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Abstract：With the continuous growth of installed photovoltaic (PV) capacity, PV power plants are increasingly evolving toward large-scale deployment, complex terrains, and long service lives, which brings the safety and durability of PV mounting structures to the forefront. As a critical load-bearing subsystem of PV installations, mounting structures directly influence plant operational safety and life-cycle cost-effectiveness through their structural configurations, wind-load evaluation approaches, foundation adaptability, and durability/corrosion-protection performance. In recent years, multiple failure incidents of PV plants under extreme environments such as strong winds have further highlighted the necessity of wind-resistant design and reliability-oriented control for PV mounting systems. Based on a systematic review of the structural characteristics and engineering applications of fixed-tilt, tracking, and flexible PV mounting structures, this paper focuses on advances in aerodynamic shape coefficients for wind loads and their spatial distribution characteristics in PV systems. By synthesizing findings from wind-tunnel experiments, numerical simulations, and large-eddy simulations (LES) reported worldwide, the paper analyzes how array shielding, geometric scale effects, and boundary effects govern wind-load distributions. It further discusses foundation solutions, durability-oriented design, and typical failure modes of PV mounting structures. Building on these insights, key coupling relationships among wind-load determination, detailing practice, and system reliability are summarized from an engineering implementability perspective, and life-cycle–oriented considerations for wind resistance and durability design are proposed. The results provide references for optimizing PV mounting structural design and improving relevant codes and standards.
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1 Introduction
Under the “dual-carbon” targets, photovoltaic power generation has become an essential pillar supporting China’s energy transition and energy security. With continuous advances in PV technologies and sustained reductions in the levelized cost of electricity, utility-scale ground-mounted PV plants have expanded rapidly, and installed capacity continues to grow. In this context, PV mounting structures—serving as the primary load-bearing and force-transferring system—play a decisive role in plant operational safety and economic performance.
Compared with conventional building structures, PV mounting systems are characterized by lightweight members, large spans, high repetition, and complex service environments. On the one hand, steel consumption must be reduced as much as possible while meeting structural safety requirements to control project costs. On the other hand, long-term exposure to natural environments means that the structures are subjected not only to wind loads, self-weight, and thermal actions, but also potentially to corrosive media, freeze–thaw cycles, snow/ice accretion, and other extreme climatic conditions. Engineering design must therefore reconcile the inherent tension between “lightweighting” and “high reliability”: lighter structures are typically more sensitive to wind actions and deficiencies in connection detailing, whereas increased safety redundancy may raise material and construction costs. Consequently, safety, durability, and life-cycle reliability of PV mounting structures have become major concerns in both engineering practice and academic research.
Engineering practice indicates that wind load is usually the governing load in PV mounting design. Its evaluation methods and spatial distribution characteristics strongly influence member sizing, foundation selection, and joint detailing. For large ground-mounted arrays, wind loads not only determine member sections for a single rack, but also affect reinforcement strategies in perimeter zones, uplift-resistance design for foundations, and the risks of fatigue and loosening in connection nodes. In recent years, the prefabricated adoption of fixed-tilt systems and the rapid deployment of single-axis tracking systems[1–3] have led to a pronounced diversification of structural configurations and load-resisting behaviors. Meanwhile, prevailing engineering design still commonly relies on roof-analogy approaches to wind-load evaluation. Such approaches increasingly show inadequate applicability when confronted with large arrays, complex terrains, and array shielding effects: (i) load peaks in edge and corner zones are far higher than those in interior zones, and a single uniform coefficient cannot represent these unfavorable regions; (ii) the multi-condition nature of tracking systems implies that the governing design condition is no longer unique; and (iii) the low-stiffness features of flexible systems imply that wind-induced configuration changes may in turn modify the aerodynamic load distribution. These issues motivate a systematic review of research progress on PV mounting structures from the perspectives of structural systems, wind-load mechanisms, and engineering applications.
