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Abstract

Single-axis solar tracking maximizes photovoltaic energy production under clear-sky con-
ditions; however, its effectiveness decreases under cloudy and overcast skies, where diffuse
irradiance dominates and the optimal module orientation changes. Conventional tracking
algorithms either neglect sky conditions or rely on simplified diffuse-response strategies
that may trigger frequent tracker repositioning under variable cloud cover, leading to
increased mechanical wear with marginal energy gains. This work proposes an enhanced
diffuse-response tracking algorithm that explicitly accounts for both the intensity and tem-
poral persistence of cloudiness. By requiring overcast conditions to persist for a minimum
duration before reorienting the tracker to a diffuse-stow position, the proposed approach re-
duces unnecessary movements while preserving the benefits of diffuse-response operation.
The algorithm is evaluated through numerical simulations based on historical meteorologi-
cal data and validated using field measurements on monofacial and bifacial photovoltaic
strings. The results show that the proposed strategy reduces excess tracker movement from
114% to 0.16% while maintaining nearly the same energy yield. Compared to a conventional
diffuse-response algorithm, the associated energy reduction is minimal (x20.17%) relative
to the ~0.37% yield gain observed at the studied location. These findings demonstrate
that incorporating cloudiness duration enables a practical compromise between energy
performance and tracker durability, particularly for monofacial photovoltaic systems.

Keywords: bifacial modules; tracking strategy; experimental validation; power maximization;
energy yield

1. Introduction

The increasing availability of photovoltaic (PV) modules with higher power density
and lower costs has accelerated the deployment of utility-scale PV systems. To further
improve energy yield and plant profitability, these installations are commonly equipped
with tracking systems that continuously adjust module orientation throughout the day.
As a result, more than 90% of utility-scale PV projects in the United States now employ
single-axis trackers [1].

The primary objective of a tracker control algorithm is to maximize the irradiance
incident on the front surface of the PV module by tracking the Sun’s position, often com-
bined with back-tracking strategies to mitigate row-to-row shading [2]. Most commercial
tracking algorithms, however, do not explicitly account for sky conditions. Experimental
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and modeling studies have shown that cloud cover significantly affects the directionality
of solar radiation and, consequently, the optimal module orientation [3]. Under clear-sky
conditions, direct irradiance dominates, and solar tracking maximizes energy production.
Under fully overcast conditions, the direct component vanishes, and a horizontal orienta-
tion (0°, commonly referred to as the diffuse-stow position) maximizes the collection of
diffuse irradiance [4].

Between these two extremes, partially cloudy conditions may still exhibit a non-
negligible direct component, even when diffuse irradiance is dominant. In such cases,
the optimal orientation is not necessarily horizontal, but depends on the relative contri-
butions of direct and diffuse radiation. Modeling studies by Pelaez et al. [3] and Ander-
son et al. [5] showed that orientation angles associated with different cloud-cover levels can
outperform standard tracking, increasing energy yield by 0.1-0.8%, depending on local cli-
matic conditions. An expanded analysis by Rodriguez-Gallegos et al. [6], which accounted
for latitude and ground albedo, further demonstrated that discriminating between different
cloud conditions when selecting the optimal orientation can improve insolation gain by up
to 2%.

Despite these potential benefits, implementing such detailed orientation optimiza-
tion in commercial trackers remains challenging. Accurate determination of the optimal
angle would require high-resolution information on sky radiance distribution, as well
as additional sensing and computational resources. For example, approaches based on
rotating all-sky imagers that measure hemispherical irradiance at minute-scale resolution
have been proposed, but their complexity limits large-scale deployment [7]. Consequently,
most commercial solutions adopt simplified diffuse-response algorithms, which set the
module to the diffuse-stow position whenever cloudiness exceeds a predefined threshold,
without explicitly considering sky distribution.

