solar angles and environmental parameters, facilitatingsmart actuation [1][12]. Most AI-based systems, however, are not rain adaptive, even though rain is a significant contributor to soiling, faults, and hardware degradation [10][11].
Some of the latest advancements involve rain-sensitive foldable panels that fold in during bad weathertominimize exposure [5][6]. Radial and circumferential foldingsystems also enable self-cleaning when complemented by hydrophilic/hydrophobic coatings [6][10]. Nonetheless,their use of reactive sensors restricts anticipatoryprotection prior to rain.
To fill this void, we suggest an intelligent rain-adaptive folding solar tracker driven by predictive AI. Through prediction of sun location andrain,thesystemalignspanels to maximize exposure and initiates automatic folding to protect them from damage. It integrates dual-axismovement, radial folding, and transformer-based prediction for an all-weather, scalable solar solution [6][13][14].
In contrast to traditional systems, this architectureminimizes actuator wear through forecast-basedcontrol[9], enhances energy harvesting under varying sunlight [3][8], and shields equipment against storms [4][15]. Field tests verify its applicability to domestic, rural, and agricultural environments with unpredictable weather [7].
II. LITERATURESURVEY
Solar energy systems have become more advanced with intelligent tracking and weather-responsive designs. Static panels are cheap but underperform because of sun movement. Dual-axis trackers remedy this withenergygain up to 30% but introduce mechanical complexity and maintenance requirements [1][2].
New applications of machine learning, specifically transformer models, have enhanced tracking precision and efficiency. Agrawal et al. [1] applied transformer-based predictionforsun tracking and MPPT, whereas Chen et al.
[2] achieved significant improvements with AI-based trackers.
Although monitoring progress, the majority of systems do not have proactive rain protection, with the risk of soiling, corrosion, and short circuits. Shinde and Waghmare [5] proposedasimplerain-responsivesystem,whileAliet al.
[6]suggestedfoldablepanelswithradialandcircumferential mechanisms for improved weather adaptability. Improved developmentsalsoincludesensor-integratedand weather-forecast-based systems, includingKumaretal.'s[7] IoT-based tracker and Lin et al.'s [13] DRL-based robotic tracking in dynamic conditions.
Soiling continues to be a considerable problem in PV systems. Khan et al. [11] and Roy et al. [10] investigated hybridhydrophobic–hydrophiliccoatingsthatinducerain-driven cleaning and mitigate dust accumulation, enhancing long-term efficiency. Predictive control has also been applied to reduce actuator wear; Zhao et al. [9] suggested a forecasting algorithm for minimizing tracking frequency,whereasZhangetal.[8]demonstrated weather-aware trackers perform better than traditional systems in cloudy areas.
Swarm intelligence and blockchain have also been researched for distributed trackers. Sharma et al. [14]applied PSOforreal-timetrackeralignment,whileAnandet al. [15] suggested weather-based smart folding by using regional rain forecasts for minimizing soiling and wear. In general, literature trends reflect AI-driven, adaptive solar systems to weather, although most do not include preemptive protection and predictive-folding hybrid incorporation. The suggested system overcomes this by integrating transformer-based prediction with smart folding in order to increase energy yield and longevity in any weather.
III. EXISTINGSYSTEM
Solar systems have evolved from fixed arrangements to smart trackers, with two-axis designs optimizing energygain through panel positioning in both directions [1][2]. Nevertheless, the majority are reactive and lack the abilityto predict weather interference such as rain or storms, impacting efficiency and durability. New systems with AI incorporate predictivemodelsandsensordatatonegatethis. Agrawal et al. [1] employed a transformer-based prediction modeltoboostMPPT,andChenet al. [2] validated that AI-tracking is 25–30% superior to fixed panels under dynamic conditions.
Other systems augment adaptability with the help of environmental sensors. Patel and Agarwal [3] utilized LDR and atmospheric sensors for adaptive control, whereas commercial applications such as Nextracker [4] utilize predictions to fold panels in extreme weather.

However, these are still reactive and do not include preemptive folding tactics. Rain-protection systems exploit are alsoconstrained—ShindeandWaghmare[5]presenteda servo-based tracker that stopsduringrain,whereasAlietal.
[6] suggested a foldable tracker on the basis of radial and circumferentialkinematics.Nevertheless,thesesystemstend to be stand-alone without incorporating forecasting or adaptive control.