2 Structural Systems and Engineering Characteristics of PV Mounting Structures
2.1 Fixed-Tilt PV Mounting Structures
Fixed-tilt mounting structures remain widely used in ground-mounted PV plants due to their simple configurations, mature technologies, and stable operating performance. Early fixed-tilt systems predominantly adopted double-post or rigid-frame configurations, with design emphasizing member strength and global stability to resist self-weight and static wind loads. As PV plant scales continue to expand, the number of modules supported by a single rack increases markedly, and structural spans grow accordingly, making stiffness control, global stability, and steel-use optimization key design issues. This is particularly evident for long-span purlins and longitudinally continuous layouts, where deflection control, joint rotational stiffness, and overall lateral stability often become governing constraints.
Against this background, fixed-tilt systems are increasingly developing toward lightweight, standardized, and prefabricated/assembled solutions. Common engineering pathways include optimizing cross-sectional forms to enhance bending and torsional efficiency per unit steel, improving global stability through rational bracing layouts or local reinforcement, and adopting factory prefabrication with on-site assembly to improve construction efficiency and reduce quality variability. Connection detailing plays a pivotal role in life-cycle performance: bolt preload retention, local buckling of connection plates, bearing deformation around bolt holes, and the effects of corrosion protection systems at joints may all become durability weak points.
Nie Xiaopeng[4] compared single-post and double-post support structures in mountainous PV plants and found significant differences in purlin deflection under wind loads across structural systems. For mountainous and sloped sites, terrain-induced variations in local wind exposure are pronounced, making “locally adaptive design” more critical. Designs relying solely on typical cross-sections may underestimate risks in locally unfavorable zones.
2.2 Tracking PV Mounting Structures
Tracking PV mounting structures enhance energy yield by continuously adjusting module orientations to maintain favorable solar incidence angles. In recent years, as control technologies and drive systems mature, the share of tracking systems in utility-scale PV plants has increased steadily. From a product-development perspective, Hu[3] summarized technical characteristics and development trends of PV tracking structures, noting that single-axis tracking has become the mainstream choice due to its relatively simple configuration and favorable economics. In engineering practice, large-scale deployment of tracking systems shifts the focus from “single-unit reliability” to “system reliability”, because single-point failures may be amplified across arrays.
Compared with fixed-tilt systems, tracking structures exhibit pronounced variations in operating conditions. Their structural force states change with module tilt angle, wind direction, locking mode, and control strategy, reflecting strong structure–electromechanical coupling. The system switches among tracking operation, standby shutdown, and strong-wind locking, and the governing design case often manifests as a combined scenario of “extreme wind + locked posture”. The stiffness, clearance, and response speed of the drive system and locking device affect transient load paths and displacement boundary conditions. Ding[5]. analyzed the influence of different drive modes on tracking-structure performance, showing that drive modes affect not only static responses but may also alter dynamic characteristics. For engineering design, these implications are twofold: locking boundary conditions and load-transfer paths should be explicitly defined in structural analysis, and the reliability and redundancy strategies of electromechanical components should be incorporated to avoid risk escalation under extreme winds due to locking failures.
2.3 Flexible PV Mounting Structures
Flexible PV mounting structures typically use cable–column systems as the primary load-resisting mechanism. They offer strong spanning capability, low steel consumption, and good terrain adaptability, making them particularly suitable for PV plants in mountainous, hilly, and complex terrain regions. Compared with conventional rigid systems, flexible structures generally exhibit lower global stiffness and more complex mechanical and dynamic behaviors, and are more sensitive to wind loads and dynamic effects. Due to geometric nonlinearity, initial cable tension, sag, support stiffness, and connection details can significantly influence force distributions and deformation modes, while wind-induced configuration changes may further modify the effective angle of attack and the aerodynamic load distribution.
Du et al[6]. investigated wind pressure coefficients and wind-induced vibration responses of flexible PV mounting structures under different wind directions and module tilt angles using combined wind-tunnel testing and numerical simulation. The results indicate that wind direction significantly affects cable force distribution and the response levels of key components, underscoring the importance of coordinated global load-carrying behavior under wind loading in flexible-system design. From an application perspective, flexible systems excel in spanning and terrain adaptability, but they impose higher requirements on construction quality control, the stability of tensioning procedures, and service-stage maintenance strategies. Design should therefore account for the effects of tensioning deviations, detailing relaxation, and long-term deformation on overall system reliability.