A key limitation of diffuse-response algorithms is their sensitivity to short-term vari-
ability in cloud cover. Rapid fluctuations can trigger frequent tracker repositioning, leading
to excessive mechanical movement. This increased activity accelerates component wear
and raises the likelihood of mechanical failures [8]. To mitigate these effects, commer-
cial controllers typically integrate signal-processing techniques such as time-averaging
filters, hysteresis bands, and debounce logic. Time-averaging filters smooth the irradiance
signal by calculating a moving average over a sliding window, effectively suppressing
high-frequency noise from transient cloud movements [9]. Hysteresis bands establish
different activation and deactivation thresholds to set modules to the diffuse-stow posi-
tion, preventing rapid oscillation of actuators when the irradiance fluctuates near a single
decision point [10]. Debouncing strategies impose a mandatory residence time, requiring
a signal to remain above or below a threshold for a short, predefined duration before an
action is triggered [11]. While these techniques are effective at suppressing noise and rapid
oscillations, they operate implicitly on the measurement signal and do not explicitly encode
the persistence of a given sky condition. As a result, tracker repositioning may still occur
during transient but sustained cloudy periods, depending on the selected filter length,
hysteresis width, or debounce time.

Field experience indicates that tracker-related issues represent a significant fraction
of operational challenges in utility-scale PV plants. In particular, tracker faults account
for approximately 11% of all service requests, ranking among the top three causes after
inverters (=60%) and modules (=18%) [12]. Moreover, tracker-related tickets typically
require longer resolution times than other components, with an average duration of approx-
imately 14 days. Of this time, nearly 50% is associated with on-site service activities and an
additional 30% with component repair or replacement, highlighting the operational burden
associated with tracker failures. Reliability analyses based on large-scale field data further
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highlight the vulnerability of tracker components to frequent actuation. Using statistics
from Sandia’s Photovoltaic Reliability, Operations & Maintenance (PVROM) database,
Gunda et al. [13] reported mean times to failure of approximately 1.1 years for tracker
motors and 1.7 years for tracker bearings. In [14], the authors analyzed tracker availability
in utility-scale PV plants and found that tracker-related failures can lead to power losses of
up to 11-12%, with an average tracker uptime of approximately 85%, where the uptime rep-
resents the percentage of operational time during which the tracker functions as intended.
These relatively short lifetimes, compared to other balance-of-system components, indicate
that excessive or unnecessary tracker movement can significantly increase maintenance
requirements and operational downtime.

Within this context, the objective of this work is to refine diffuse-response tracking by
introducing an explicit temporal persistence criterion for overcast conditions. In addition to
identifying an appropriate cloudiness threshold, the proposed approach requires overcast
conditions to persist for a minimum duration before entering the diffuse-stow position.
Unlike conventional time-averaging, hysteresis, and debouncing logic—which mitigate
excessive actuation by implicitly conditioning the irradiance signal over predefined win-
dows or thresholds—the proposed duration threshold explicitly encodes the persistence
of a given sky condition. The threshold is defined over longer, meteorologically mean-
ingful intervals and is directly designed to balance energy yield against mechanical wear.
By integrating the temporal persistence of cloudiness into the control logic, the proposed
approach aims to reduce unnecessary tracker repositioning while preserving the energy
gains associated with diffuse-response strategies.

The algorithm is evaluated through numerical simulations and validated using field
measurements on both monofacial and bifacial PV systems, enabling a quantitative assess-
ment of the trade-off between energy yield and tracker wear.

The remainder of the paper is organized as follows. Section 2 outlines the methodology
for modeling PV performance, defining diffuse-response tracking algorithms, and eval-
uating trade-offs between energy yield and mechanical wear. Results from numerical
simulations and field validations are detailed in Section 3, showcasing the algorithm’s
effectiveness for monofacial and bifacial systems. Section 4 concludes by summarizing
findings, implications for practical implementation, and future perspectives for enhancing
tracking strategies in diverse climatic contexts.

2. Methodology

This section describes the modeling framework used to simulate PV module perfor-
mance, the formulation of the diffuse-response tracking algorithm, and the metrics adopted
to evaluate energy yield and tracker movement.

