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Abstract 

 

The monitoring and supervision of large scale solar photovoltaic plants becomes more and more 

important nowadays, with the increase of the installed power. The detection system and the reactivity 

must be improved in order to allow the plants to run at their best capacity. One way to improve that 

detection is the setup of alerts triggering for certain types of defaults concerning the performance of the 

inverters or the plant itself. That setup can be optimized by analytical analysis on the historic data of the 

plant, and adjusted for each plant, depending on its behavior. Another way is to calculate robust indicators 

such as the performance ratio, which corresponds to the efficiency of the plant, regardless the type of 

installed panels. This indicator depends on the electricity production and the received irradiance. In order 

to have an accurate measure of that indicator, a work on the reconstitution of the missing data must be 

done for the irradiance measure. That reconstitution enables to have access to a robust measure of the 

performance ratio and thus to improve the monitoring of the performances of the plant.
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SAMMANFATTNING 

 

 

Övervakningen av fotovoltaisk anläggning blir mer och mer viktigt idag, med ökningen av den 

installerade kraften. Detekteringssystemet och reaktiviteten måste förbättras för att växterna ska 

kunna köras med bästa kapacitet. Ett sätt att förbättra detekteringen är att upprätta larm som 

utlöser för vissa typer av standardvärden beträffande inverterarnas prestanda eller själva 

anläggningen. Denna inställning kan optimeras genom analytisk analys av anläggningens 

historiska data och justeras för varje anläggning, beroende på dess beteende. Ett annat sätt är att 

beräkna robusta indikatorer som prestandaförhållandet, vilket motsvarar anläggningens 

effektivitet, oavsett typ av installerade paneler. Denna indikator beror på elproduktionen och den 

mottagna bestrålningen. För att ha ett exakt mått på den indikatorn måste ett arbete med 

rekonstitution av de saknade uppgifterna göras för bestrålningsåtgärden. Denna rekonstitution 

möjliggör åtkomst till ett robust mått på prestandaförhållandet och därmed förbättrar 

övervakningen av anläggningens prestanda.  



-iii- 
 

List of Figures   

Figure 1 - Supervision scheme .................................................................................................................................... 2 

Figure 2 – Normalized power curves of four central inverters (500kW) and global inclined irradiation (in 

purple) on a cloudy day ................................................................................................................................................ 5 

Figure 3 - Dashboard of the Excel tool with a single threshold ............................................................................ 6 

Figure 4 - Dashboard of the Excel tool with two seasonal thresholds ................................................................. 7 

Figure 5 - Location of the plant Codina .................................................................................................................... 7 

Figure 6 - Difference to the maximum normalized production of the inverters of Codina ............................. 9 

Figure 7 - Difference to the maximum normalized production of inverter 5 on Codina ...............................10 

Figure 8 - Difference to the maximum normalized production of the inverters of Codina ...........................11 

Figure 9 - Location of the plant of Guigne-Haly ...................................................................................................12 

Figure 10 - Difference to the maximum normalized production of the inverters of Guigne-Haly ...............13 

Figure 11 - Difference to the maximum normalized production of the inverters of Guigne-Haly in 

summer 2018 ................................................................................................................................................................14 

Figure 12 – Daily electricity production of a 500 kWc PV plant over 2017 ......................................................18 

Figure 13 - Pyranometer, model SR20 .....................................................................................................................18 

Figure 14 - Ingenieurburö Si Sensor.........................................................................................................................19 

Figure 15 - Example of a gap in the global inclined irradiance measure on a PV plant ..................................20 

Figure 16 - Location of the PV plants .....................................................................................................................21 

Figure 17 - Location of the PV plants .....................................................................................................................22 

Figure 18 - Compass rose ...........................................................................................................................................24 

Figure 19 - Solar irradiance daily averaged on different tilted angles ..................................................................24 

Figure 20 - Comparison excel tool ...........................................................................................................................25 

Figure 21 - Reconstitution of south irradiance for Ponteilla ................................................................................26 

Figure 22 - Correlation graph between the south sensor of Ponteilla and the south average irradiance of 

the region ......................................................................................................................................................................27 

Figure 23 - Approximated curve vs real irradiance for Ponteilla south with a threshold of 4% ....................28 

Figure 24 - Approximated curve vs real irradiance for Ponteilla south with a threshold of 15% ..................28 

Figure 25 - Correlation graph between the south sensor of Ponteilla and the south average irradiance of 

the region ......................................................................................................................................................................29 