3 Research Progress on Wind-Load Evaluation and Aerodynamic Shape Coefficients for PV Systems
In current engineering practice, wind loads for PV mounting structures are often determined with reference to the Load Code for the Design of Building Structures, and aerodynamic effects are represented by shape coefficients. However, unlike traditional roof structures, large PV arrays feature low-profile layouts, longitudinally continuous alignments, and mutual shielding between rows, producing pronounced spatial non-uniformity in wind-load distributions. The combined effects of windward leading-row exposure, edge acceleration, and corner-vortex structures lead to local peak pressures that are markedly higher than those in interior regions. Xu et al[7]. showed through numerical analysis that shape coefficients in outer regions of PV arrays are significantly higher than those in interior zones, indicating that a single coefficient is insufficient to capture the actual load characteristics and that shielding effects must be considered. From an engineering perspective, this supports a shift from “uniform coefficients” to “zonal representation” and differentiated control of unfavorable zones through structural layout and detailing reinforcement.
In recent years, extensive wind-tunnel and numerical studies have been conducted internationally on wind loads acting on PV arrays. Stathopoulos et al[8]. provided systematic local and global wind pressure and force coefficients for solar panels; Browne et al[9]. [9] examined the influence of parapets on wind loads for PV arrays on pitched roofs; and Cao et al[10]. analyzed wind-load characteristics of PV arrays on flat roofs under different layouts. These studies collectively emphasize the coupled relationship among boundary conditions, array layouts, and local peak pressures: when arrays are located near roof edges or geometric discontinuities, separated flows are more prone to forming stable vortex structures, thereby inducing peak pressures in corner and edge regions.
Banks [11] elucidated the controlling role of corner vortices in peak-pressure formation from an aerodynamic perspective. Kopp et al[12]. systematically summarized aerodynamic mechanisms of wind loads on tilted roof-mounted PV arrays, providing mechanistic support for zonal coefficient specification. Abiola-Ogedengbe et al[13]. conducted wind-tunnel tests under multiple wind directions and confirmed the significant influence of detailing parameters on wind-load levels. Overall, these findings provide a stronger experimental basis and mechanistic explanation for zonal coefficients and suggest that engineering wind-load evaluations should explicitly incorporate detailing factors such as gaps, boundary configurations, and installation height.
Alongside these developments, LES-based research has increased rapidly. Alrawashdeh and Stathopoulos[14] compared wind-load responses of flat-roof PV modules across geometric scales and showed that model scale can significantly affect local pressure distributions and peak-pressure estimations. Wang et al[15]. used LES to analyze velocity and pressure fields around PV arrays, revealing correspondences between separated-flow structures and pressure-extreme regions; Wang et al[16]. further investigated the formation and evolution of conical vortices and clarified their dominant role in generating peak pressures at array edges and corners. From a codification perspective, Alrawashdeh and Stathopoulos[17] discussed wind-load provisions for rooftop PV module cover plates. The value of LES lies not only in predicting pressure levels but also in revealing causal chains of flow structures, thereby enabling targeted mitigation measures such as optimizing edge layouts, refining boundary details, or adopting layout strategies that weaken corner-vortex intensity.
Beyond rooftop systems, research has progressively extended to ground-mounted arrays and emerging application scenarios. Mignone et al[18]. employed numerical simulations to investigate aerodynamic responses and load characteristics of floating PV modules under wind actions. At the module level, Wittwer et al[19]. combined experiments and numerical analysis to assess stress levels in PV modules subjected to wind loads and emphasized the influence of detailing and boundary conditions on structural safety margins. To improve peak wind-load estimation, Estephan et al[20]. proposed an experimental–numerical coupled approach that accounts for inflow turbulence characteristics and dynamic effects for more rational estimation of peak wind loads on rooftop PV systems. Meanwhile, Yemenici and Aksoy [21] combined testing and numerical computation to examine wind effects on ground-mounted PV panels under different tilt angles and wind directions, showing that the tilt–wind-direction combination significantly affects both wind-load magnitude and spatial distribution.
3.1 Engineering Applicability of Wind-Load Determination Methods
From an engineering standpoint, the rationality of wind-load evaluation methods directly determines both safety margins and economic efficiency. The shape-coefficient approach widely used in practice originates largely from studies of building roofs or low-rise ancillary structures, where an implicit assumption is that surface pressures are relatively uniform. In contrast, large PV arrays are typically low-profile, longitudinally continuous, and subject to shielding, resulting in wind-field structures that differ substantially from traditional roofs.
