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Thermal-Aware Tracking for Photovoltaics: Reducing
Module Degradation Without Sacrificing Yield

Zeinab Haydous , Robinson Cavieres Abarca, Phillip Hamer, Nathan Chang, Felipe Valencia, and Bram Hoex

Abstract—Elevated operating temperatures for photovoltaic
modules remain a critical challenge for PV systems, particularly in
regions with high irradiance. High temperatures lower efficiency
and accelerate module degradation. Single-axis trackers generally
rely on algorithms that maximize irradiance capture. To tackle
the dual challenge of maximizing production while preventing
overheating, we propose a thermal-aware tracking algorithm. The
method substantially reduces module temperatures during inverter
clipping, a common occurrence in PV systems with high dc/ac
ratios. By moderating plane-of-array irradiance (POAI) only when
excess power cannot be exported, the algorithm reduces the module
temperature without compromising energy yield. Validation using
an advanced thermal model that accounts for wind-driven convec-
tion and radiative exchange with the sky shows that, under the cli-
matic and operational conditions in Chile, the algorithm performs
best when panels are oriented closer to horizontal. Implemented on
a solar tracker in northern Chile, the algorithm achieved module
temperature reductions of up to 7.7 °C along with decreased UV
exposure, enhancing thermal performance without compromising
system output and thereby improving efficiency while minimizing
degradation.

Index Terms—Field testing, inverter clipping, photovoltaic
systems, PV module temperature, single-axis tracking, thermal
performance.

I. INTRODUCTION

S INGLE-AXIS trackers outperform fixed-tilt systems by dy-
namically following the sun, capturing more irradiance and

delivering higher annual energy output. To reduce shading losses
at low solar angles, backtracking algorithms were introduced
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and have become the industry standard, with slope-aware adjust-
ments for uneven terrain [1]. More advanced control strategies
adapt panel tilt according to prevailing sky conditions, trading
strict sun alignment for improved diffuse irradiance capture
when direct radiation is limited [1]. This adaptive philoso-
phy is reflected in commercial systems such as NEXTracker’s
TrueCapture, which dynamically switches between row-to-row
shading mitigation and diffuse-oriented tracking to maximize
energy yield under variable weather conditions [2]. Academic
methods such as adaptive real-time tracking (ARTT) incorpo-
rate irradiance, cell temperature, and wind speed in real time,
achieving up to 32.7% higher yield than fixed-tilt systems and
7.5% more than conventional single-axis trackers [3].

However, most approaches focus on maximizing irradi-
ance and energy output while neglecting module tempera-
ture, a key factor for both short-term efficiency and long-
term degradation. Module overheating often coincides with
inverter clipping, where irradiance-maximizing strategies con-
tinue to expose modules to thermal stress without generat-
ing additional net yield. While the severity of thermal effects
varies across climates, it is particularly pronounced in hot,
arid, and desert environments, where high irradiance coin-
cides with limited convective cooling. This challenge is am-
plified at higher inverter loading ratios (ILRs), which inten-
sify clipping losses during peak generation and rapid solar
ramps [4]. Elevated cell temperatures reduce PV conversion
efficiency by around 0.25%–0.30% per °C in modern modules
[5], [6] and accelerate material degradation, which typically
doubles for every 10 °C due to Arrhenius-type thermally acti-
vated ageing processes [7] (see Appendix A for a quantitative
analysis).

In real operating conditions of grid-connected utility-scale
PV plants, power curtailment is increasingly common, adding
thermal stresses that are not addressed by existing tracker control
strategies. Curtailment arises from transmission constraints, low
demand periods, or grid stability requirements, forcing inten-
tional reductions in ac power output despite high available irradi-
ance [8]. Yet, most commercially deployed tracking algorithms
continue to optimize for maximum incident irradiance on the
dc side, assuming a near-linear relationship between irradiance
and exported ac power. Under curtailment, this assumption fails,
as increased irradiance does not result in additional delivered
energy [9]. Consequently, modules may operate at elevated
temperatures without any corresponding gain in useful output,
increasing thermal stress while providing no economic benefit.
This limitation motivates the development of control approaches
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Fig. 1. Workflow for proposed tracking strategy.

that explicitly consider both thermal behavior and export con-
straints under curtailment conditions.

