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Abstract

Australia's transition to a sustainable energy future relies heavily on the integration of grid-
connected photovoltaic systems into the national energy mix. These systems employ DC/AC
ratios greater than 1 by oversizing the solar array to optimize inverter performance and reduce
costs. Additionally, PV systems are subject to curtailment by the electricity market. Both power
clipping and curtailment result in unused electrical power, heat generation, and increased
module temperatures. In this study, we analyze the effects of power limitation on photovoltaic
modules in Bannerton, using historical data from the national energy market. Our results
reveal that clipping and curtailment lead to increased module temperatures, accelerating
thermal and UV degradation. To mitigate this, we propose a novel tracking algorithm that
adjusts the tracking angle based on irradiance, limiting DC output to the maximum allowed
level. This approach maintains equivalent AC energy production while reducing temperatures
up to 10°C, resulting in a 32.3% decrease in thermal degradation and a 30.2% decrease in
UV degradation compared to conventional tracking methods.

Problem Statement

High DC/AC ratios are commonly used in PV systems as a cost-effective design approach
ensuring efficient use of the inverter capacity. Additionally, curtailment has been introduced
as a necessary measure to manage the variability of solar energy output and maintain grid
stability. Solar energy curtailment occurs when excess solar output surpasses electricity
demand, resulting in daily variations in curtailment levels. Moreover, curtailment patterns vary
seasonally, as indicated by the Australian Energy Market Operator (AEMO), where
curtailment in 2023 peaks at 220 MW in the fourth quarter of the year. The AEMO snapshot
in 2024 shows that solar projects are leading new grid connections at 46%, indicating an
upward trend in solar curtailment [1].

One consequence of reduced output due to clipping and curtailment is the temperature
increase of modules due to unused electrical power being converted to heat. Clipping and
curtailment can compromise system viability by causing module temperatures to rise up to
6°C under full curtailment and 1-2°C due to clipping, based on data from the Armidale site in
2019 [2]. This temperature increase accelerates thermal degradation exponentially, following
an Arrhenius equation, thereby reducing system longevity. As discussed in Matam's study,
temperature increases due to frequent and prolonged inverter clipping exacerbate
degradation and increase the severity of hot spots [3]. Single-axis tracking systems
experience higher temperatures and increased degradation in comparison with fixed tilt
systems mainly because they produce more excess energy that is clipped and goes unused
[2]. Nevertheless, their ability to adjust tilt angles and control power output offers a potential
solution as will be shown in this abstract.
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Table 1: Temperature-Dependent Degradation Mechanisms and Equations
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Thermal Modelling under Clipping and Curtailment
¢ Methodology

We evaluate the impacts of clipping under a DC/AC ratio of 1.3 and the effects of curtailment
on a single-axis tracker system with bifacial monocrystalline modules at Bannerton in the year
2023, using weather information from Solargis [4], downwelling data from ERA5 [5] and
curtailment data from AEMO [6]. PVSyst thermal model was used in estimating the
temperature of PV panels, considering module efficiency (n), which represents the conversion
of incident irradiance to electrical power and is affected by clipping and curtailment. The
model, shown in Equation 1, is modified to incorporate radiation from sky temperature
downwelling, following Sandia National Laboratories' recommendations [7].

Building on this, we investigate the impact of temperature rise on module performance using
thermal and UV degradation models with an activation energy E;, = 0.45 eV. UV
degradation was calculated using an effective relative humidity RH, s, UV irradiation on the
tilted front surface and module temperature T, as described by Poddar et al. 2024 [8].
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Figure 1: (a) Daily Variation in Curtailment— (b), (¢) ,(d) Effect of Clipping and
Curtailment on Module Temperature, Thermal Degradation and UV Degradation
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e Results

Figure 1 reveals that clipping increases module temperatures during peak irradiation hours,
with curtailment leading to an even more significant rise. This results in accelerated
degradation, with curtailment causing a 10% increase in UV degradation and a 34.2%
increase in temperature-related degradation by the end of the first year.

601
20 —— Usual Tracking
Proposed Tracking

201

Tilt Angle (°)
o

_20,
_40_
_60,
13 Feb. 14 Feb. 15 Feb. 16 Feb.
(a)
1.04
60
s
5 0.81
— 50, =
s t 3
v ‘ @ 0.61
E 40+ )
g | g
9 30] 5 0.41
: :
= 201 0.21
20 3
101 0.01
13 Feb. 14 Feb. 15 Feb. 16 Fel 10 20 30 40 50 60 70
Temperature (°C) - 10am to 1pm
(b) (c)
1.0 1.0
5038 0.8
. c
.S =
s £
5 0.6 £0.6
F=] c
© =
% 5
$0.4 B 0.4
o o
—_ @
E (=)
0.2 20.2
E
0.0 0.0
Jén Mar Méy JGI Sép Nov Jén Jan Mar  May Jul Sep Nov Jan
(d) (e)

Figure 2: Comparative Analysis of Tracking Algorithms (a) Tracking Angles (Three
Typical Days) — (b) Module Temperature (Three Typical Days) - (c) Cumulative
Distribution of Module Temperatures over a year between 10am-1pm - (d) Thermal
Degradation - (e) UV Degradation
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Modification of the Single — Axis Tracking Algorithm

e Methodology

This work presents a novel algorithm for single-axis trackers designed to mitigate
temperature-induced degradation of solar modules during operation while maintaining the
primary goal of maximizing energy output. The algorithm achieves this by adjusting the
tracker's tilt to optimize instant irradiance, matching DC production to AC output limits and
preventing excessive energy generation under clipping and curtailment conditions. By doing
so, the algorithm reduces module temperatures, thereby limiting their degradation over time
and extending their lifespan. The proposed algorithm was simulated under clipping conditions
(DC/AC = 1.3) and compared to the conventional tracking algorithm using the same tracking
system at the Bannerton site. The tracker speed was limited by 1°/min to prevent rapid
fluctuations and potential system failure, ensuring stable and durable tracker performance.

e Results and Discussion

Notably, the algorithm achieves a significant reduction in temperature during peak production
hours up to 10°C. Furthermore, our results presented in Figure 2 show that the algorithm
substantially mitigates degradation, resulting in a remarkable 32.3% reduction in thermal
degradation and a 30.2% reduction in UV degradation within the first year of operation,
compared to traditional tracking methods. Interestingly, while clipping effects were more
pronounced in thermal degradation than UV degradation, our algorithm reveals significant
potential to reduce UV degradation by tilting panels away during clipping, thereby
reducing UV exposure. We anticipate that the benefits of our algorithm will be even more
pronounced when curtailment is applied.

Future Work

Future work will extend this evaluation by integrating curtailment forecasts into the algorithm
and assessing its economic viability across four diverse locations in Australia.
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