Edge zones, corner zones, and the first windward row commonly experience higher pressure levels, whereas interior zones exhibit clear attenuation due to shielding. This highly non-uniform distribution implies potential safety risks if a single coefficient is used for global design. If unfavorable regions are not strengthened through targeted measures, local components may fail prematurely and trigger progressive or cascading failures. More critically, PV mounting systems often involve highly repetitive connection details; a weakness at one location may be replicated across the array and amplified into a broader system-level risk.
Wind loads are also strongly affected by installation height, module tilt angle, and array layout. For single-axis tracking systems, wind exposure differs substantially across operating states, and the locked state under strong winds often governs design, further increasing the complexity of wind-load determination and structural assessment. From a practical engineering strategy perspective, improving coefficient selection should be coupled with zonal reinforcement of the array, detailing optimization, and construction quality control to form a closed loop of “load evaluation–structural design–detailing assurance”.
3.2 Complementarity Between Wind-Tunnel Testing and Numerical Simulation
Wind-tunnel testing and numerical simulation each offer distinct advantages in PV wind-load research. Wind-tunnel tests can reproduce atmospheric boundary-layer characteristics under controlled conditions and directly measure surface pressures, making them one of the primary approaches for characterizing wind loads on PV arrays. However, limitations in model scale, tap density, and testing cost restrict the coverage of parameter combinations and operating conditions, especially for complex array layouts, terrain-induced disturbances, and multiple postures inherent to tracking systems.
By contrast, CFD-based numerical simulations—particularly LES—are well suited for analyzing complex flow structures and transient pressure characteristics. LES can explicitly reveal the formation and evolution of separated flows, recirculation regions, and corner vortices around arrays, providing mechanistic insight into peak-pressure generation. Nevertheless, numerical results are sensitive to turbulence modeling, mesh resolution, and boundary-condition settings and therefore require validation against wind-tunnel tests or field measurements. For engineering applications, a pragmatic pathway is to use wind-tunnel tests to establish baseline pressure levels and zonal patterns and then employ LES to interpret mechanisms and expand the parameter space, thereby forming an integrated framework of “experimental benchmarking–numerical extension–engineering implementation”.
4 Foundations, Durability, and Engineering Failure Issues
4.1 Foundation Types and Environmental Adaptability
Foundation solutions directly affect structural stability and project cost. Common foundation types include helical ground screws, PHC pipe piles, and cast-in-place piles. Foundation selection typically requires comprehensive consideration of geological conditions, groundwater level, frost characteristics, construction accessibility, and life-cycle maintenance costs. Davis et al[22]. summarized foundation selection principles from engineering practice and proposed a construction process combining reverse circulation with rotary drilling to improve construction quality. In soft soils or regions with high groundwater, both bearing capacity and uplift resistance often become critical, increasing the importance of coordinated design between foundations and superstructures.
In severely cold regions, seasonal frozen soil can significantly affect long-term foundation performance. Tang[23] reported that frost heave can impose uplift forces on PHC pile foundations and alter structural force states. Beyond vertical heave, freeze–thaw cycles may change soil strength and contact conditions, affecting lateral capacity and stiffness and thereby modifying boundary conditions for the superstructure under wind loads. For large arrays, stiffness variations among foundations may also lead to uneven force distribution. It is therefore recommended to strengthen geological zoning and foundation consistency control in design, and to enhance quality inspection and settlement/deformation monitoring during construction.
4.2 Durability and Typical Engineering Failures
Because PV mounting structures operate under long-term environmental exposure, durability is a prominent concern. Durability risks mainly arise from corrosive environments (coastal salt spray, industrial atmospheres, acid rain), localized corrosion induced by moisture and condensation, accelerated corrosion after coating damage, and crevice and galvanic corrosion at connections. Zhang et al[24]. evaluated the application performance of waterborne inorganic zinc-rich coatings for corrosion protection of mounting structures in coastal PV plants, while Yu et al[25]. compared corrosion resistance across different coating systems. These findings suggest that material and coating systems should be matched to service-environment severity, while construction damage and maintenance intervals should be considered to avoid evaluating life-cycle performance based solely on initial protection indicators.
