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Abstract 

In high-irradiance regions, optimizing solar energy systems requires balancing operational efficiency 
with effective thermal management. While single-axis trackers outperform fixed-tilt systems by 
maximizing irradiance capture, oversized photovoltaic (PV) arrays exposed to intense sunlight can 
experience inverter clipping and grid curtailment, which leads to thermal stress and accelerates 
module degradation. In response to these challenges, we propose a thermal-aware tracking 
algorithm that adjusts tilt angles based on both irradiance levels and inverter or grid constraints. By 
reducing the plane-of-array irradiance (POAI) when the PV array power exceeds the inverter 
capacity or grid demand, the algorithm lowers module temperature without compromising energy 
yield. Built on an advanced thermal model that incorporates radiative exchange with the sky, the 
approach was tested at a Chilean PV site, demonstrating proof of concept for our tracking strategy. 

Problem Statement 

Inverter clipping and grid curtailment present major operational challenges for large-scale solar PV 
installations. Higher inverter loading ratios (ILRs) exacerbate clipping, especially during peak 
generation periods and rapid solar ramps [1]. Market and policy factors, such as fixed-price contracts 
and misaligned pricing structures, can lead to frequent curtailment during oversupply, as evident in 
South Australia where nearly 30% of pricing intervals are negative [2]. These limitations increase 
module temperatures, since a larger share of absorbed sunlight is dissipated as heat rather than 
converted to electricity, thereby amplifying thermal stress. Conventional single-axis tracking 
algorithms, while maximizing irradiance capture, typically neglect such thermal and operational 
considerations, accelerating degradation and shortening system lifespan. 

Thermal-Conscious Tracking Strategy 

To address these challenges, a thermal-aware tracking approach is required—one that dynamically 
adjusts tilt angles to match the discrete current (DC) output according to inverter and grid constraints, 
thereby reducing thermal stress without compromising energy yield. Our strategy optimizes energy 
production and thermal management by aligning tracker output with the allowable maximum AC 
power, limiting excessive POAI and module heating. The ‘lead-lag’ approach dynamically tilts panels 
ahead of conventional tracking before noon and lags in the afternoon to control module temperature. 
Lowering module temperature is a critical advantage in high-irradiance regions where single-axis 
trackers face heightened risks of thermal and ultraviolet (UV) degradation [3]. By modelling DC and 
AC outputs alongside temperature at various tilt angles, we identify optimal positions that balance 
energy and thermal goals while minimizing tracker fluctuations and accounting for movement speed. 

We use an enhanced thermal model over the conventional PVSyst approach, which is based on the 
linear Faiman model. This conventional formulation neglects wind-dependent convection for free-
standing modules and does not account for radiative cooling from sky–module longwave exchange. 
In contrast, our model incorporates both convective and radiative heat losses to more accurately 
represent panel cooling. 
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1. Radiative cooling is modelled as  𝐹. 𝜀(𝜎𝑇4 − 𝑞𝑑𝑟). It consists of radiative emission loss, 

modelled as  𝐹. 𝜀𝜎𝑇4, and radiative absorption, modelled as 𝐹. 𝜀𝑞𝑑𝑟,  where 𝜀 is the 

module’s emissivity, and 𝐹 is the view factor, and 𝑞𝑑𝑟 is the longwave downward radiation 

obtained using atmospheric models or empirical methods. 

2. Convective cooling represented as: 𝑼𝒄 + 𝑼𝒗 × 𝑊𝑠, combining a baseline convective 

coefficient 𝑼𝒄 and a wind-speed-dependent term 𝑼𝒗. 

Proof of Concept: Chile Site Case Study 

Field experiments were conducted at the Atamostec Chile site in June 2025 using bifacial modules 
mounted on three single-axis trackers. Each tracker consisted of 4 strings, with each string contained 
8 modules equipped with temperature sensors, front and rear reference cells, and AC output 
monitoring. The three trackers selected for this study are shown in Figure 1, with the top two chosen 
for comparison under clipping due to consistent technology types. 

Three operational scenarios were implemented: 

▪ Tracker 1: Conventional tracking with no clipping. 

▪ Tracker 2: Conventional tracking with DC clipping to 6 kW. 

▪ Tracker 3: Thermal-aware tracking with clipping applied. 
 

 

Figure 1: Aerial view of the solar field in Chile 
 

Results: Temperature Reduction and Performance Gains 

This section demonstrates the effectiveness of our proposed strategy. Tracker 3 was intentionally 
operated with different tilt profiles after noon on Days 1 and 2 to highlight the cooling benefit achieved 
by maintaining a flatter tilt, as implemented on Day 2—an essential feature of our algorithm. 

Figure 2 compares energy transfer between conventional tracking and thermal-optimized tracking 
over two days. On Day 1, the lead-only algorithm produced steeper tilts, capturing more POAI but 
reducing the module’s sky view, which increased absorbed power and limited radiative cooling. In 
contrast, the Day 2 Lead–Lag strategy maintained tilts closer to horizontal, expanding the sky view 
factor and enhancing radiative heat loss. The increase in radiative cooling at shallower tilt angles 
also modulates convective cooling due to the coupling between these heat-transfer mechanisms. 
This is consistent with McIntosh et al., who recommend adjusting the convective heat-transfer 
coefficient based on tilt to account for free-convection effects, reinforcing the observed relationship 
between tilt and thermal performance [4]. 

 Tracker 3 

 

  Tracker 2 

 
 

 
   Tracker 1 

 



 

2-4 Dec 2025, Brisbane 

 

 

Figure 2: Comparison of conventional (Tracker 2) and proposed (Tracker 3) tracking 
strategies over two consecutive days. On Day 1, Tracker 3 follows a continuous lead 
strategy, while on Day 2, Tracker 3 employs a lead strategy in the morning and a lag 

strategy in the afternoon. 

 

Figure 3 presents detailed operational parameters for each tracker on Day 2, arranged to illustrate 
the cause–effect sequence.  The plots show that the algorithm limits incident irradiance to regulate 
output, producing a power curve on Tracker 3 clipped at 6 kW, similar to Tracker 2. By controlling 
POAI input, Tracker 3 achieves higher effective efficiency than Tracker 2, meaning it generates more 
electricity per unit of sunlight, reflecting the actual system performance. The afternoon POAI increase 
for Tracker 3 is due to its edge position, receiving extra western irradiance while others are slightly 
shaded. 

Comparing Trackers 1 and 2, inverter clipping reduces AC power output but tends to increase 
module temperature. Tracker 1, however, exhibits slightly higher afternoon temperatures than 
Tracker 2 despite clipping, possibly because the westernmost trackers experience stronger forced 
convection cooling from the prevailing west winds in the afternoons. Applying a more aggressive 
constraint, such as higher clipping or grid curtailment, would likely amplify this temperature 
difference. Notably, Tracker 3 operates at lower temperatures, showing that our dynamic tilt strategy 
reduces thermal stress by limiting absorbed solar power and enhancing cooling through a greater 
sky view, while maintaining energy yield. 
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Figure 3: Daily Performance of three solar trackers: tilt angle, view factor, plane of array 
irradiance (POAI), power output, effective efficiency, and measured temperature 

  

Future Directions 

Future work will assess financial benefits, validate the strategy across climates and module types 
for broad applicability, and explore battery-integrated storage for coordinated thermal and energy 
management. 
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