A thermal-aware tracking algorithm provides a practical so-
lution by reducing module temperatures during nonexportable
periods, such as inverter clipping or grid curtailment. By ad-
justing tracker orientation when additional irradiance cannot be
converted into ac energy, the strategy mitigates thermal stress
without compromising output and aligns tracker operation with
real-world constraints. In this work, we present a proof of
concept for thermal-aware tracking for photovoltaics, describing
the methodology under clipping conditions—which can be ex-
tended to curtailment—and validating its effectiveness through
an experimental case study.

II. METHODOLOGY

A. Proposed Tracking Strategy

Fig. 1 shows the full workflow of the proposed tracking
method, including how clipping is detected and how the optimal

tilt is selected. The process begins with weather forecasts and
system configuration data, which are used to simulate dc/ac
power output and corresponding module temperature across a
range of tilt angles. These simulations generate lookup tables
that allow the algorithm to evaluate, at each timestep, which
tilt angles produce full inverter ac power at the lowest module
temperature.

Clipping is then forecasted by comparing the simulated dc
power with the inverter limit. If clipping is predicted, the
algorithm also checks whether the predicted clipping period
exceeds a duration constraint. In this implementation, the du-
ration constraint is defined as a minimum period of sustained
clipping (e.g., >2 hours). Short clipping events are ignored
because the tracker cannot safely reposition and return within
such a short window. When clipping is both present and long
enough, the algorithm identifies all tilt angles that still deliver
the inverter-limited ac output and removes angles below this
threshold. It then selects, for each timestep, the tilt angle that
gives the lowest module temperature. During this selection,
a second constraint is applied: the tracker must respect the
actuator speed limit. In this implementation, the speed limit is
defined as the maximum permissible change in tilt angle per
minute (e.g., 5°/min). Tilt positions that would require motion
exceeding this rate when entering or exiting a clipping interval
are excluded, ensuring that only angles physically attainable
within the actuator’s movement capability are considered. If a
clipping period does not satisfy the duration constraint, or if
all feasible angles violate the speed limit, the tracker defaults to
normal tracking for that interval. These steps correspond directly
to the workflow illustrated in Fig. 1, progressing from data inputs
and simulation through clipping assessment, constraint checks,
and final tilt selection.

We simulate power output by first calculating the plane-of-
array irradiance (POAI) with transposition models in PVlib. This
POAI is then used to estimate module-level power, accounting
for shading effects, including inter-row shading through back-
tracking. The conversion to ac output incorporates the dc/ac
ratio, component efficiencies, and system losses. The operating
temperature of the photovoltaic module is simulated using the
Faiman model [10], widely adopted in tools such as PVSyst, but
modified here to explicitly account for radiative heat exchange
and the actual operational efficiency, including clipping effects,
as implemented in [11].

Fig. 2 provides an example of the proposed strategy in a
clear sky day, where during clipping periods, multiple tilt angles
can achieve the maximum ac output limited by the inverter. By
overlaying both conventional and proposed tilt positions, the
figure demonstrates how the algorithm selects optimal tilts that
reduce the operating temperature of modules while remaining
within the high-power zone.

B. Site and Experimental Setup

Field experiments were conducted by ATAMOSTEC, Chile in
June 2025 at PSDA (Plataforma Solar del Desierto de Atacama),
located in the Atacama Desert in the Antofagasta, Chile, using
a testbench for multiple types of bifacial module technologies
designed to replicate real operating conditions.
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Fig. 2. Heat maps of simulated ac power output and module temperatures
across different tilt angles for a clear sky day, with conventional and proposed
tracking tilt positions overlaid.

Fig. 3. Aerial view of the solar field in Chile.

The testbench consists of four individual single-axis trackers
as shown in Fig. 3. Each highlighted region is a string of eight
modules of an individual technology connected in series, while
the remaining modules are in open circuit condition, with a total
of four strings and 28 dummy modules for Tracker 1, Tracker 2,
and Tracker 3. Each tracker is connected to an individual 60 kW

TABLE I
OPERATIONAL SCENARIOS OF TRACKERS

inverter with six MPPT inputs, four of which are active, one per
technology, totaling 12 kW of installed power per tracker. Each
MPPT monitors dc output, while PT100 sensors record module
temperature and reference cells on the tracker axis measure front
and rear POAI. For environmental monitoring, a weather station
records ambient temperature, wind speed, and wind direction.
Data from every source is recorded at 1-min intervals.

