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> Fault detection: the good, the bad and the ugly

Failure type
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BOS-cables faults

Grid outage

Soiling -

Bypass diode failure

Line-to-line faults

Degradation

Array faults
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Short-circuit faults -

Partial shading
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Source: Livera 2018
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Particularly serious defects in PV power plant 2014/2015
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W Every analysis must start with... some data!

Solar irradiation

Meteo ‘ Air temperature

‘ Wind speed

Energy production

On-site measurements - Y operation ‘ -V curves

‘ Cell temperature

Peak power

Location
PV system meta data ©
' Input data ¥ Orientation
Components

Solar irradiation

Remote data provider © Meteo ‘ Air temperature

‘ Wind speed




> Monitoring: (Lab or Large PV) # (Small PV)

Lab or Large PV plants

Budget © Available
SCADA

Energy meter

Hardware ¢ Inverter

Small distributed PV -

Meteo station

Monitoring-specific

Operator © Professional

Budget © Small

Energy meter

Hardware 9

| Inverter

Operator © Non-specialist




\ Large PV plants: Key field-measurements

Weather conditions
Power (DC, ACQ)
-\ curves

nverter yield
Thermography / hot spots
Electroluminescence

Etc.




<~ Weather conditions

The most common
Solar irradiance (GHI, DNI, DIF)  EO SN s Sal e &
Wind speed and direction LI TN e SO S S
Air temperature — N\ | B
Others
Albedo

Spectral irradiance
Air humidity
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Weather station at IES-UPM




< Power and |-V curves
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> Measurement for power and |-V curve
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Wattmeter for power measurements (IES-UPM) Capacitive load for |-V curves measurements (IES-UPM)




W Inverter yield
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W Thermography / hot-spots

Moreton et al., 2016
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< Electroluminescence

60

ATys" (°0)

Isolated fraction area (%)

Moreton et al., 2016
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W In the (raw) metadata you will not trust!

Azimuth angle of PV generators as reported by data providers - Europe Tilt angle of PV generators as reported by data providers - Europe
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Frequency [%]

> PV is still dependent on local regulation

Peak power PV systems - France
50 1
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20-
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Peak power of PV system [kWp]

Leloux et al., 2015
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4.0

Frequency [%]

Peak power PV systems - Belgium
20 -

5.0 7.5 10.0
Peak power of PV system [kWp]

Leloux et al., 2015
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Loc 1.517
Scale 0.4280
N 5971

14



Tilt angle (2)

> Overview of orientation losses for one country
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> Experience from PV fleet analysis on thousands
of PV systems
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W Performance Ratio (PR): most widely used PV
performance indicator

P R _ E produced

* The PV system is compared with a PV system under
Standard Test Conditions (STC)

* Allows comparisons with other works

* Influenced by other parameters than quality
(T?, radiation, spectrum,...)

P QA RLPYV Leloux et al., 2015
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> Performance Ratio in Europe: 60%-90%

Yearly integrated Performance Ratio - Europe

4. Weibull
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P QA RLPYV Leloux et al., 2015
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> Probability plot and Weibull distribution for 0.6 < PR < 0.9

Probability plot of Yearly integrated Performance Ratio vs Weibull distribution - Europe
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< Difference in PR between inverters: 1-5 %

Yearly integrated Performance Ratio vs Inverter manufacturer - PV systems Europe
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> Difference in PR between modules (no thin-film): 1-6%

Yearly integrated Performance Ratio vs PV module manufacturer - PV systems Europe
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> PV modules technology greatly affects performance

Yearly integrated Performance Ratio vs PV cell technology - PV systems Europe
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W PV system performance has improved over time

Yearly integrated Performance Ratio in 2013 vs year of installation of PV system - Europe
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W The small PV systems have a lower PR

Yearly integrated Performance Ratio vs PV system peak power - Europe
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> Performance Index (PI): an alternative to Performance Ratio (PR)

E

pPJ = produced

IG(I o APSTC )(1- APDC/AC)dt

 Comparison with a PV system of high quality chosen as reference

* Reference PV system = highest quality, no shadings, operating
under the same conditions than the real system

