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Abstract

Recent advancements in artificial intelligence have significantly improved the performance of intelligent dual -axis solar-tracking systems,
enabling more efficient photovoltaic (PV) energy harvesting under variable irradiance conditions, transient cloud cover, and mechanical
uncertainties. This systematic literature review synthesizes 25 peer-reviewed studies (2018-2024) identified from Scopus and Web of
Science using PRISMA 2020 procedures. We examine controller families (fuzzy logic, adaptive neuro-fuzzy interface system, deep
reinforcement learning, and hybrid designs), sensing and actuation stacks (ephemeris, light sensors, inertial measurement, and computer-
vision-based pose), and reported outcomes for tracking accuracy and energy gain. Across comparable conditions, Al-enabled controllers
consistently reduce tracking error by ~10-35% and increase annual energy capture by ~8-25% relative to fixed-tilt or conventional rule-
based/PID baselines, with the largest gains observed under partial shading and rapidly varying sky conditions. Validation is dominated by
simulation, while prototype and hybrid (simulation plus field) evaluations—though fewer—provide stronger evidence of real-world
robustness. Persistent challenges include computational cost on embedded hardware, sample-efficient learning and safety for field
deployment, inconsistent reporting of metrics, and limited long-horizon testing. To address these gaps, we recommend (i) standardized
benchmarking that reports tracking error, normalized energy yield, control latency and controller power, (ii) low-cost edge-Al
implementations (model compression, quantization, and microcontroller-class deployment), and (iii) multi-season field trials with
reproducible protocols across climates. The findings indicate a clear shift from static, hand-tuned control toward intelligent, adaptive
methods. Hybrid designs emerge as a practical choice for deployment due to their combined stability and adaptability, whereas deep
reinforcement learning shows state-of-the-art performance primarily in simulation and calls for careful simulation-to-real transfer. Overall,
this review clarifies the evidence base and outlines priorities for fault-tolerant, low-cost, and real-time adaptive dual-axis solar tracking.
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1. Introduction

The global drive toward decarbonization and sustainable energy production has catalyzed significant advances in solar photovoltaic (PV)
technologies. Among these, dual-axis solar-tracking systems are instrumental in maximizing energy yield by dynamically adjusting panel
orientation in both azimuth and elevation. By continuously aligning PV modules with the sun’s position, these systems typically outperform
fixed-tilt configurations and optimize irradiance capture throughout the day [1][2] Despite these advantages, conventional tracking
controllers—such as PID and rule-based logic—have limited adaptability to real-time environmental variability, model uncertainties, and
nonlinear dynamics. To address these constraints, integrating artificial intelligence (Al) into tracking control has become a compelling
direction. Al-driven approaches offer greater flexibility, self-adaptation, and predictive decision-making, making them well-suited to
complex control tasks in PV systems [3][4]. In recent years, fuzzy logic, adaptive neuro-fuzzy inference systems (ANFIS), and deep
reinforcement learning (DRL) have been increasingly applied to dual-axis trackers. These techniques enable controllers to handle partial
shading, dynamic cloud cover, and variable irradiance more effectively than static algorithms [5][6]. In particular, DRL-based controllers
show promise in learning near-optimal tracking policies from environmental interaction, thereby improving real-time performance and
reducing energy losses [7]. Moreover, the integration of Internet of Things (IoT) components and computer-vision-based sensors has
enhanced remote control, monitoring, and autonomy [7]. Al-enhanced systems also support predictive maintenance, energy forecasting,
and adaptive maximum power point tracking (MPPT), underscoring their growing role in intelligent PV management [8]. Although the
literature on these developments is expanding, a focused synthesis dedicated to Al-enhanced dual-axis solar tracking remains scarce.
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Existing reviews often lack a control-specific taxonomy or do not examine performance trade-offs across heterogeneous implementations.
This study addresses the gap through a systematic literature review (SLR) of peer-reviewed articles published between 2018 and 2024,
centered on the intersection of Al methods and dual-axis tracking. To ensure rigor and transparency, we follow the PRISMA framework
and integrate bibliometric analysis to identify publication trends, dominant research clusters, and thematic patterns. Based on 25 studies
selected from Scopus and Web of Science, this review: (i) categorizes Al-based control architectures for solar tracking; (ii) evaluates
performance metrics and technological adaptability; and (iii) maps the evolution of research themes and existing gaps. The findings are
expected to guide future work toward fault-tolerant, low-cost, and real-time adaptive Al controllers, supporting the transition to smart and
efficient renewable-energy systems.