Fig. 3 highlights the three trackers selected for this study.
Each color represents a different module technology (PERC
or HET), with all technologies producing nearly similar power
output. Technical details for each module type are provided in
Appendix B Temperature measurements reported here corre-
spond to the blue-coded technologies, ensuring comparisons are
made between identical module types.

Their operational scenarios are summarized in Table I.
Trackers 1 and 2 use conventional single-axis tracking with a
horizontal axis, where the ideal tracking angle is based on the
Sun’s Cartesian coordinates, and backtracking adjusts the posi-
tion to reduce inter-row shading, following the method in [12].
Tracker 1 provides a baseline under unconstrained conditions.
Tracker 2 operates under conventional clipped conditions at 6
kW, while Tracker 3 applies the proposed tracking algorithm.
Having identical module technologies in Trackers 2 and 3 facil-
itates a more accurate comparison of their performance under
the same clipping conditions.

The new tracking algorithm is based on conventional single-
axis horizontal tracking. Tracker angles are adjusted gradually
from the initial position while continuously monitoring power to
avoid any reduction in output. Backtracking is maintained to pre-
vent row-to-row shading: In the morning, angles may increase
above the conventional position but are never reduced, while in
the afternoon, angles either stay at the maximum allowable or
decrease to avoid shading and output loss.

To evaluate the effectiveness of the strategy, this work com-
pares two approaches for tilting panels during clipping periods.
The first, lead-only, keeps the tracker consistently ahead of
the conventional tilt angle. A masking constraint ensures that
only tilt positions at or above the standard tracking angle are
considered, allowing the tracker to remain in a stable leading
posture with minimal movement. The second approach, lead-lag,
allows the tracker to move ahead of the sun in the morning
and shift to a lagging position in the afternoon. This wider tilt
range alters the panel’s view of the sky at different times of day,
thereby affecting radiative and convective heat exchange. Both
strategies were applied on Tracker 3 on different days, with some
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days using the lead-only strategy and others using the lead–lag
strategy. Both approaches were compared to standard tracking
on Tracker 2, representing conventional clipped operation, while
Tracker 1 served as a baseline with standard tracking under
unconstrained conditions.

III. RESULTS

In this section, we present a comparison of module per-
formance under conventional and thermal-optimized proposed
tracking, with the thermal-optimized strategy evaluated using
its two approaches: lead-only and lead–lag. We refer to Day
1 as the lead-only day and Day 2 as the lead–lag day. Fig. 3
illustrates the tilt angle, view factor, absorbed solar irradiance,
and emitted longwave radiation, capturing the thermal and ir-
radiance dynamics across the various tracking approaches. The
view factor represents the portion of the sky dome visible to
the module, indicating its potential for radiative heat exchange
with the sky. In this context, it specifically describes radiative
exchange, not the irradiance-related view factor that considers
the sun’s position. It can be calculated from the module’s tilt
using geometric relationships based on Lambert’s cosine law,
which emphasizes sky regions perpendicular to the module tilted
surface [13].

On Day 1, the lead-only algorithm produced steeper afternoon
tilts, which reduced the modules’ sky view factor and limited
radiative cooling, while absorbed irradiance increased. In con-
trast, on Day 2, the lead–lag strategy maintained tilts closer to
horizontal, increasing sky exposure 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 the
findings by McIntosh et al. [14], who recommended adjusting
the convective heat-transfer coefficient based on tilt to account
for free-convection effects, reinforcing the observed relation-
ship between tilt and thermal performance. As observed, the
mean temperature reduction between Tracker 3 and Tracker 2
increased from 2.74 °C on Day 1 to 3.13 °C on Day 2, confirming
the stronger cooling effect of the lead–lag strategy.

In the days presented, Tracker 3 shows a minor increase in
absorbed irradiance in the early morning due to slightly steeper
tilt angles, possibly enhanced by additional reflected irradiance.
This effect highlights the importance of accurate control at the
start and end of tilt changes. Tracker 1 does not exhibit a similar
increase in the morning, as it is not located at the east edge; an
additional tracker positioned east of Tracker 1, not included in
the experiment, is noted in Appendix B.