PV module performance is simulated using the Python library PVIib [15]. Optical
effects are modeled through the infinite-sheds approach [16], thermal behavior is described
using the Sandia thermal model [17], and electrical output is computed with the PVWatts
model [18]. This modeling chain is widely adopted in the literature and is applied here to
both monofacial and bifacial modules, following established practices [19]. The primary
specifications of the PV module are detailed in Table 1. For the bifacial technology, the model
introduces a bifaciality factor of 0.7, whereas this value is null for the monofacial case. All
other parameters are kept identical across both configurations to isolate the effect of the
rear-side irradiance and prevent secondary variables from confounding the comparative
analysis.
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Table 1. PV module and system’s main characteristics.

Parameter Value
output power thermal coeff. —0.4%/°C
nameplate output power 350 W
thermal coeff. a —3.47
thermal coeff. b —0.0594
thermal coeff. AT 3
bifaciality factor O0or0.7
albedo 0.20
module length 2m
module’s height 1.5m
tracker limit angle 50°
ground coverage ratio 0.3

Sky conditions are characterized using the ratio of direct normal irradiance (DNI)
to diffuse horizontal irradiance (DHI). High DNI/DHI values correspond to clear-sky
conditions dominated by direct irradiance, whereas low values indicate overcast conditions
in which diffuse irradiance prevails. This ratio is commonly used in diffuse-response
algorithms because it captures the directional nature of solar radiation while remaining
independent of absolute irradiance levels [20].

To generate a controlled range of sky-condition scenarios, a clear-sky reference case is
defined using the spring equinox in Golden, CO [21]. A scaling factor ¢ in the [0, 1] range
is applied to DN, while the DHI profile is kept unchanged, as expressed in Equation (1):

)

DNI; = { DN
DHI; = DHI

¢ = 0 represents a fully overcast sky, and { = 1 a clear sky. The subscript i denotes the
considered scenario, and cs the clear-sky reference. Although real atmospheric conditions
often couple reductions in DNI with increases in DH]I, diffuse-response strategies are
typically evaluated on the basis of the DNI/DHI ratio rather than the absolute values
of each component. This simplification allows the creation of a dataset used solely to
identify when modules should be set to the diffuse-stow position, consistent with previous
studies [20]. Subsequent diffuse-response validation is carried out with real weather data.

The diffuse-response algorithm is derived by simulating the output power of the PV
module across the tracker’s angular range under different sky conditions. This analysis
is used to correlate the optimal orientation with the DNI/DHI ratios corresponding to
different cloudiness levels, and determine the conditions under which a horizontal orienta-
tion (i.e., diffuse-stow position at 0°) becomes preferable. For commercial applications, this
evaluation is reduced to introducing a cloudiness threshold, C;: when the evaluated sky
condition exceeds this threshold, the tracker is set to the diffuse-stow position. Otherwise,
it follows the standard solar-tracking strategy. This implementation is represented by the
blue box depicted in Figure 1.

The proposed algorithm extends this conventional logic by introducing an additional
parameter (C;), which allows for taking into account a minimum duration for which
overcast conditions must persist before the tracker is oriented at the diffuse-stow orientation.
In this formulation, short-lived fluctuations in DNI/DHI do not immediately trigger
tracker movement. By requiring temporal persistence of cloudy conditions, the algorithm
aims to limit unnecessary repositioning under rapidly changing skies. The introduction of
this new threshold parameter over the standard tracking is represented by the orange box
depicted in Figure 1.
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Figure 1. The blue decision block mirrors the operation of a commercial solution that only evaluates
the cloudiness level against the C; threshold value. The proposed algorithm considers the addition
of the orange block, which takes into account the duration of the cloudiness period by comparing it
to the C; threshold value.

The performance of the diffuse-response algorithm is evaluated by comparison with
standard tracking in terms of both annual energy yield and cumulative tracker movement.
Energy yield is calculated as the sum of the electrical energy produced at each time step,
while tracker movement is quantified as the cumulative angular displacement executed
by the tracker. The relative annual energy gain AE and the relative increase in tracker
movement AM are defined as follows:

AE = 100 ZkCrk 4 @)
k €reg,k
and
AM = 100( ZEMark ) ®)
Zk mreg,k

where e and m denote, respectively, the energy produced and the angular movement at
time step k, and the subscripts dr and reg refer to diffuse-response and regular tracking.