2. Literature Review

Recent advances in solar tracking systems have increasingly involved the integration of artificial intelligence (Al) and machine learning-
based control strategies. This section reviews notable studies from 2018 to 2024 that contribute to the development and performance
optimization of dual-axis solar tracking systems enhanced with intelligent control algorithms. Prior studies emphasize that dual-axis
tracking systems significantly outperform static systems in energy generation, particularly when Al-based optimization is applied to tilt
and orientation controls [9][10]. [11] Applied deep reinforcement learning (DRL) to optimize solar panel tilt angles. Their study
demonstrated that DRL could effectively adapt to dynamic irradiance conditions, outperforming conventional rule-based strategies in real-
time simulations. [12] Proposed an error-tracking iterative learning control method for solar panel manipulators, enhancing trajectory
tracking precision in dual-axis configurations, especially in systems exposed to fluctuating environmental loads. Similarly, [13] Developed
a low-cost dual-axis solar tracking system integrating fuzzy logic and ANFIS, achieving real-time orientation control and improved energy
capture under varying solar conditions. [14] Implemented an optimized dual-axis sun tracker using sensor feedback in a pilot concentrating
solar power system, achieving significantly better solar collection than fixed modules. [15] Introduced a hybrid fuzzy-PID controller that
used humidity and irradiance sensors to minimize power losses during cloudy transitions and improve tracking accuracy. Furthermore, [16]
presented a combined energy and exergy analysis of an Al-controlled solar tower, demonstrating superior thermal response compared to
conventional systems. In terms of experimental validation, [17] examined a dual-axis tracking system with azimuthal sensor configurations
under Gulf-region climate, achieving over 95% tracking precision during high-irradiance intervals. [18] utilized fuzzy logic for intelligent
position adjustment in industrial PV applications, revealing substantial gains in annual energy yield across various geographies. [19]
extended intelligent tracking into aerospace systems by developing a real-time solar tracking algorithm tailored for satellite-mounted PV
arrays. These studies collectively confirm that Al-enhanced control mechanisms-especially within dual-axis frameworks-yield notable
improvements in accuracy, environmental adaptability, and energy output. Nevertheless, several challenges persist, including
computational load, controller robustness under extreme climatic fluctuations, and integration costs for large-scale commercial deployment
[9][10].

3. Methods

To ensure methodological rigor and transparency, this study followed the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) framework during the identification, screening, eligibility assessment, and selection of relevant publications
[20][21][22]. In addition, bibliometric techniques were utilized to evaluate publication trends, determine influential studies, and reveal
major research themes associated with Al-based dual-axis solar-tracking systems. All eligible documents retrieved from the selected
databases were compiled, converted into RIS and CSV file formats, and integrated into a centralized reference database to facilitate
subsequent analysis.

PRISMA Protocol

A structured search was conducted in two major citation databases Scopus and Web of Science (WoS) to ensure comprehensive coverage
of engineering, energy, and computing literature [23][24]. The search targeted peer-reviewed journal articles published between 2018 and
2024, limited to English, and excluded book chapters, theses, and grey literature. We focused on studies at the intersection of dual-axis
solar tracking and artificial-intelligence-based control for photovoltaic (PV) systems.