Fig. 5 extends this analysis by presenting the temperature
differences across all 11 experimental days, grouped by track-
ing strategy. During lead–lag periods (middle plot), Tracker 3
consistently operates at lower temperatures than Tracker 2, with
pronounced afternoon reductions when the lead–lag behavior
reduces absorbed irradiance and increases sky exposure, enhanc-
ing radiative cooling. In contrast, during lead-only afternoons,
Tracker 3 can be warmer than Tracker 2 primarily because its
westernmost position and steeper tilt expose it to higher POAI
from direct sunlight in the west and from ground reflections,

Fig. 4. 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.

as reflected by slightly higher absorbed solar irradiance in the
afternoon of Day 1 (see Fig. 4). Minor contributing factors
include Tracker 2’s lower tilts, which enhance radiative cooling,
and its movement while Tracker 3 remains at its tilt limit, which
can increase local convection and further cool Tracker 2.

The bottom plot of Fig. 5 shows that Tracker 2 generally
runs slightly hotter than Tracker 1 due to clipping-related ther-
mal loading. Occasional convergence occurs because prevailing
westerly winds (see Fig. 6) provide stronger forced-convection
cooling to the westernmost trackers, and Tracker 3’s shallower
tilt on lead–lag days reduces wind shielding, allowing more
airflow to reach Tracker 2. However, comparing the temperature
differences between Tracker 2 and Tracker 1 (T2−T1) with
those between Tracker 2 and Tracker 3 (T2−T3) shows that
T2−T1 remains minimal, whereas the more pronounced cooling
of Tracker 3 is primarily due to reduced absorbed irradiance,
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Fig. 5. Temperature differences between trackers: (Tracker 2 − Tracker 3) for
lead-only and lead-lag days (top and middle), and (Tracker 2 − Tracker 1) for
all days (bottom).

Fig. 6. Windrose from onsite measurements (June 2025).

highlighting the effectiveness of the proposed tracking strategy.
These observations suggest that intraday temperature variations
arise from thermal loading, local wind effects, and radiative
exchange, while the sustained cooling of Tracker 3 is predomi-
nantly driven by the tracking method.

Fig. 7. Performance of the three solar trackers: tilt angle, view factor, POAI,
power, effective efficiency, and module temperature.

Fig. 7 shows the detailed operational parameters for each
tracker on Day 2, when the lead–lag strategy was applied,
arranged to illustrate the cause–and–effect sequence. The plots
show that the algorithm limited incident irradiance to regulate
output, producing a power curve on Tracker 3 clipped at 6 kW,
similar to Tracker 2. The afternoon POAI increase on Tracker
3, as discussed earlier, resulted from its edge position, receiving
extra western and ground-reflected irradiance.

The observed temperature differences are closely related to
key predictors such as sky view factor, POAI, and photocon-
version efficiency. Tracker 3 operated at lower temperatures,
demonstrating that its dynamic tilt strategy reduced thermal
stress by limiting absorbed solar power and enhancing radiative
cooling through increased sky exposure. A higher sky view
factor allows the panel to radiate heat more effectively to the
sky, thereby contributing to lower module temperatures. At the
same time, effective conversion efficiency, defined as the ratio
of electrical output at the inverter (Pout) to incident power
on the module (Pin), is reduced when inverter clipping limits
Pout, causing excess energy to be dissipated as heat in the
module. By reducing the input POAI during clipping periods,
this ratio is restored, allowing a larger fraction of the incident
energy to be converted into electricity rather than heat. This
controlled adjustment of POAI not only improves instantaneous
performance but also enhances the durability and operational
lifetime of both modules and inverters. It should be noted that
we expect this effect to be significantly larger in summer, when
POAI is higher, than during these experiments which were con-
ducted in winter. Thus, for experimental purposes in winter, we
deliberately raised the ILR to amplify module heating, allowing
a clearer observation of temperature-related effects.
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Fig. 8. Hourly UV exposure on the front surfaces of Tracker 2 and Tracker
3 on Day 1 (lead-only strategy) and Day 2 (lead-lag strategy), showing global,
direct, diffuse, and reflected components.

Over the full set of 11 simulated days, Tracker 2 reached the
highest temperature of 42.7 °C, Tracker 1 peaked at 40.3 °C, and
Tracker 3 remained comparatively cooler at 40.9 °C, achieving
temperature reductions of up to 7.7 °C. Applying a more aggres-
sive constraint, such as grid curtailment, would likely further
increase the temperature differences and corresponding impacts
on module efficiency.

