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Diversity of PV systems

Date - Footer of your presentation3

Affiliate 4
USA

Affiliate 3
e.g., 4 to 150 MW
America, Europe

Affiliate 1
e.g., 4  to 12 MW
France

Affiliate 2
e.g., 10 to 200 MW
Africa, Australia, America

Affiliate 5
<5 MW
Middle East and Asia

R&D
Test facilities
France, Qatar



CSD filter

PLR estimation without weather data
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Method
Estimate production loss over 
the years including only CSDs. 
CSDs selected by the shape of 
the daily power curves. 
Estimation YoY per time 
segments (e.g., month, weeks)

Proof of concept
Inputs: power
Outputs: PLR 
Aggregation: time-segment, then 
overall
Time range: more than 5 years
Filters: CSD filter

Scale-up potential
Needs weather data: no
Method complexity: easy
Time to validation: fast
Real-time: not applicable

PV system
Location: France
Size: > 4 MW
Data quality: all

PLR estimation

Production condition

Completeness condition

Smoothness condition

Daily cumulative

Time-segment aggregation

Fixed tilt

Vertical

Tracking

August 2015

August 2021

CSD: clear sky day; PRL: Performance Loss Rate; YoY: year-on-year.
By L. Guillemot 



Results: synthetic data

PLR estimation without weather data
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Results: Site #1

Method
Estimate production loss over 
the years including only CSDs. 
CSDs selected by the shape of 
the daily power curves. 
Estimation YoY per time 
segments (e.g., month, weeks)

Proof of concept
Inputs: power
Outputs: PLR 
Aggregation: time-segment, then 
overall
Time range: more than 5 years
Filters: CSD filter

Scale-up potential
Needs weather data: no
Method complexity: easy
Time to validation: fast
Real-time: not applicable

PV system
Location: France
Size: > 4 MW
Data quality: all

PLR: 
-2 %/y

On-site 
meteo 
data

CSD+YoY
No meteo data

PR+YoY
On-site meteo

PR+YoY
Satellite meteo

One month, all years, one inverter

PLR = -1.6 %/y

Inverter number

All months, all years, all inverters

PLR = -1.2 %/y

PL
R

 (%
/y

)

PLR = -1.2 %/y

All months, all years, one inverter

PL
R

 (%
/y

)

CSD: clear sky day; PRL: Performance Loss Rate; YoY: year-on-year.
By L. Guillemot 



Tests

Inverter problems

6

Results: Site #2

Method
Classify inverter malfunction 
events using simple tests on 
the electrical data at inverter 
level. Discriminate from events 
at transformer- and plant-levels 
to identify individual inverter 
faults.
Must be fast and explainable.  

Proof of concept
Inputs: P, I, U. GPOA (optional)
Outputs: Events of inverter faults
Aggregation: no
Time frequency: 1-5 min
Filters: outliers, missing values, 
day/night

Scale-up potential
Needs weather data: optional
Method complexity: easy
Time to validation: fast
Real-time: yes

PV system
Location: Uganda
Size: 10 MW
Data quality: good, then bad

PR_Tcorr: temperature-corrected Performance Ratio
By: C. Becot, A. Zubair et al.

Test #1
Test #2

Test #3: PR_Tcorr ≈ 0 

Most of these events 
correspond to grid 
outages (test #1)

Detection of inverters’ total breakdown

Inverters failing after 
4 years due to a 

faulty internal 
component

(test #2 or #3)



Site #1

Soiling estimation
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Method
Inspection of PR_Tcorr.  
Estimation of soiling rate using 
satellite data and empirical 
dust deposition models.

Proof of concept
Inputs: electrical data and 
atmospheric data
Outputs: PR_Tcorr, soiling rate
Aggregation: daily
Time range: at least one year
Filters: 10h-16h, irrad>400W

Scale-up potential
Needs weather data: yes
Method complexity: medium
Time to validation: long
Real-time: possible, probably 
not necessary

PV system
Location: France
Size: 4.5, 12 MW
Data quality: bad

PR_Tcorr: temperature-corrected Performance Ratio
By: C. Becot, F.Salmi, E. Le-Borgne, A. Toumiranta et al.

PR
_T

co
rrAlthough a pattern can be 

observed, it cannot be 
corroborated due to poor 
data quality.

Site #3

Very low impact of 
forest fires on 
theorical soiling 

rates

PR
 (%

)

No significant 
change in PR after 

the forest fires



Test facility #1

Soiling estimation
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Results

Method
Signal decomposition 
approach. Implementation of 
Python library solar-data-tools 
by B. Meyers

Proof of concept
Inputs: power
Outputs: soiling rate
Aggregation: no
Time frequency: 1-20 min
Filters: no

Scale-up potential
Needs weather data: no
Method complexity: difficult
Time to validation: long
Real-time: not necessary

PV system
Location: Qatar
Size: test facility
Data quality: excellent

By M. Povéda et al.