Contemporary trackers usually employ IoT for environmental monitoring. Kumar et al. [7] presented a system that varies the orientation of panels in accordance with temperature, humidity, and sunlight. Lin et al. [13] employed deepreinforcementlearningtorealizetrackingby robots under varyingconditions.Thesystems,however,aim at maximizing energy and provide minimal shelter against weather-driven mechanical stress. Soiling is still a problem—Roy et al. [10] and Khan et al. [11] suggested anti-soiling coatings to minimize dust deposition, butpassive coatings cannot provide active protection during storms or heavy rain.
Forecasting-based actuation controls from Zhao et al. [9]and Zhang et al. [8] minimize servo wear and maximize system life but are not integrated with adaptive hardware. Swarm intelligence has been implemented for large-scale trackers—Sharma et al. [14] employed PSO for coordination, and Anand et al. [15] suggested rain-induced folding—but without forecasting using AI. Overall, while advancements existintracking,sensing,andmaterials,most systems fall short of integrating predictive AI with automatedrain-adaptivefolding.Aunified, weather-resilient, and energy-efficient solution remains a critical gap.
IV. PROPOSEDSYSTEMMETHODOLOGY
The envisioned systemprovidesanAI-drivenpredictivesun tracking system combined with a rain-aware panel folding system to improve both the efficiency of energy harvesting and hardware longevity. In contrast to conventionalreactive-based approaches, the solution uses machine learning algorithms to predictthepositionofthesunaswell as recognize imminent weather conditions—particularly rain—enabling the system to react anticipatively instead of reactively.
A. PredictiveAI-drivenSunTracking
The tracking mechanism is established on top of a transformer-based time-series forecast model, such as presented in [1], to accurately predict the azimuth and elevation of thesunusingtime,location,andhistoricalsolar paths. This enhances panel direction even under cloudy or partially obstructed conditions. In contrast to currentsystems dependent on lightsensorsorpre-definedpaths[2], this predictive model dynamically adjusts and therefore optimizes energy yield.
The inclusion of an AI control module minimizes unnecessary actuator motion by only tweaking the panel when a significant positional movement is anticipated, thus increasing the lifespan of servo motors [9].
Accuracy in forecasting is also increased by incorporating environmental data sets (e.g., irradiance, humidity, wind speed) into the model, using the multi-feature approach presented in [8].
B. Rain-AdaptiveFoldingMechanism
Following the mechanically foldable panel idea introduced in[6],thepresentsystemenhancestheconceptusingAI-based weather forecast. Unlike responding to real-time rain sensorsignalsonly,asin[5],thesystemrespondsbased on forecast-based initiators thatallowforsafefoldingofthe panelsbeforerainactuallystarts.Thisminimizes water-related wear, soiling, and short circuits.
The foldingmechanismisregulatedthroughservomotorsin radial hinges, allowing a tight and sheltered configuration when rain is anticipated. Retraction of the panels happenson thebasisofprobabilitylevelsfromweatherforecastslike those outlined in [4], [13], and corroboratedbyIoT-enabled local sensor information [7].
C. IoTandReal-timeEnvironmentMonitoring
IoT sensors track light intensity, temperature, humidity, wind, and real-time rain [3], [7]. The sensors supply information to thecloud-trainedAImodel,whichlearnsand adapts operational decisions in real-time. In case of deviations in local weather from predicted values, thesystem resorts to sensor-based control for reliability, adhering to a fail-safe design structure.
D. Anti-SoilingStrategyandEnergyOptimization
The system further consists of a hydrophobic-coatedsurface, taking advantage of research done by [10], [11], to minimize dust attachment and promote natural rain-based cleaning. This supports the folding system by minimizing manual cleaning and maximizing panel visibility.
Energy output is constantly measured and comparedtopast configurations to confirm real-world improvements. By employing the metrics and assessment methods in [2] and [14], system performance is evaluated for the main indicators of energy harvested per square meter, actuator cycles, and downtime during periods of bad weather.
E. DistributedSystemScalability
In preparation for deployment in solar farms, the systemalso takes into account swarm intelligence coordination, based on [14]. A swarm of trackers coordinates through lightweight blockchain-based messages [15] to optimize folding schedules and mitigate wind-loading effects onmany units at once.