Figure 26 - Reconstitution of south irradiance for Ponteilla ................................................................................30 

Figure 27 - Correlation graph between the east sensor of Bouba and the south average irradiance of the 

region .............................................................................................................................................................................31 

Figure 28 - Reconstitution of east irradiance for Bouba with season comparison ...........................................31 

Figure 29 - Reconstitution of east irradiance for Bouba .......................................................................................33 

Figure 30 - Reconstitution of west irradiance for Bouba ......................................................................................34 

Figure 31 - Real irradiances over time ......................................................................................................................35 

Figure 32 - Correlation graph between the north sensor of Caudiès and the south average irradiance of the 

region .............................................................................................................................................................................35 

Figure 33 - PR (in %) of Bruxelles over time .........................................................................................................37 

Figure 34 - PR (in %) of Bruxelles over time, with a distinction between sunny and cloudy days ................38 

Figure 35 - PR (in %) of Bruxelles, sunny days only .............................................................................................38 

Figure 36 - Built weighted irradiance vs raw weighted irradiance over time for Bouba ..................................40 

Figure 37 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance 

for Bouba ......................................................................................................................................................................40 

Figure 38 - Built weighted irradiance vs raw weighted irradiance over time for Ponteilla ..............................41 

Figure 39 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance 

for Ponteilla ..................................................................................................................................................................42 

Figure 40 - Performance ratio of Bruxelles over time ...........................................................................................42 

Figure 41 - PR of G2000 over time ..........................................................................................................................43 



-iv- 
 

Figure 42 - Corrected PR of Gravenas over time ..................................................................................................43 

Figure 43 - Built PR of Le Bosc over time ..............................................................................................................44 

Figure 44 - Built weighted irradiance vs raw weighted irradiance over time for Bouba ..................................45 

Figure 45 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance 

for Bouba ......................................................................................................................................................................45 

Figure 46 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance 

for Ponteilla ..................................................................................................................................................................46 

Figure 47 - Corrected PR of Gravenas over time ..................................................................................................47 

Figure 48 - Built PR of Le Bosc over time ..............................................................................................................47 

 

 

  



-v- 
 

List of Tables   

Table 1 - Balance of power of the plant Codina ...................................................................................................... 8 

Table 2 - Balance of power of the plant of Guigne-Haly .....................................................................................12 

Table 3 - Irradiance sensors .......................................................................................................................................23 

Table 4 - Coefficients of determination between the east sensor of Bouba and the average of the south 

sensors of the region ...................................................................................................................................................32 

Table 5 - Coefficients of determination between the west sensor of Bouba and the average of the south 

sensors of the region ...................................................................................................................................................33 

 

 

  



-vi- 
 

Abbreviations or Nomenclature (or both on separate pages) 

AC : Alternative current 

DC : Direct current 

Eelec : Electricity production 

FTP : File transfer protocol 

GSTC : STC irradiance 

𝐼𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 : Weighted Irradiance 

MPPT : Maximal Power Point Tracking 

O&M : Operation and maintenance  

PR : Performance Ratio 

PV : photovoltaic 

STC : Standard Test Conditions  

TSTC : STC temperature 

𝜇𝑚𝑜𝑑𝑢𝑙𝑒 : efficiency of a module 

𝜇𝑠𝑦𝑠𝑡𝑒𝑚 : another name of the performance ratio 

  



-vii- 
 

ACKNOWLEDGMENTS  

 

 

I would like to thank first Jean Grassin, O&M manager at JPEE, who was my supervisor during 

this master thesis. He was always available to help me and guide me in my work, and its advices 

were always helpful and relevant. 

Special thanks also for Jérôme Fontaine, my manager in my internship, who supervised my work. 

He was always making himself available to answer my questions or to share its great experience 

with me. 

I would like to thanks the entire O&M team. It was fantastic to work with them, and I learned 

many things from them every day.  

Finally, thanks to the all JPEE company members, who welcomed me warmly. My integration in 

the company, thanks to them and their kindness, went perfectly well.  

  



-1- 
 

1 INTRODUCTION 

 

 

 

Reactivity in O&M services for PV solar plants constitutes a considerable challenge nowadays. 

Indeed, the PV plants become bigger and bigger in terms of peak power installed, and so a stop 

or a loss of performance of the plant correspond to more and more money at stake. An 

underperformance of only 1% of a large scale solar plant can represent a loss of money of several 

thousand of euros per day. That is the reason why the supervision systems need to be more 

advanced and improved, in order to detect the faults or defects accurately and quickly. 