• String cleaned every 2 months
• Reference cell cleaned weekly
• Real soiling ratio estimated with 

string and reference cell
• Severe soiling
• PVInsight works very well



The Suns-Vmp method (Sun, X. et al., 2009)

IV Curve parametrization
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Method
For each time interval (e.g., 
week, month) solve an 
optimization problem to find the 
parameters of the diode model 
that best fit the MPP or OC data.
Using all the time segments, 
evaluate the evolution of these 
parameters over time.

Proof of concept
Inputs: MPP data or OC data.
Outputs: Isc, Io, Rs, Rsh, etc
Aggregation: daily, then time 
segment
Time range: years
Filters: in progress

Scale-up potential
Needs weather data: yes
Method complexity: difficult
Time to validation: long
Real-time: not applicable

PV system
Location: Uganda
Size: 10 MW
Data quality: good, then bad

By N. Hrelja, N. Harder, C. Becot
Sun, X., Chavali, R.V.K., Alam, M.A., 2019. Real-time monitoring and diagnosis of photovoltaic system degradation only using maximum power point—the Suns-
Vmp method. Prog. Photovoltaics Res. Appl. 27, 55–66. https://doi.org/10.1002/pip.3043

MPP data

Optimization 
For each time 

segment

Model parameters

Preliminary results Site #2

Single solution
𝑅! with 𝐼!" is identifiable

Multiple solutions
𝑅! with 𝐼# non-identifiable



1. Performance Loss Rate estimation
2. Identification of inverter problems
3. Soiling estimation
4. IV curve parametrization: source causes of degradation
5. Clipping and curtailment
6. Machine learning-based anomaly detection (supervised, unsupervised)

Many PV sites, many solutions

Date - Footer of your presentation10
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Benchmark of commercial products and open-source Python libraries

Recommendations to Business Units

By M. Povéda13

Benchmark #2: 
Python Library B

o Accurate in terms of performance 
analytics

o No need of weather data
o Only usable by Python programmers
o Currently dependent of an external 

commercial solver

Benchmark #1: 
Monitoring platform A

o Meant for production, operations 
and maintenance

o Useful KPIs, functionalities to 
manage PV solar fleet

o Inaccurate in terms of performance 
analytics

TotalEnergies

o Internal R&D tools
o Same level of accuracy than 

external options
o Next developments can be 

prioritized according to the needs of 
other Business Units

o On-going work to enhance data 
quality assessment

Benchmark #3: 
Assessment of 9 commercial monitoring platforms 

(by N. Ngoun)

Benchmark #4: 
Assessment of 5 commercial monitoring platforms 

(by D. Roisse, outside R&D team)

Benchmark #5: 
Evaluation of Python Library C (in progress, by N. 

Hrelja)



Data quality grading 

Standardization

Lindig, S., Theristis, M., Moser, D., 2022. Best practices for photovoltaic performance loss rate calculations. Prog. Energy 4, 022003. https://doi.org/10.1088/2516-1083/ac655f14

Temporal availability grading. Taken from Lindig et al. 2022

Number grade Electrical data Level On-site meteo data

1 P, I, U String GHI, Tamb

2 P, I, U String No

3 P, I, U Inverter GHI, Tamb

N P Plant No

Future work: Spatial availability grading

PV System 
Grade:
AAB1

Soiling method 1

Clipping method 3

Best method for a 
given quality grade

Future work: selection of the best 
method depending on data quality

Ultimate goal = Decision-making tool 
for PV plant diagnosis



Data standards
• MINES Paris  

https://libinsitu.readthedocs.io/
en/latest/

• Orange Button 
https://myorangebutton.com

• FAIR

• Massel, L., Shchukin, N., Cybikov, 
A., 2021. Digital twin development 
of a solar power plant. E3S Web 
Conf. 289, 03002. 
https://doi.org/10.1051/e3sconf/20
2128903002

Standardization
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https://libinsitu.readthedocs.io/en/latest/
https://libinsitu.readthedocs.io/en/latest/
https://myorangebutton.com/


Ambition: a true Digital Twin

Kritzinger, W., Karner, M., Traar, G., Henjes, J., Sihn, W., 2018. Digital Twin in manufacturing: A categorical literature review and classification, in: IFAC-PapersOnLine. pp. 1016–1022. 
https://doi.org/10.1016/j.ifacol.2018.08.474 16

We are here

”As complex as needed, as simple as possible”



Algorithms

Recommendations

Standardization

Digital Twin

Sharing knowledge

Conclusion
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Federated learning?
Open sourcing?



Thank you