(a) Information sources and search strategy

Reporting framework. This review follows PRISMA 2020 for transparent and reproducible selection and reporting.
Information sources and search strategy. We queried Scopus and Web of Science (WoS) for English, peer-reviewed articles (2018-2024);
search run January 2025. Search terms combined domain and method concepts: (“dual-axis” OR “solar tracking” OR “sun tracker””) AND
(“fuzzy” OR “ANFIS” OR “reinforcement learning” OR “intelligent control” OR “AI” OR “PID”). Eligibility criteria. Inclusion: dual-axis
PV tracking; Al/intelligent control (fuzzy, ANFIS, DRL, hybrid with PID); performance metrics (tracking error, energy/yield) and
validation type (simulation/prototype/HIL). Exclusion: fixed/single-axis only; non-technical/commentary; insufficient methods/results;
grey literature. Study selection. After merging databases, duplicates (n = 97) were removed, leaving 1,154 unique records. Title/abstract
screening excluded 353 records. Full text of 801 articles was assessed; 25 met all criteria and were included. Disagreements were resolved
by discussion and consensus. Data extraction and coding. We extracted control method (PID/fuzzy/ANFIS/DRL/hybrid),
sensing/mechanics, validation type, metrics (mean/RMS error; energy gain vs fixed-tilt), computing platform, and test context. A second
reviewer cross-checked all entries. Screening summary. See Table 1. The PRISMA 2020 flow diagram appears in Figure 7 and matches
the counts above.
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(b) Screening summary

Table 1. Creening Summary of Reviewed Studies

Dusouce Mmool Duleds el (Te abar) a2 (WIS i
Scopus - 49 120

Web of Science - 279 681
Total 97 328 801

Figure 7 depicts the PRISMA 2020 flow diagram summarizing the literature-selection workflow, from record identification and screening

to eligibility assessment and final study inclusion, in accordance with the reported counts.

4. Results and Discussion

4.1.Publication Trends

Detailed summaries of the reviewed studies are provided in Appendix A.

Figure 1 shows a sustained increase in publications from 2018 to 2020, a minor contraction in 2021, and a peak in 2022. The apparent drop
in 2023 (n = 6) is likely a retrieval/indexing artifact rather than a genuine decline, given typical database lags and query constraints. Overall,
the field exhibits an upward trajectory (=11-12% CAGR, 2018-2022), justifying a comprehensive SLR on Al-enhanced dual-axis solar

tracking [8][10].

4.2.Source Contributions

Figure 2 indicates Solar Energy leads (n = 37), followed by Sensors (28), Renewable Energy (25), Energies (23), Electronics (19), Applied
Sciences—Basel (18), IEEE Access (13), IEEE Transactions on Instrumentation and Measurement (13), Journal of Solar Energy
Engineering—Transactions of the ASME (13), and Microprocessors and Microsystems (12). The distribution spans energy/renewables and
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4.3.Keyword Analysis

Figure 3. Top 15 keywords in titles and abstracts (Scopus + WoS, 2018-2024). The distribution is led by “solar” (n = 2,945) and “tracking”
(n=2,090), confirming the domain focus on solar-tracking systems. High counts for “microcontroller” (1,459), “control” (1,061), “power”
(1,092), “systems” (832), “axis” (782), and “tracker” (730) indicate a strong emphasis on embedded implementations and control design
in dual-axis tracking. Terms such as “energy” (1,352) and “sun” (1,197) reflect the performance/irradiance context of PV applications.
Function words (“was,” “can,” “which”) appear because the analysis uses unigram counts with minimal stop-word filtering; these are not
topic-bearing. Overall, the pattern underscores an engineering-driven literature that prioritizes implementable controllers and hardware
integration consistent with the SLR’s findings on method and validation trends.

This distribution underscores the strong focus on: Al-based control methods (e.g., fuzzy logic, learning control), dual-axis mechanical
designs, and performance enhancement in energy systems. The frequent co-occurrence of "dual”, "axis", "fizzy", and "learning” confirms
the dominant research emphasis of this SLR.
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Analysis of author frequency shows a concentration of contributions from recurring authors who focus on intelligent solar tracking,
renewable energy optimization, and Al-based control systems. While the dataset does not include detailed author affiliations or countries,
this frequency highlights key contributors in the field. Major publication venues include: Energies (MDPI), Sustainability (MDPI), Applied
Soft Computing (Elsevier), Scientific African (Elsevier) and International Journal of Power Electronics and Drive Systems. These journals
reflect a strong interest in interdisciplinary approaches combining Al, power electronics, and sustainable systems engineering.
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Figure 4 ranks the most frequent authors in the corpus. The top three (M =86, A = 80, S = 62) account for ~53% of the total contributions
among the top ten, indicating a concentrated core of highly productive researchers. Positions 4-10 are tightly clustered (26-33
contributions), suggesting a broad collaborative tail. Because the y-axis uses initials, author disambiguation (full names and IDs) should
be considered to avoid homonymy bias.
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Fig 5. Distribution of Al method categories