To do so, an improvement of the alerts triggered on the supervision system can be achieved, 

making the monitoring of certain indicators more accurate. The supervision of solar power plants 

uses always a supervision platform that enables to process data coming from the plant itself. 

Inverter productions, irradiance data, and many more other data are thus monitored, processed 

and ready to be analyzed. 

Among this processed data, some alarms can be setup to detect automatically some defaults, or 

some under-performance of the plant, or of inverters. There is a real need to improve the 

accuracy of these alarms, because some defaults cannot be seen easily to the naked eye. For 

example, an alert can be triggered if the production of one inverter on a day is lower than the 

production of its neighboring inverters. This type of alert can detect small defaults that would 

have been detected later and thus would have impacted the performance of the plant. But the 

threshold of this alarm must set up precisely and be high enough to detect real defects and not 

false warnings, and low enough to be accurate in the detection. The optimization of this 

threshold is the subject of one part of this study. 

Apart from the daily monitoring of the plant, a further analysis can be carried out to detect the 

possible progressive underperformance of the plant. The performance ratio, which is an indicator 

that allows to characterize the efficiency of the plant, is an important factor to take into account 

in that analysis. Having a robust calculation of that performance ratio enables to improve the 

global performance of the plant. 

However, this performance ratio is based on the irradiance received by the plant, and the 

produced electricity.  A serious work is done in the second part of this study to strengthen the 

accuracy of the measure of these two parameters.  
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2 SUPERVISION AND MONITORING 

2.1 Supervision system 

The supervision system varies according to the PV solar power plant, depending on the installed 

power, and the different types of the installed equipment. However, it has the same structure. It 

can be divided into 3 different levels :  

• Plant level : this level is composed of the main equipment of the solar power plant that 

plays a role in the power generation, and the different captors. The PV panels, junction 

boxes, inverters, transformers, irradiation captors, temperature captors are part of this 

level. 

 

• Automation level : this level includes all communication equipment on the site of the PV 

plant such as the data logger, the modem, the automat, … It includes also the equipment 

that enables to command some of the parameters of the plant. 

 

• Supervisor level : this level represents the interaction between the supervisor and the data 

coming from the plant. This interaction is made through a supervision platform that 

varies according to the operating company. 

 

The usual supervision scheme is the following. The data coming from the inverters and the 

captors (plant level) are sent to the data logger. This communication is made through either a 

modbus connection or an Ethernet connection, depending on the distance between the inverters 

and the data logger and the number of the connected inverters. An automat can be added in 

order to improve the supervision and collect data from the electrical protection and monitoring 

device such as the connection to the grid, the state of the breaker … Then, all these data are sent 

to a FTP server where it is stored. The data can thus be collected and represented on a 

supervision platform that processes the data for the supervisor (supervisor level).  

 

Figure 1 - Supervision scheme 
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On Figure 1, the right part represents the HV substation and the left part the inverter room. In 

the HV substation, the device called SEPAM is used to read the measures (currents, voltages, grid 

incidents) and to command to the circuit breaker. The information received by this device is 

connected thanks to a RS 485 Modbus connection (represented by a green line) to the Tbox, the 

automat. The Tbox receives also data from the installed sensors and the inverters, by an Ethernet 

connection (represented by a blue line). The data is then sent thanks to an ADSL modem and 

accessible remotely. The data logger, which sends the data of the FTP server, is not represented 

on this scheme. 

On the supervisor platform, the data can be represented by chart and figures so that the 

supervisor can analyze it. But some alarms can also be configured in order to notify the 

supervisor of a possible malfunction of the plant.  

 

2.2 Supervision alarms 

The supervision alarms can be related to the production of an inverter, the production of the 

plant, the performance of the plant, the status of the communication of a particular device or the 

communication of the whole plant, the lack of data, … The main alarms that can be triggered are 

presented below : 

 

• No communication with the plant : this alarm is triggered if no data is sent on the FTP 

server for a certain amount of time. This amount depends on the datalogger used in the 

plant and the threshold defined in the parameter. For example, if the datalogger is 

supposed to send data every hour, the alarm is triggered if the FTP server receives no 

data for an hour plus a certain amount of time defined by the threshold. This alarm is 

very critical because without communication, it is hard to tell if the plant is producing or 

not ; 

 

• No production of the plant on an entire day : this alarm occurs if the plant produced 

nothing the day before. The check for this alarm is made on a daily basis. It is also very 

critical because with this alert, the non-production of the plant is certain ; 