Another benefit of the proposed algorithm is the reduction
of UV exposure, helping to mitigate thermal stress and UV-
induced degradation. Front-surface UV irradiance is calculated
from module tilt and solar geometry using a Klucher-based
transposition method [15]. As shown in Fig. 8, the algorithm
mainly reduces the direct UV component, while diffuse and
reflected contributions remain minimal. Implementing the lead-
only strategy results in a cumulative global UV reduction of
44 Wh/m2 on Day 1, whereas the lead–lag strategy achieves
higher reductions, reaching 47 Wh/m2 on Day 2.

These reductions in module temperature and UV exposure
have significant implications for long-term durability. Tempera-
ture and UV act as primary stressors, affecting chemical reaction
rates, diffusion processes, and mechanical fatigue within module
materials [7].

By lowering peak temperatures and reducing UV exposure,
the algorithm shifts module operation away from the high-stress
regions, limiting thermal- and UV-induced degradation. In ad-
dition, tilting the array during clipping reduces elevated dc po-
tentials, mitigating the electric fields that drive leakage currents

and sodium migration, which contribute to potential-induced
degradation (PID).

V. CONCLUSION

This study introduced a temperature-aware single-axis
tracking algorithm designed to minimize module operating
temperature and UV exposure while maintaining maximum ac
output under clipping conditions. Comparative analysis shows
that the lead-only strategy, which kept panels in the leading
position relative to conventional tracking, achieved an average
temperature reduction of 2.74 °C. The lead–lag approach, tilting
panels shallower and closer to horizontal, achieved an average
temperature reduction to 3.13 °C, indicating improved cooling
performance. Throughout the test period, the thermal-aware
tracking algorithm achieved temperature reduction up to 7.7 °C.
In addition to lowering module temperatures, the algorithm also
reduces UV exposure, particularly the direct component, with
cumulative reductions in global UV irradiance of 44 Wh/m2 on
Day 1 (lead-only) and 47 Wh/m2 on Day 2 (lead–lag), helping
to mitigate UV-induced degradation and thermal stress.

It should be noted that, while the algorithm performs well
across different sites and weather conditions, its benefits and
optimal implementation depend on local climate and site char-
acteristics. Factors such as wind, humidity, cloud cover, altitude,
terrain, shading, ambient temperature, and irradiance influence
convective and radiative cooling, guiding panel tilt optimization.
In high-altitude deserts such as Chile, radiative cooling domi-
nates, and the lead–lag strategy with shallower tilts is favored,
though additional tracker movement may increase mechanical
stress, requiring careful site-specific operational decisions.

Building on these results, we propose experimental validation
of the tracking algorithm alongside further thermal modeling
studies, as the thermal behavior at desert sites with high humid-
ity and potential dew or frost events requires deeper analysis.
An additional challenge for future work is curtailment, which,
driven by market and policy factors such as fixed-price con-
tracts and misaligned pricing structures, presents more complex
operational constraints than clipping—for example, in South
Australia, nearly 30% of pricing intervals are negative [11]. To
address uncertainties such as weather forecast inaccuracies, the
algorithm can be applied in a more conservative manner, and
future research will evaluate its sensitivity to forecast errors. In
addition, research will focus on integrating the algorithm with
both clipping and curtailment strategies, performing seasonal-
ity analyses, and assessing performance under different ILRs,
ensuring robust operation across diverse conditions.

APPENDIX A
ARRHENIUS-BASED DEGRADATION ANALYSIS

The degradation rate of PV modules can be approximated
using an Arrhenius-type model as follows:

k (T ) = k0 e
−Ea/(RT)

where
1) k(T ) is the degradation rate at temperature T (K);
2) k0 is a reference rate constant;
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3) Ea is the activation energy (J/mol);
4) R = 8.314 J/(mol\K) is the gas constant.
Using a typical activation energy of Ea = 0.7 eV ≈

67540 J/mol, the rate ratio for a 10 °C increase (from 25 °C
to 35 °C) is as follows:

k (T2)

k (T1)
= e−Ea/R·(1/T2−1/T1) ≈ 2.

This demonstrates that degradation roughly doubles for every
10 °C increase in module temperature.

APPENDIX B
SITE DETAILS

Fig. 9. Aerial view of the solar tracker layout, highlighting the additional
tracker positioned to the east of Tracker 1 (not included in the experiment) and
showing that Tracker 3 is centrally located.

Fig. 10. Aerial view of the solar field in Chile showing color codes.

TABLE II
SUMMARY OF MODULE TECHNOLOGIES, WITH COLORS IN FIG. 10 INDICATING

THE SPECIFIC MODULE TYPE USED IN EACH TRACKER
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