Engineering experience indicates that failures of PV mounting structures often occur under wind loading, especially for single-axis tracking systems. Wind-induced failure modes include module bending, global or local torsional instability, support overturning, and fracture of key members such as main beams and posts; under extreme cases, entire rows of structures may be destroyed. These failures frequently exhibit an evolution pattern of “local initiation–pathway propagation–system amplification”: connection loosening or local buckling may occur first, increasing demands on adjacent components and ultimately leading to global instability or collapse. This observation indicates that wind-resistant design is not merely a member-strength issue, but fundamentally a system reliability issue governed by detailing control.
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	Fig. 1 Uplift and detachment of photovoltaic panels under strong wind loading
	Fig. 2 Structural failure of a photovoltaic support system under wind loading



	Table 1 Typical failure incidents of photovoltaic support structures

	Location
	Type of photovoltaic support structure
	Failure description

	Inner Mongolia
	Tracking photovoltaic support structure
	Nearly 60% of the inclined single-axis tracking systems experienced varying degrees of damage, including support structure fracture, deformation, module detachment, and impact-induced breakage.

	Xinjiang
	Tracking photovoltaic support structure
	Nearly one hundred megawatts of photovoltaic arrays were completely overturned by strong winds. A large number of photovoltaic support structures collapsed, and the vast majority of photovoltaic modules suffered damage to varying degrees.

	Shanxi
	Flexible photovoltaic support structure
	The flexible support system experienced severe uplift and oscillatory motion under strong wind conditions, resulting in partial overturning and detachment of photovoltaic modules.



4.3 Common Features of Wind-Induced Failures and Design Implications
Analyses of existing wind-induced failure incidents show clear commonalities. Failures tend to concentrate in unfavorable positions where wind loads are amplified, such as array edges, corners, and the first windward row. In addition, failure processes often evolve from local component failures to system-level failures. Common weak links include insufficient joint stiffness or bolt preload decay leading to slip and loosening; local buckling of thin-walled members and torsional instability of open sections; inadequate foundation uplift resistance or overturning risks caused by uneven ground deformation; and durability weaknesses at crevices where corrosion protection is compromised, resulting in section loss.
For tracking systems, coordinated behavior among the drive system, locking devices, and the structural system is essential for wind-resistant performance. Some accidents suggest that insufficient locking stiffness or inadequate locking strategies under strong winds can cause large deformations under dynamic wind actions, accelerating damage and even triggering global instability. Accordingly, design should increase safety margins at critical locations and improve system-level reliability through optimized load paths and detailing redundancy. From an implementation perspective, a “zonal wind load–zonal detailing reinforcement” approach is recommended: strengthen connections and member stability in perimeter and corner zones; enhance torsional stiffness and constraints for systems prone to torsion; reinforce uplift and lateral stiffness control for foundations; and incorporate construction quality control and operation-and-maintenance actions (bolt tightening checks and corrosion inspections) into a life-cycle reliability framework.
5 Conclusions
(1) PV mounting structures are developing toward diversified structural systems. Different types exhibit significant differences in structural characteristics and engineering adaptability: fixed-tilt systems emphasize cost-effectiveness and prefabrication; tracking systems involve structure–electromechanical coupling and multi-condition control; flexible systems offer superior spanning capability but require stricter tensioning control and maintenance.
(2) Wind load is the governing factor in PV mounting design. Array shielding, geometric scale effects, and boundary effects make zonal aerodynamic coefficients a key development direction. Engineering practice should shift from “uniform coefficients” to “zonal representation and differentiated reinforcement”.
(3) Wind-tunnel testing, numerical simulation, and LES studies indicate that corner vortices and separated-flow characteristics constitute key aerodynamic mechanisms responsible for peak wind loads on PV arrays. Integrating experimental and numerical methods will promote wind-load assessment toward more explainable and more implementable engineering solutions.
(4) Foundation adaptability and durability/corrosion resistance are decisive for long-term service safety. Design philosophy should shift from “code compliance” to “life-cycle reliability–oriented” approaches, incorporating detailing, construction quality, and maintenance strategies into a systematic control framework.
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