 

• No-production of an inverter on an entire day : like the previous alarm, this alarm occurs 

if the plant produced nothing the day before. The check is also made on a daily basis. The 

criticality of this alarm depends on the rated power of the inverter in comparison with the 

rated power of the power plant ; 

 

• Difference of a certain percentage to the maximum value of the standardized productions 

of the inverters : on a daily basis, the platform compares the production normalized with 

the peak power of each inverter of the plant in a day with the maximum normalized 

production of the others inverters with the same orientation. If this difference is called d, 

d is obtained by the following formula :  
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𝑑 (%) =  

𝐸max _𝑖𝑛𝑣_𝑑𝑎𝑦

𝑃max _𝑖𝑛𝑣_𝑝𝑒𝑎𝑘
−

𝐸𝑖𝑛𝑣_𝑑𝑎𝑦

𝑃𝑖𝑛𝑣_𝑝𝑒𝑎𝑘
𝐸𝑖𝑛𝑣_𝑑𝑎𝑦

𝑃𝑖𝑛𝑣_𝑝𝑒𝑎𝑘

    

 

where the subscript “max_inv” is relative to the inverter with the maximum normalized 

production and the subscript “inv” is relative to the inverter of comparison. 

 

If the difference is too high, there might be a fault on the concerned inverter. The alarm 

triggered if the difference between the normalized productions exceed a certain threshold, 

which can be configured. 

 

• No production of an inverter during a sunny hour : this alarms goes off if an inverter is 

not producing during an entire hour where there was a positive irradiation. The check is 

made on an hourly basis. 

 

Among those alarms, this study focuses on the comparison between the standardized 

productions.  

 

2.2.1 Difference to the maximum value of the standardized productions 

As explained previously, this alarm characterizes with a percentage the difference of the peak-

normalized production of an inverter in a day with the maximum normalized production of the 

other inverters with the same orientation on the same day. The comparison is made on the 

productions of the previous day. The performance of each inverter is thus assessed every day and 

can lead to the detection of a fault related to this inverter. 

The advantage of this comparison is that it is very reliable since the comparison is made between 

inverter that should behave the same. Thus, with a simple comparison between the normalized 

productions of the inverters, one can determine the performance of each inverter of the plant. 

The drawbacks are that at least one inverter with the same orientation is needed in order to 

compare the production. If an inverter is the only one to be orientated in its direction, the 

comparison cannot be made. Besides, if the inverter that performs the best is not working 

anymore, the usual percentage of the difference decreases and the detection of a fault is less 

precise. 

Different faults can be detected thanks to alarm : 

• a stop of the inverter : if there is a difference of 100% between the standardized 

production, that means that the inverter did not produce the day before. However, the 

nature of the defect is not precisely known and demand further investigations ; 

• defect of the insulation resistance : the leakage currents of the inverter can be converted 

into an insulation resistance. If these leakage currents are too high, and thus the insulation 

resistance too low, then the inverter will stop producing. This type of defect usually 

happens by rainy weather, when the humidity level is high. 

• string fault : if there is a relatively small sudden increase of the percentage of the 

difference, that might mean that a string of the inverter is deficient. For example, if 10 
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strings are connected to an inverter and the percentage increase by 10%, there is a high 

probability that this increase is due to a loss of one string ; 

• communication issues : sometimes there is a loss of communication with some of the 

inverters of the plant. Their production during those moments is not taken into account 

in the total production of the day. That leads to a gap between the production of the 

inverters affected by the loss of communication and the others ; 

• shadings : if the inverter is subject to a shading, it will impact its production. 

 

Nevertheless, the interpretation of these results can be distorted by the weather and the lack of 

irradiation. As a matter of fact, the difference between the inverters that perform the best and the 

ones that perform the worst will be higher with a low irradiation than with a high irradiation, as 

showed by the figure 1. Moreover, if there is a low irradiation, the production will also be low, so 

as the denominator in the equation presented in section 2.2, which will increase the difference. 

Consequently, a cloudy weather can lead to an increase of the difference and can be mistaken 

with a defect. 