Figure 5 compares Al method categories across the final 25 studies. Hybrid controllers (e.g., Fuzzy+PID or ANFIS-based schemes with
IoT supervision) are most prevalent, reflecting a practical balance between robustness and adaptability. DRL appears as an emerging high-
performance option, albeit mostly in simulation. Less frequent categories (e.g., reservoir computing, orbital models) target specialized
contexts. Overall, the distribution confirms a sustained shift from static rule-based control toward intelligent, data-driven paradigms.
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Figure 6 shows that simulation-based validation predominates, with 14 of the 25 studies using simulation as the primary testing method.
Prototype validations account for 7/25, while hybrid evaluations that combine simulation and prototype/IoT testing appear in 4/25 studies.
The prevalence of simulation reflects its accessibility and flexibility for modeling complex tracker dynamics and stressing control policies
under diverse irradiance and shading conditions; however, the smaller share of real-world and hybrid validations underscores the need for
longer-term field trials and standardized reporting to establish reliability and scalability.

4.4.Limitations and Future Work

Although the review included only 25 studies, strict inclusion criteria were applied to ensure the relevance and quality of each article. The
focus on dual-axis trackers with Al-based control limited the scope but enhanced the specificity of the findings. Most studies reviewed in
this SLR were either simulation-based or used small-scale prototypes. There was limited reporting on long-term reliability, environmental
adaptability, and cost-benefit analysis of Al-integrated trackers. Furthermore, a lack of standard performance metrics made cross-
comparison challenging. Due to the heterogeneity of the methods, control strategies, and outcome measures in the included studies, a
quantitative meta-analysis was not feasible. Future work may incorporate standardized metrics to enable statistical comparison across Al-
controlled solar tracking systems.

5. Conclusion

This review examined twenty-five scholarly articles published between 2018 and 2024 that investigated the integration of artificial
intelligence within dual-axis solar-tracking technologies. By employing the PRISMA framework together with bibliometric techniques,
the study explored research developments, methodological approaches, and unresolved challenges in intelligent photovoltaic tracking
systems. The findings indicate a growing adoption of advanced Al-driven control strategies, particularly fuzzy logic, adaptive neuro-fuzzy
inference systems (ANFIS), and deep reinforcement learning (DRL), to improve solar-tracking accuracy and maximize photovoltaic energy
generation. These approaches demonstrate considerable potential for enhancing system adaptability and operational performance under
varying environmental conditions. Compared to traditional PID or rule-based controllers, these intelligent systems demonstrate superior
adaptability under varying environmental conditions. Furthermore, the review highlighted that: Dual-axis tracking remains the preferred
architecture for maximum solar irradiance acquisition, Sensor fusion and real-time prediction play crucial roles in improving system
reliability and the interdisciplinary nature of the field involves control systems, power electronics, and Al. The upward trend in publications,
combined with diverse application contexts-from satellite systems to low-cost rural deployments—indicates that Al-enhanced solar
tracking is both a maturing and expanding research domain. Despite significant progress, several research gaps remain that warrant further
exploration: Hybrid Control Frameworks: Combining model-based and data-driven approaches may offer improved robustness and
accuracy, especially under sensor failures or cloudy conditions. Edge Al and Embedded Implementation: Research is needed to develop
low-cost, energy-efficient AI models deployable on microcontrollers or edge devices for real-world solar tracking. Standardized
Benchmarking: Establishing common performance metrics (e.g., tracking error rate, energy gain, computational load) will enable more
meaningful comparison across studies. Fault-Tolerant and Self-Adaptive Systems: Developing controllers capable of automatic
reconfiguration during mechanical or environmental failures is key for long-term sustainability. Open Datasets and Experimental Platforms:
Public datasets and simulation environments for solar tracking would support reproducibility and collaborative research. Scalability to
Utility-Scale Deployment: While most studies focus on prototypes or simulations, few address how intelligent tracking can be reliably
scaled to large PV farms. By addressing these directions, future research can further enhance the performance, accessibility, and
environmental value of solar energy systems powered by intelligent tracking technologies.
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