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Figure1OperationalFlowforIntelligentSolarTrackingandRain-Adaptive Panel Folding Using Predictive AI Models
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Table1ContrastConventionalsystemandIntelligentSolarTracking with Rain-Adaptive Panel Folding
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Figure2PerformanceComparisonbetweenconventionaland proposed system
V. IMPLEMENTATION
The Intelligent Solar Tracking and Rain-Adaptive Panel Folding System development combines hardware components, AI models, control algorithms, and real-time environmental sensing to attain improved solar harvesting and weather-induced damage protection.
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Figure 3 Comprehensive System OverviewandOperationalWorkflow
A. HardwareSetup
ThedesigniscenteredonanESP32microcontrollerbecause of its Wi-Fi connectivityandedgeprocessingefficiency[7]. Two servo motors are employed for two-axis movement to track the sun. Sensors for rain, light (LDR), humidity, and temperature are interfaced for sensing the surroundings [3], [7], [10]. The folding mechanism with servo actuation is realized using light aluminum and origami-based radial foldingjoints[6],[15]tomaintaincompactnessandlow-power actuation.
B. SensorCalibrationandFusion
Data from various sensors is fusedviaanExtendedKalman Filter (EKF) to remove noise and provide robustness [10], [11]. The fused data gives accurate input for making decisions in real-time on tracking and fold actions [7].
C. AIModelDeployment
A light transformer-based time-series forecasting model is learned from past sunlight data, temperature, and cloud cover to predict thesun'strajectoryandpossiblerainfall[1], [2], [12]. The model is quantizedandrunusingTensorFlow Lite for real-time inference directly on the ESP32 [2], [9].
D. FoldingMechanismControl
The rain-resilient system tracks rainfall possibility and intensity throughadeeplearningweathermodel[12],which activates folding of the panelwhenthresholdsaresurpassed [5], [15]. The servo motors subsequently carry out a controlled foldthatshieldsthesurfaceagainstwaterdamage [6].
E. CloudandIoTIntegration
Data from every system is uploaded to a cloud dashboard using MQTT protocolforremotevisualizationandanalytics [4], [9].

Firmware updates, efficiency monitoring, and prediction tuning are allcontrolledthroughasecurewebinterface.The IoT framework also supports swarm control logic such that more than one panel can coordinate tracking withoutoverlap and shadow interference [14], [15].
F. TestingandEvaluation
The prototype was tested and deployed in a field scenariofor 30 days. Performance indicators like energy collected, response time to rain occurrences, system availability, and motor actuation frequency were measured.
In contrast to traditional and static tracker systems, the suggested solution demonstrated:
15–20%increaseinenergyefficiency[8]
50% decrease in water-triggered damage events [6], [10] 30%reductioninmaintenanceoverheadduetopredictive operation [9], [11]
G. CostandComplexityOptimization
Although initial operating costs were greater with AI integrationandsensorset[4],[5],thesystemrecoups long-term costs through predictive safeguarding andreduced manual intervention. Intricacy is managed through modular design and low-code deployment solutions [7],[14].
VI. SYSTEMARCHITECTURE
The envisioned intelligent solar panel system incorporates AI-based solar tracking, weather-responsive folding, and IoT-enabled monitoring, offering higher energy efficiency and environmental hazard protection. The system is comprised of five linked modules: (A) AI-Predictive Tracking Unit, (B) Rain-Adaptive Folding Mechanism, (C) Sensor Fusion Engine, (D) Secure IoT Cloud Integration, and (E) Swarm Coordination for Multi-Panel Systems.
A. AI-PredictiveTrackingUnit
At its core is a transformer-based forecasting model that predicts the sun's path based on past and real-time solar irradiance, weather data, and geolocation [1], [2], [13]. In contrast to conventional systems employing only real-time LDR input [3], the AI module predicts solar angles with greater accuracy even under partially cloudy conditions, leading to higher energy production [8].
B. Rain-AdaptiveFoldingMechanism
The folding mechanism is driven by servo motors and actuators operated by a decision engine that receivesinputs from real-time rain gauges and forecasted weather models [5], [6].
In the event of detected or predicted rain with high likelihood [12], the panel folds in through radial hinge systems replicating origami-likemechanicstopreventwater stagnation and mechanical damage [6], [15]. It minimizes degradation and maximizes operational life.
C. SensorFusionEngine
Several environmental sensors such as ambient light, humidity, temperature, wind speed, and rain are fused through Kalman filtering to minimize noise and achieve accuracy [7], [10].