Figure 2 displays an example of the impact of a low irradiation on the difference between 

normalized productions : 

 

Figure 2 – Normalized power curves of four central inverters (500kW) and global inclined irradiation (in purple) on a cloudy day 

The irradiation during the day presented in Figure 2 is very low, with a maximum of 60 W/m2, 

and a total energy of 155 Wh/m2. Consequently, the production of the inverters is also low, from 

48kWh to 60 kWh, and differing from one inverter to another, while they are all the same and 

have the same orientation. For the inverter 1, the difference between its normalized production 

and the normalized production of inverter 4 (inverter with the maximum production) is equal to 

12%, even if there is any defect on this inverter. Thus, there can be misinterpretations when 

looking at the difference between the normalized productions during days with low irradiations. 
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2.2.2 Application on the PV plants 

Each PV plant is designed differently and thus behaves differently. Therefore, the threshold used 

for the triggering of the alarm relative to the difference between the normalized productions is 

different for each PV plant, and a statistical analysis is needed to determine the nominal behavior 

of the plant and consequently its threshold. 

To do so, an excel tool was developed to analyze the data from the commissioning of the plant 

and determine the optimized threshold. 

 

2.2.2.1 Presentation of the tool  

The tool is developed on Excel and displays the variation of the difference on which the alarm is 

based for each inverter of the plant, from the commissioning of the plant if possible, or at least 

since the moment when the data were available. It can adapt to the number of inverters given in 

the input data. It also enables to display the threshold chosen, the number of alarm trigger during 

the studied period. The goal of the tool is to determine for each plant the optimized threshold, ie 

the lowest threshold that enables to detect the inverter defects, without being mislaid by the days 

with low irradiation. 

 

Figure 3 - Dashboard of the Excel tool with a single threshold 

Very often, as explained previously, the difference between the normalized productions increases 

with the decrease of the irradiance. Therefore, there is very often a different behavior between 

summer and winter, and a need for different thresholds according to the season. The tool enables 

also to define two thresholds, one for the summer and one for the winter, the date of the 

beginning and end of summer, to select the inverter on which these thresholds will by apply and 

to display the number of alarm triggers according to this setup. 
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Figure 4 - Dashboard of the Excel tool with two seasonal thresholds 

The code of the tool is available in annex. 

 

2.2.2.2 Study case  

In order to demonstrate how the tool works and can be applied on the different plants, two study 

cases will be developed in this section. The first study case focuses on a plant with string 

inverters, while the second one focuses on a plant with central inverters. As central inverters have 

much more strings than string inverters, the threshold is much lower for plants with central 

inverters, and the proceeding is much more different.  

2.2.2.2.1 String inverters 

2.2.2.2.1.1 Plant presentation 

The plant, known as Codina, is situated in the south of France : 

 

Figure 5 - Location of the plant Codina 

It is a roof-top integrated photovoltaic plant, with an installed power of 232,4 kWc. 

The following table presents the inverters of the plant. 
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Table 1 - Balance of power of the plant Codina 

Devices Model Power 
Orientation 

and tilt angle 

Number of 

strings 
DC Power DC-to-AC ratio 

Inv 1 - 70 kW - SE 
INGETEAM 

Ingecon Sun 70 
70 kW South-East 12° 8 35,84 kWc 102% 

    8 35,84 kWc  

Inv 2 - 60 kW - NW 
INGETEAM 

Ingecon Sun 60 
60 kW North-West 12° 7 31,36 kWc 105% 

    7 31,36 kWc  

Inv 3 - 20 kW - NW 
INGETEAM 

Ingecon Sun 20 
20 kW North-West 12 ° 4 17,92 kWc 90% 

Inv 4 - 12,5 kW - NE 
INGETEAM 

Ingecon Sun 12.5 
13 kW North-East 13° 3 15,12 kWc 121% 

Inv 5 - 20 kW - NE 
INGETEAM 

Ingecon Sun 20 
20 kW North-East 13° 3 15,12 kWc 76% 

Inv 6 - 11 kW - SW 
INGETEAM 

Ingecon Sun 11 
11 kW South-West 13° 2 10,08 kWc 92% 

Inv 7 - 20 kW - SW 
INGETEAM 

Ingecon Sun 20 
20 kW South-West 13° 4 20,16 kWc 101% 

Inv 8 - 20 kW - SW 
INGETEAM 

Ingecon Sun 20 
20 kW South-West 17° 5 19,60 kWc 98% 

2.2.2.2.1.2 Former situation 

A default threshold was already set up in the parameters of the plant. It was implemented by 

default, without following an in-depth analysis. This default situation is first presented, and then a 

new configuration is proposed to improve the detection of possible failures on the inverters. 