Validation is carried out using field data, while numerical simulation of the yearly
potential energy gains is performed using historical data. The historical weather data
is retrieved from the National Solar Radiation Database [22] for the location of Golden,
and contains DHI, DNI, DNI under clear-sky conditions, air temperature, wind speed,
and the solar zenith and azimuth angles, with a temporal resolution of 5 min for the year
2022. Field data are obtained from the National Laboratory of the Rockies (NLR) Bifacial
Experimental Single-Axis Tracking Field (BEST field), shown in Figure 2, located at the
NLR’s South Table Mountain Campus in Golden. The facility consists of ten PV module
rows equipped with independently controlled single-axis trackers [23]. Measurements
are initially taken at 1-min intervals and subsequently downsampled to a 10-min average
frequency.

Figure 2. Picture of the PV field during an overcast day (7th of March 2025). It can be seen how some

rows are fixed at 0° while the others are tracking.
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The experiments aimed to confirm the optimal C; threshold that is firstly found via
modeling. Two strings were utilized: one operating in standard tracking mode and the
other fixed in the diffuse-stow position. Both rows were located away from the array
edges to ensure similar ground-reflected irradiance, wind, and air temperature conditions.
Experiments are first carried out using monofacial modules and subsequently repeated
with bifacial modules. The comparison between strings is performed using the normalized
power gain GP, defined as
Py

GP =
Preg

-1, (4)

where Py and Preg represent the normalized output power of the string in the diffuse-stow
position and under standard tracking, respectively.

3. Results

This section presents the results obtained from numerical simulations and field mea-
surements. First, the influence of sky conditions on the optimal tracker orientation is
investigated through simulations. The diffuse-response algorithm is then assessed using
historical weather data, followed by experimental validation using field measurements on
monofacial and bifacial PV strings.

3.1. Influence of Sky Conditions on Optimal Orientation

Numerical simulations are first used to investigate how the optimal tracker orientation
varies with sky conditions at different times of day and DNI/DHI values. Figure 3a shows
the orientation that maximizes output power as a function of the DNI/DH] ratio and hour
of the day. As DNI/DHI decreases, the optimal orientation progressively shifts toward 0°,
regardless of the time of day. This behavior becomes particularly evident for DNI/DHI
values below approximately 1, where the influence of the Sun’s position diminishes as the
radiation field becomes increasingly diffuse.
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Figure 3. Influence of DNI/DHI and time of the day on the best orientation of a monofacial PV
module. (a) Best orientation for different cloudiness levels and hours of the day. The vertical dashed
red line marks DNI/DHI = 0.5. (b) Deviation from the best orientation that does not affect the
module’s output power, for different DNI/DHI values and hours of the day. At DNI/DHI ~ 0,
the deviation approaches values above 10°, showing low relevance of the module’s orientation.

To further assess the sensitivity of module output to orientation under different sky
conditions, Figure 3b shows the angular deviation from the optimal orientation that results
in negligible changes in output power. For very low DNI/DHI values, the allowable
deviation increases significantly, reaching values above 10°. For instance, when DNI/DHI
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approaches zero, the module can be oriented within a wide angular range around 0°
without appreciable power losses. This indicates that, under strongly diffuse conditions,
precise orientation control becomes less critical.

This behavior is partially influenced by the adopted simulation framework. With con-
stant DHI and very low DNI/DHI ratios, overall irradiance levels are low, and variations
in orientation have a limited impact on absolute power output. As an example, at noon with
{ = 0.02, the simulated output power varies only between approximately 36 and 43 W /m?
over the tracker’s full range of motion. While this simplification does not capture the full
complexity of atmospheric interactions—specifically, the inverse correlation between DN I
reduction and DH]I increase—it remains sufficient for characterizing the relative trends of
optimal orientation. As demonstrated by [20], the definition of an effective diffuse-response
strategy depends primarily on the DNI/DHI ratio rather than absolute irradiance values,
rendering this approach a reliable proxy only for determining optimal orientation, not
predicting output power.