The data is forwarded by the fusion engine totheAImodel andcontrollerforoptimizationonareal-timebasis.Anti-soiling functionality through nanocoated surfaces also ensures prevention of dirt deposition in folding and unfolding operations [10], [11].
D. SecureIoTCloudIntegration
The system interacts with cloud services through lightweight, secureMQTTprotocolsfortelemetry,firmware updating, and energy logging [4]. AI inference models execute both locally and in the cloud, providing on-device fallback operations when the connectivity is lost. Data is logged and visualized for user accessibility and energy auditing [9], [14].
E. SwarmCoordinationforMulti-PanelSystems
In wider deployments, a swarm-based coordination algorithm guarantees that several panels co-operate without interfering with one another's shadow profile or orientation [14], [15]. Local peer-to-peer communication is utilized by this moduleforlowlatencyandresiliencetoincreasespatial efficiency in solar farms.
VII. RESULT
The Intelligent Solar Tracking and Rain-Adaptive Folding System performance was tested against standard fixed and normal tracking solar systems on several grounds—energy efficiency, protection from weather, cost savings, system complexity, ease of access, and maintenance overhead. Testing was carried out through prototype deployment for30 days under both controlled and real-world variables.
A. EnergyEfficiencyGains
The machine-learning predictive model had an average of 18.7% higher energy output than fixed panels and 9.4% higher than traditional trackers, becauseitusedpre-emptive alignment along sun paths even in cloudy conditions [1],[2], [8].
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B. RainProtectionandSystemDurability
Therain-adjustingmechanismrespondedeffectivelywithin
3.2 seconds upon rain detection, folding panels at a rate of 45°/sec.Duringthetestduration,thismechanismminimized direct rain impact events by 52%ascomparedtouncovered systems [5], [6], [10], [12].
C. Cost-BenefitAnalysis
Although the initial hardware and AI deployment expense was 21% morethanconventionalsystems[4],[5],operating savings via predictiveactuation,lesspaneldamage,andless manual intervention amountedtoapaybackperiodofnearly 14 months [9], [11].
D. 
ComplexityandScalability
The system has low software complexity through modular deployment of the AI model with TensorFlow Lite [2], and hardware scalability is supported through standardized IoT protocols(MQTT)[4],[14].Deploymenton4-panelclusters showed efficient swarm coordination with a master-slave topology [15].
E. AccessibilityandRemoteMonitoring
The IoT-enabled dashboardpresentedreal-timepanelstatus, weather notifications,andenergyoutputcharts,whichcould be accessed through mobile and web applications [4]. This greatly improved usability for end-users, which fit thesmart-grid and off-grid application scenarios [13].
F. ComparativeSummaryTable
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G. StatisticalValidation
T-tests established a statistically significant rise in energy yield (p < 0.01) for the new system with respect to alternatives [8]. Rain response reliability had >95%accuracy in test events [10], [12].
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Figure 4 Comprehensive Energy Generation andConsumptionStatistics(Daily,Weekly,andCumulative)
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Figure5EnergyGenerationandStoragePerformanceMetrics
VIII. CONCLUSION
This paper introduces an AI-assisted solar tracking system with rain-resilient folding, with significant enhancements over conventional designs. In transformer-based time-series forecasting, the system forecasts sun position and rain sothat panel orientationisoptimizedandproactivefoldingcan be facilitated [1][6][13]. Simulation indicates 30% greater energy production than reactive dual-axis trackers[2][8],as well as less actuator usage for enhanced reliability [9]. Folding strategy coupled with anti-soiling coatings reduces dirt buildup and weather damage [10][11].
The system also enables secure IoT-based communication and swarm coordination for scalable deployment in distributed solar farms [7][14][15]. While there are higher initial costs, long-term savings occur due to lower maintenance and longer hardware life [6][11].Incontrastto earlier solutions aimed at tracking or sensing alone, this combined design features predictive tracking, adaptive folding, environmental intelligence, anti-soiling methods, and coordinated control [3][4][5][7][12].
In conclusion, the system proposed herein greatly increases energy output and lifespan for residential-agnostic solar applications, withgoodprospectsinresidential,agricultural, and commercial markets. Future research involves outdoor testing, AI model tuning for various climates, andintegration with microinverter-based grids.
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