The former situation presents a threshold equal to 30% for all the inverters. The first step of the 

analysis is to determine if this threshold is adapted to the plant. The analysis here is done between 

01/04/2017 and 08/04/2019. 
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Figure 6 - Difference to the maximum normalized production of the inverters of Codina 

The graph is a bit compacted with this presentation but is more workable on the excel tool. In 

any case, the threshold is clearly not adapted to the behaviour of the inverters. Indeed, the 

difference for the inverter 5 is exceeding the threshold all the time in winter and very often in 

summer. Besides, the threshold is also exceeded in winter by some of the inverters. 

As explained in the previous section, the peak represented in the graph can correspond to various 

faults : string failures, communication loss, inverter stops, … The faults interesting to detect are 

the ones that lead to an underperformance, such as string failures or defect of the insulation 

resistance. 

The analysis of this graph for this plant leads to the following points : 

• As the inverter 5 seems to have a behaviour different from the other inverters, a personal 

threshold will be applied to it ; 

• The difference to the maximum normalized production of the other inverters seems to 

depend on the season for the inverter 5 : it is more important in winter and less in 

summer. Two different thresholds will then be applied according to the season. 

• The graph presents two interesting peaks : the one at the end of August 2017 and the one 

on July 2018, for inverter 7. They both represents a loss of one string for this inverter, 

and are thus very interesting to detect. So, the goal of the next threshold is to detect this 

type of defect. 
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2.2.2.2.1.3 New situation 

As explained in the previous part, inverter 5 will have its proper threshold. Indeed, it is greatly 

impacted by the fact that it is underloaded, ie its DC-to-AC ratio is only equal to 0,76. This 

results in bad performances, especially during the cloudy days. To determine what this threshold 

will be, the use of the tool with only the data of the inverter 5 is necessary. 

 

Figure 7 - Difference to the maximum normalized production of inverter 5 on Codina 

The peaks represented on Figure 7 are not punctual defects but only underperformances due to 

cloudy days, as explained in 2.2.1. They are not the type of defects that need to be detected : here 

the goal of the setup of the threshold is to define a threshold high enough to not be disturb every 

day by wrong alerts. Therefore, a threshold of 55% in summer (between March and mid-

October) and 80% in winter is adopted. These thresholds enable to detect the very high peaks 

and trigger the alarm only 20 days per year. 

Then, the threshold for the rest of the inverters must be determined. As explained in the 

previous section, 2 defects interesting to detect have been identified. The analysis will be based 

on those 2 string losses. 
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Figure 8 - Difference to the maximum normalized production of the inverters of Codina 

The choice has been made to use only one threshold for the rest of the inverters. The reason is 

simple : a threshold of 25% is enough to detect the loss of one string for the inverters ; and 

lowering this threshold does not allow to detect another interesting defects. For example, the 

peak for inverter 2 on August 21st 2018 (in orange) is just a communication loss and does not 

represent a defect at the inverter levels. The goal of the analysis is to determine which peak is 

relevant to detect, here for example the peak of the inverter 7 for its string failure. 

The applied thresholds will then be 55% between March and mid-October and 80% the rest of 

the time for inverter 5, and 25% all the time for the rest of the inverters. 

 

2.2.2.2.2 Central inverters 

2.2.2.2.2.1 Plant presentation 

The plant presented in this study case is called Guigne-Haly. It is situated in the South West of 

France. 
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Figure 9 - Location of the plant of Guigne-Haly 

Its installed peak power is 8332 kW. It is a ground mounted solar plant. The power balance of 

the plant is presented in the following table : 

Table 2 - Balance of power of the plant of Guigne-Haly 

Name Model Nominal Power Orientation Number of strings DC Power 
DC-to-AC 

ratio 

Inverter 1 
Sunny Central 

760 CP 
760 kW South 682 926,10 kWc 122% 

Inverter 2 
Sunny Central 

760 CP 
760 kW South 686 926,10 kWc 122% 

Inverter 3 
Sunny Central 

760 CP 
760 kW South 686 926,10 kWc 122% 

Inverter 4 
Sunny Central 

760 CP 
760 kW South 684 923,40 kWc 122% 

Inverter 5 
Sunny Central 

760 CP 
760 kW South 692 926,10 kWc 122% 

Inverter 6 
Sunny Central 

760 CP 
760 kW South 686 926,10 kWc 122% 

Inverter 7 
Sunny Central 

760 CP 
760 kW South 686 926,10 kWc 122% 

Inverter 8 
Sunny Central 

760 CP 
760 kW South 698 926,10 kWc 122% 

Inverter 9 
Sunny Central 

760 CP 
760 kW South 686 926,10 kWc 122% 

2.2.2.2.2.2 Former situation 

Like the case of Codina, a default threshold was already set up in the parameters of the plant, 

without further analysis. The setup is analyzed in this study case to then find a better situation. 
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Figure 10 - Difference to the maximum normalized production of the inverters of Guigne-Haly 

The inverters act more homogeneously than the case of Codina with string inverters. This is the 

reason why the threshold can be much lower. 