Based on these results, the diffuse-response algorithm is configured to set the module
orientation to 0° when the DNI/DHI ratio falls below a threshold value of C; = 0.5.
Although the strictly optimal orientation approaches 0° only as DNI/DHI tends toward
zero, the reduced sensitivity to orientation at low ratios justifies the use of a single horizontal
position for all conditions with DNI/DHI < 0.5. For higher ratios, the algorithm defaults
to standard tracking. This threshold is first evaluated using historical weather data and
subsequently validated through field measurements.

3.2. Algorithm Assessment Using Historical Weather Data

The diffuse-response algorithm is subsequently evaluated using historical meteorolog-
ical data for Golden, CO. Figure 4a summarizes the monthly values of the relative energy
gain (AE) and relative tracker movement (AM) obtained when the algorithm is applied
without any minimum cloudiness duration (i.e. C; = 0). On an annual basis, the algorithm

yields an energy gain AE = 0.37%, with higher monthly gains occurring during winter,
when overcast conditions are more frequent.

<~ 1000
1.0/ E= energy 0 movement IS — GHI DHI
_ n 200 Z — DNI
| V]
0.8 - ) g 500 N
M 150 o ‘Ij | q
e A
I © p
< <
100 ~ 20 dr
0.4 < reg
=t
=
0
0.27 50 g \_/ \_/
2
0.0 W 0 " -50
' 2 4 6 8 10 12 00 06 12 18 00 06 12 18 00
month of the year time of the day

(@) (b)
Figure 4. Comparison of diffuse-response and standard tracking. (a) Monthly AE and AM. While
AE is greater in winter, AM is greater in summer, both due to weather variability. (b) Example of

the orientation provided by diffuse-response (dr) and standard tracking (reg) during two partially
overcast days. AM is strongly affected by sky conditions’ variability.

In contrast, tracker movement increases substantially, reaching a yearly value of
AM = 114.24%. The increase is most pronounced during summer months, when short and
intermittent cloudy periods are more common. This behavior is illustrated in Figure 4b,
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which compares tracker orientations under diffuse-response and standard tracking during
two partially overcast days. During the first afternoon, rapid fluctuations in DNI/DHI
lead to repeated repositioning under diffuse-response tracking, resulting in additional
movement. During the second morning, persistent overcast conditions reduced movement
relative to standard tracking, highlighting the strong dependence of AM on cloud variabil-
ity.

To mitigate excessive movement while preserving energy gains, the modified diffuse-
response algorithm is tested with different values of the minimum cloudiness duration
threshold C,. Figure 5a shows the annual values of AE and AM as a function of Cj.
Increasing the required persistence of overcast conditions reduces both energy gain and
tracker movement. For example, increasing C; from 5 to 65 min reduces AE from 0.37%
to 0.17%, while AM decreases from 114.24% to —4.97%. A minimum cloudiness duration
threshold of approximately 50 min provides a favorable compromise between energy yield
and tracker movement. For this value, the algorithm achieves AE = 0.20% while reducing
additional tracker movement to AM = 0.16%, effectively eliminating excess actuation
relative to standard tracking. To characterize the meteorological variability of Golden and
the number of unexploited events, Figure 5b illustrates the distribution of overcast event
durations (where DNI/DHI < 0.5). The data indicate that Golden is a predominantly
clear-sky location characterized by transient cloud cover. Consequently, these results may
not be fully representative of climates with more persistent or stable overcast conditions.

1.21 &= energy = movement |17 frequency [ cumulative probability
1.2
1.0 100
30 >
o 1 0%
0.8 80 £ 5]
s 1083
w 0.6 60 s o 20 g
) <0 0.6 g
0.4 0 913 ; %
g 10+ 43
02 20 € =
l DD 51 1023
0.0 L 0
0 : : , 0.0
5 15 30 75 50 0 200 400 600 800

minimum overcast time length (min) duration (min)

(a) (b)

Figure 5. Implementation of diffuse-response tracking algorithm using real weather data for the city
of Golden: (a) Variation in AE and AM using different minimum cloudiness period lengths to set
the module flat. Considering a cloudiness minimum duration of 45 min permits AE = 0.20% and
AM = 0.16%. (b) Distribution of event durations during which DN1/DHI falls below 0.5. The red
line depicts the cumulative probability distribution.

