Optimizing statistical sampling of in-situ PV module performance metrics for protection against plant total loss
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1. Motivation 9. t-Tests: Quantify Delta to Nameplate 6. Examples and Analysis (continued)

PV module degradation and plant underperformance accumulate gradually How large is the change? The plot below simulates module degradation using rates informed by indoor

and often go undetected by plant-level monitoring. Identifying real i} lab testing. As modules degrade in the field, variability in the power

performance shifts requires objective, data-driven methods that answer t = xs/_ al Large negative t indicates underperformance distribution increases. The simulation applies 3% first-year degradation per

two questions: vn the datasheet, followed by 1% annually — against a warrantied rate of 0.5%

per year. Both the delta to nameplate and the delta to the warranty-defined

« Has performance changed, and by how much? — quantified via t-tests Is it statistically significant? expected value grow over time. The t-test compares measured power from a

» When did it change? — detected via Shewhart Control Charts o-value < a Statistically significant decrease 16-module sample to the warranty-defined expected value. In this example,
p-value > « No significant evidence of a decrease the additional 1% degradation beyond the warrantied rate is detectable after

year one (p < 0.05), and likely sooner under monthly analysis.

x = mean of the DC PR

Uy = naemplate rating, i.e.100% Simulated Module Degradation and t-Test Results Compared to Expected
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2. Monitoring Objective s = standard deviation of the individual PRs 100
n = number of modules in the sample 0.
Track temperature-corrected DC Performance Ratios (PR) for Pmp, Vmp, and a = significance level for assessing the deviation, e.g. 0.05 o

Imp across a representative module sample equipped with GroundWork
Module Monitors. Apply one-sided t-tests to determine whether the current

Pmp Normalized to Nameplate [%]

population mean has fallen significantly below baseline: 921 P=0:000 o
Hypothesis test: 904 PmROm
H,: u = uy No change to baseline performance . 88 ~0.000
6. Examples and Analysis R "
86 - ameplate
H:u < u, Performance has decreased , , , —— Warranty P=0.000
In the first example, module performance falls below the historical average 0 1 2 3 2 5
beginning in early April, indicating a downward shift. Points remain within the lower Year

where uis the population mean DC PR and p,is the baseline value

limit for absolute measurement uncertainty, supporting high confidence in both the
(nameplate).

o . Fig 6¢: t-Test p-values tracking 1% excess degradation against warrantied rate across 5 years
precision and accuracy of the metric.

Daily DC PRs relative to effective irradiance for MM-cSi-01
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3. Sampling and metrics
Piing 7. Process flow
Q.
a. Select a sample of modules that is representative of the target S 1. Define a metric (e.g., temperature-corrected DC PR for Pmp, Vmp,
population. Initial power measurements routinely deviate from S Imp)
nameplate ratings, as shown in examples below. o 2. Select a representative module sample from the target population
&) .
- | & 3. Deploy GroundWork Module Monitors on the sampled modules
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Esal % o . . £l q9q3>' q/grﬁv’ q,gq,%’ q/QqSO’ q/@@’ q§1§°’ q/@?’ 7. Run t-tests when a significant shift is detected across the majority of
modules
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o 02 0B % vy s A s e e Fig 6a: Module DC PR drops below historical mean in April while remaining within measurement uncertainty 8. Investigate root cause and take corrective action
Fig 3.1: Modules sampled from pallets Fig 3.2: Modules sampled by production bounds.
with different power classes month
Power analysis shows that a sample of 15-16 modules achieves 95% power to
b. Deploy GroundWork Module Monitors for continuous IV curve sweeps detect a one-sigma shift in the mean using a one-sample t-test. A minimum sample
alongside MET stations for weather data. size of 16 is therefore recommended.
c. Compute daily DC PRs for Pmp, Imp, and Vmp 8' PraCtlcaI GUIdance
Power Curve for One-Sample T-Test : . :
% Pmpreorr 0 « Use control charts for continuous monitoring and early detection
_ Pmpyp ' . : C g
PRpmp_pc = SEffTT / « Use t-tests to quantify the magnitude and significance of observed
1000 08 changes
= !I)iffer_ence tp detect
= in units of sigma « Maintain stable measurement practices to reduce false alarms
— 0.06
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= 0.25 « Keep sample size at (n > 16)
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4. Shewhart Control Charts: % 04 0.5 eview and updqte baselines and contro ts periodically to reflect
) £ — 1.0 long-term conditions
Detect Shifts and Trends . 20
When did the process change? Z
Shewhart control chart methods, adapted for longitudinal module-level 0.0 . 10 s 20 oe 20
monitoring, use repeated DC PR measurements to flag two distinct Sample Size
signatures: step-change shifts (special-cause events) and sustained Fig 6b: Sample size determination 0. Key Takeaways
degradation trends.
A representative, adequately sized sample is the foundation of defensible
pg—— The four core WECO rules for statistical inference. Shewhart control charts identify when performance
| gon;rol charts e the UCL o LoL shifts occur. t-tests determine whether observed changes are statistically
g S — . pomt outside the or . - £ . . . . .
2. 2 out of 3 beyond 2-sigma significant, separating signal from noise. Together,.they prov!de a rigorous
R o S | . I S 3. 4 out of 5 beyond 1-sigma framework for performance assessment, O&M decision-making, and pre-
T oz p---¥o- UV 1V Y WY . S, O A W .1, iZZ:SGCU“VG on one side of the warranty f:laim support. Data quqlity and sampling discipline are
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Fig 4. Shewhart control chart showing degradation and WECO rule violations
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