The plant has a different behavior in summer and in winter, with an increase of the differences in 

winter. It may be interesting to use two thresholds, one for summer and one for winter. Besides, 

there is a peak that corresponds to a loss of one junction box of the inverter in question. It is the 

peak surrounding 8% on October 31st 2018 for inverter 2. With a threshold at 10% that defect is 

not detected. 

2.2.2.2.2.3 New situation 

A focus is made in Figure 11 on the summer 2018 to see if it is relevant to lower the threshold in 

summer, in comparison with the threshold in winter. 
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Figure 11 - Difference to the maximum normalized production of the inverters of Guigne-Haly in summer 2018 

The threshold is set up at 8%. A decrease in the threshold will not be interesting in this case 

because no other defects can be detected without being disturbed by the peak generated by the 

cloudy days. This would only lead to wrong alarms, which is not the objective of the study. 

A single threshold for all the inverters is chosen, equal to 8%. This threshold allows to detect the 

loss of junction boxes for the inverters, while avoiding the disturbing alerts. 

 

2.2.2.3 Limits and improvements 

These two analyses of the last part can be carried out on all the plants separately to find for each 

plant the optimum threshold. The implementation of the thresholds determined thanks to the 

method presented above enable to detect defaults faster than with the daily supervision routine. 

For example, the string in default on the inverter 7 of the plant Codina presented in section 

2.2.2.2.1 would have been detected on July 1st 2019 instead of on July 23rd 2019, ie 23 days before. 

Thanks to the optimized threshold on this plant, 350 € would have been saved for this defect. It 
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is not much, but if for each string defect this amount of money is earned, it can represent huge 

savings for the operating company. 

However, this kind of analysis is not so relevant for plants with many inverters. With the two 

study cases, plants with only 8 and 9 inverters have been studied. But some plants can have 

dozens of inverters and defining a single threshold for all those inverters will not be optimized. 

Besides, to use this method, a large amount of historic data is needed, to see the behaviors of the 

different inverters. 

The analysis can go further with applying the same reasoning with the junction boxes, or directly 

to the strings if the inverters are not equipped with junction boxes. This requires a lot of data 

from the supervision system but the alarm triggered by the underperformances will be more 

precise and will give better information. 

Finally, it has been seen that the threshold cannot be too low because the alarm was disturbed by 

the cloudy days. If the alarm is set-up to trigger only during the sunny days, with a link with the 

irradiation for example, then the thresholds can be refined and lead to more relevant alarms. 

Then the alarms triggered will most of the time be alarms corresponding to a real 

underperformance, and not a wrong alarm. 

 

The optimization of the thresholds for the triggering of the alarms linked to the difference of the 

normalized productions has been developed in this part. In order to keep optimizing the 

monitoring of the performance of the plants, another indicator is important to supervise : the 

performance ratio.  
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3 PERFORMANCE RATIO 

3.1 Introduction 

The daily supervision was discussed in the previous part. This part of the supervision is supposed 

to deal with the defects, stops or unbundling on a daily basis. However, an important part of the 

supervision work is to find a possible decrease in the plant performance. This detection has to go 

through more clever tools, that need to be developed. One of those tools is the monitoring of the 

plant performance ratio.  

The performance ratio is an indicator of the plant performance. It represents the total efficiency 

of the process of converting the DC electricity coming from the panels into the AC electricity 

sent to the grid. It enables to determine the quality of the plant operation, regardless the location 

of the plant or the panel efficiency. 

The global efficiency µ of a PV power plant can be broken down in two parts : 

𝜇 =  𝜇𝑚𝑜𝑑𝑢𝑙𝑒 ∗ 𝜇𝑠𝑦𝑠𝑡𝑒𝑚 

 

Where µmodule is the module efficiency and µsystem is the efficiency of the rest of the system. 