To assess the algorithm’s performance under contrasting meteorological conditions,
the analysis is extended to Milan, Italy—a region characterized by lower average wind
speeds and more persistent cloud cover. While the Golden dataset permitted a 5-min
resolution, historical irradiance and temperature data for Milan were restricted to a 15-min
time resolution due to data availability. Figure 6a presents a comparative performance
analysis using the metrics established for the Golden site. Notably, the algorithm yields
more pronounced improvements; a threshold of C; = 15 min results in an energy gain
of AE = 0.45%. Furthermore, Milan exhibits consistently lower AM than Golden for
equivalent C; values. A threshold of C, = 30 min is sufficient to achieve AE = 0.30% while
obtaining AM = —0.20%. As illustrated in Figure 6b, the overcast duration distribution in
Milan differs substantially from that of Golden, confirming that the C, parameter must be
specifically tuned to local sky conditions to ensure optimal implementation.
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Figure 6. Implementation of diffuse-response tracking algorithm using real weather data for the
city of Milan: (a) Variation in AE and AM using different minimum cloudiness period lengths to set
the module flat. Considering a cloudiness minimum duration of 30 min permits AE = 0.30% and
AM = —0.20%. (b) Distribution of event durations during which DNI/DHI falls below 0.5. The red
line depicts the cumulative probability distribution.

The selected value for C; is consistent with the capabilities of current nowcasting
techniques in forecasting short-term irradiance variability [24,25]. The results indicate that
a yield increase of 0.2-0.4% translates to an equal LCOE reduction relative to the baseline,
neglecting changes in O&M cost due to tracker movement and nowcasting solutions that
might be required for implementation of these strategies, which are now increasingly
integrated into utility-scale PV infrastructure [24].

3.3. Validation with Field Data

The value of Cy, identified through modeling, is validated using field measurements
collected during March 2025. The overall accuracy from the highly instrumented research
site is <3%, including environmental variability and irradiance sensor stability, with power
measurement uncertainty under 1%. Figure 7 illustrates the deviations between modeled
and measured output power for strings operating under normal conditions and those fixed
at 0° (monofacial and bifacial). Modeled versus measured measurements yielded an MBD
and RMSE of 4-6% and 12-14%, respectively.

1.0 7
monofacial
bifacial

0.8 e
MBD=4.01 .
RMSE=11.96 ,(@ A

- D= SR . ‘\,(,f;%e

0.6{WsE=13.0 2N

g ‘AALA

$ " ’

€04 ol

o
ke
it
0.2 W T
0.042
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 7. Parity plot of modeled versus measured output power for the monofacial and bifacial
strings, operating as expected and fixed at 0°.
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Figure 8 shows the measured irradiance conditions, the corresponding DNI/DHI
ratio, and the calculated normalized power gain GP for two monofacial strings and, sepa-
rately, for two bifacial strings. For the monofacial case, periods with positive power gain
(i.e.,, GP > 0.01) consistently coincide with DNI/DH]I values below 0.5. This indicates that,
under cloudy conditions, the string fixed at the diffuse-stow position systematically outper-
forms the string operating under standard tracking. The experimental results, therefore,
confirm the suitability of the selected value for C;.

MONOFACIAL BIFACIAL
— dni dhi —— ghi

:

1250

=
o
o
o

750

500

25;) T J_ A | A

s (@) D)

irradiance (W/m?)

DNI/DHI < 0.5

z ﬁ il
i

=
6]

DNI/DHI
=
o

=
=

-1

=2 03-03 03-04 03-05 03-06 03-07 03-08 03-05 03-06 03-07 03-08
day day
(e) (f

Figure 8. The top Experimental results from field data. The left column (a,c,e) evaluates the perfor-
mance of the monofacial string configuration, while the right column (b,d,f) illustrates the bifacial
string comparison. (a,b) show the irradiance profiles of the days under consideration. (c,d) show the
calculated ratio DNI/DHI, with colored sections marking intervals where the ratio falls below 0.5.
(e,f) show the GP, with brown sections highlighting sections where GP is positive.