* Only represents the intrinsic quality of the PV systems

* Allows for comparisons in different conditions, at different places,

PPARL PV and for different technologies o5




> Stability of Pl vs PR: example for a PV installation

In France

PIPARLPYV

Performance indicator (%)
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= Distribution of PR and PI for PV systems (France + Belgium)

Performance Ratio (PR)
- Mean value: 76% Fr; 78% Be - Normal distribution
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> Excessive degradation on PV system

PIPARLPYV

Pl [%]
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W Soiling/cleaning patterns
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> Fault detection in a “perfect” world

Fault detection with ideal performance indicator (fictitious)
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> Faut detection: not so simple with PR

Daily Performance Ratio (PV installation 211263049)
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W Belgium: a wonderful play-field for PV fleets
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> Looking for the best peers in neighborhood

Coordinates focus PV system 316 and peers
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> Constructing Performance to Peers (P2P)

Construction of P2P from CUFs (PV installation 211412355)
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> P2P vs PR: more stable better signal/noise

Daily Performance Ratio and Performance to Peers (PV installation 211263049)
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> Stability of P2P vs season of year

PIPARLPYV
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W Fault detection with P2P: dynamical thresholds

CUF, P2P, confidence intervals and fault detection threshold (PV installation 211412355)
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= Fault detection with P2P and quantification of energy losses

P2P and fault detection (PV installation 211263049)
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> Diagnosis of zero-energy faults

PIPARLPYV

P2P [-]

P2P and zero-energy fault detection (PV installation 213029833)
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> Fault detection from P2P: clustering approach

PIPARLPYV
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> Diagnosis of inverter fault with KR-clustering approach

Daily P2P - July to October 2015 (PV installation 211263049)
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> Diagnosis of by-pass diode fault with KR-clustering approach

Daily P2P - Year 2015 (PV installation 212302646)
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N Fault diagnosis of PV module degradation on annual P2P trends
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PV degradation observed on yearly-integrated P2P (PV installation 211069268)
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< Fault detection with P2P on 10-min data

PIPARLPYV

CUF or P2P [-]

P2P and fault detection (PV installation 212151133)
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Sun elevation angle [Degree]

> Shading diagnosis from P2P vs sun position
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W Shading detection from performance vs sun position
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> The stamp collection approach
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> Future needs for analyses: BIPV

Mineirao Stadium, Brasil
(Robledo et al., 2019)

BIPV Copenhagen

Boston Solar (Robledo et al., 2019) e =~
P QA RL PV 5% 95%  33% 70 % 48

a) b)



> Future needs for analyses: Bifacial PV

14 1-axis tracking model comparison
13
X 12
2 Bifacial_Radiance
$11
O
10 PVSyst 6.75
2
O
9 SAM
8

0.3 0.35 04 0.45 0.5
Ground Coverage Ratio

Ayala Pelaez et al., 2019

Lusim simulation toolbox
(LuciSun)

PIPARLPYV
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> Future needs for analyses: Self-consumption

In a “perfect” world: load management at will

Grid-Tied PV with Load Management
& Whole-House Storage

/ Energy storage full

Power

6 AM Noon 6 PM
[l Loads powered by PV system
[l Loads powered by grid
[l Loads powered by battery

[[] Excess PV exported to grid
[E Excess PV stored in battery

Source: Home Power Magazine 2018

PIPARLPYV

Power in kW
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In practice: need for forecasting

B Grid Feed-In B Purchased Electricity

[l PV Self-Consumption

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Time of Day

Source: SMA 2018
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> Data analysis methods: a wide/wild topic

Performance Ratio

Energy yield simulation

-V curves modeling

Power losses

Scatter plots, stamp collections

Benchmark, inter-system comparisons

Data mining

ANN, Fuzzy logic, Neuro-Fuzzy

Machine learning, Al
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> Evolution of PV fault detection: chess analogy




> Thank you for your attention!

ON THE BRIGHT SIDE |
THEY NOoW WORK

SO0LAR PANELS-Now wiTH ADDED HEAT
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