In contrast, the bifacial comparison does not exhibit the same consistent behavior.
Periods with DNI/DHI < 0.5 do not always correspond to positive power gains for
the diffuse-stow configuration. This qualitative analysis suggests that additional factors
influence the performance of bifacial modules under diffuse-response operation. This
behavior is quantified via modeling in Figure 9, which shows the variance in incident
irradiance resulting from the transition to a diffuse-stow strategy. Specifically, the figure
illustrates the modeled irradiance gain achieved by adopting a horizontal stow position
relative to standard tracking when DNI/DHI < 0.5. These results are generated using the
aforementioned simulation framework, for the location of Golden, and employing the same
5-min weather data retrieved from NSRDB that was used for the yearly assessment. It is
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possible to note that, while the diffuse-stow orientation increases front-side irradiance under
cloudy conditions, it simultaneously reduces rear-side irradiance. For monofacial modules,
rear irradiance contributes only indirectly through thermal effects, making this reduction
beneficial. For bifacial modules, instead, the reduction in rear-side irradiance offsets or
entirely counteracts the gains captured on the front surface. As a result, the net benefit of
diffuse-response strategies under low-DNI/DHI conditions is reduced, consistent with
field observations.
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Figure 9. Incident irradiance difference when using diffuse-response instead of standard tracking,
depending on the time of the day, along the whole solar year. While the front incident irradiance
increases in the diffuse-stow position, the back incident irradiance decreases.

4. Conclusions

This work investigates the trade-off between energy yield and mechanical wear in
single-axis tracking systems by refining diffuse-response tracking strategies under cloudy
conditions. By characterizing sky conditions through the DNI/DHI ratio, the study
identifies the conditions under which orienting PV modules in a diffuse-stow position
improves performance, while also quantifying the impact of frequent repositioning on
tracker movement.

Numerical simulations show that, when the DNI1/DHI ratio falls below 0.5, the opti-
mal module orientation shifts toward 0°, and the sensitivity of power output to orientation
is significantly reduced. A diffuse-response strategy based solely on a cloudiness threshold
yields a modest annual energy gain (AE = 0.37%) but results in a substantial increase
in tracker movement (AM = 114.24%). Introducing a minimum cloudiness duration
threshold before entering the diffuse-stow position effectively mitigates this drawback.
For a minimum duration of approximately 45 min, excess tracker movement is reduced to
negligible levels (AM = 0.16%), while maintaining a positive energy gain (AE = 0.20%).
Considering locations with different weather conditions leads to different results, as for the
city of Milan, where a C; of 30 min allows for AE = 0.30% and AM = —0.20%. Preliminary
results indicate that a yield increase of 0.2% — 0.4% translates to an equal LCOE reduction
relative to the baseline.

Field measurements confirm the validity of the selected DNI/DHI threshold for
monofacial PV modules. Under cloudy conditions, monofacial strings fixed at the diffuse-
stow position consistently outperform those operating under standard tracking. In contrast,
the same strategy does not provide consistent benefits for bifacial modules, as gains in
front-side irradiance are partially offset by reductions in rear-side irradiance. These results
demonstrate that the effectiveness of diffuse-response algorithms is reduced for bifacial
modules when rear-side irradiance is explicitly accounted for. In this case, rear-side
generation partially offsets the benefits of diffuse-stow operation. Further optimization
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of gains would likely require added control complexity to account for spatially varying
diffuse light and orientation-dependent rear-side light distributions.

Future work should focus on field-based validation of diffuse-response control under
real operating conditions, particularly to better understand its influence on tracker motion
frequency, mechanical wear, and maintenance requirements. Since this is an initial field
study, more field measurements are required to solidify the trends seen here. Improved
characterization of these operational effects, alongside energy-yield impacts, would enable
a more complete assessment of the long-term reliability and LCOE implications of advanced
tracker control strategies.

Overall, the proposed algorithm demonstrates that incorporating cloudiness duration
into diffuse-response tracking enables a practical compromise between energy performance
and tracker durability. The approach can be implemented with limited additional com-
plexity and does not require high-resolution sky imaging or advanced sensing. While
particularly well suited for monofacial PV systems, further refinement is required to ex-
tend its effectiveness to bifacial applications, potentially through adaptive thresholds or
irradiance-based weighting of front and rear contributions.
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