The module efficiency represents the efficiency of the modules to convert the light energy into 

electrical energy. It is determined under the Standard Test Conditions (STC). As a reminder the 

Standard Test Conditions are characterized by 3 conditions : 

• Cell temperature : TSTC = 25°C 

• Solar irradiance : GSTC = 1000W/m2 

• Air Mass of 1.5 

Under these conditions, the modules deliver a DC power called peak power, Pc. Thus, the 

module efficiency can be defined as : 

𝜇𝑚𝑜𝑑𝑢𝑙𝑒 =  
𝑃𝑐

𝐺𝑆𝑇𝐶 ∗ 𝑆
 

Where S is the total area of the modules. 

µsystem, also called performance ratio, represents the efficiency of the rest of the system and take 

into account : 

• The inverter efficiency 

• MPPT losses 

• Wiring losses 

• Capacity clipping losses 

• Shading losses 

• Soiling losses 

• Mismatch losses 

• Temperature losses 
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Furthermore, the electricity energy Eelec produced by a PV power plant can be written as : 

𝐸𝑒𝑙𝑒𝑐 = 𝐼 ∗ 𝑆𝑡𝑜𝑡 ∗ 𝜇 

Where I (W/m2) is the global inclined irradiance (with the same orientation and tilt angle than the 

panels) and S the total surface of the panels.  

As a reminder, the global inclined irradiance is the combination of the beam irradiance and the 

diffuse irradiance at the orientation and the tilt of the panels. 

If µ is replaced by its formula determined previously : 

𝐸𝑒𝑙𝑒𝑐 = 𝐼 ∗ 𝑆𝑡𝑜𝑡 ∗ 𝜇𝑚𝑜𝑑𝑢𝑙𝑒 ∗ 𝑃𝑅 

𝐸𝑒𝑙𝑒𝑐 = 𝐼 ∗ 𝑆𝑡𝑜𝑡 ∗
𝑃𝑐

𝐺𝑆𝑇𝐶 ∗ 𝑆𝑡𝑜𝑡
∗ 𝑃𝑅 

𝑃𝑅 =  
𝐸𝑒𝑙𝑒𝑐 ∗ 𝐺𝑆𝑇𝐶

𝐼 ∗ 𝑃𝑐
 

 

 

3.2 Application 

It was established in the previous section that the PR is a function of the electricity production, 

the global inclined irradiance and the installed peak power. If the installed peak power is a 

constant for a certain power plant, the production and the irradiance vary from day to day. The 

main challenge is to succeed to have a robust value of these two variables in order to have a 

reliable measure of the PR. 

 

3.2.1 Electricity production 

There are two possible ways to measure this variable : directly from the data given by the 

inverters and then sent by the data logger, or from the electricity meter situated just behind the 

high voltage cells. On one hand, the second one is more reliable because it is the closest to the 

grid connection point, but the data is only available at the beginning of the following month, and 

only the production of the entire plant is known. On the other hand, the data given by the 

datalogger is available almost instantly and gives detail on the production of each inverters, but 

suffers from communication issues caused by the devices or the telephone network.  

Figure 12 shows the daily production of a PV plant over a year, given by the electricity meter and 

by the inverters. The data are almost similar, except for certain periods, like the one between 11 

March 2017 and 2 June 2017. During this period, there was a communication issue with one of 

the dataloggers of the plant, and only a part of the inverter production data was available. This is 

the reason why the production given by the inverters data is way below the one given by the 

electricity meter. 
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Figure 12 – Daily electricity production of a 500 kWc PV plant over 2017 

 

As the purpose of the work on the PR is to have a robust and retrospective value of the latter, 

the priority is to rely on a reliable production measurement, regardless the short-term or the long-

term availability of the data. Thus, the data coming from the electricity meter will be preferred to 

the one coming from the inverters. 

 

3.2.2 Global Inclined Irradiance 

3.2.2.1 Data collecting 

3.2.2.1.1 Sensors data 

There are different ways to measure the irradiance on a specific location. The most common way 

is to use a pyranometer. The device gives a reliable measure of the solar radiation flux density and 

thus the global horizontal irradiance. The time stamp of the data acquisition is commonly 15 

minutes. 

 

Figure 13 - Pyranometer, model SR20 
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To have access to the global inclined irradiance, the use of silicon irradiance sensors is necessary. 

This type of sensor uses a monocrystalline solar cell to measure the irradiance. It is installed with 

the same orientation and tilt angle than the panels, while the pyranometer is installed flat. 

For both devices, the data is collected via a RS-485 connection. 

 

Figure 14 - Ingenieurburö Si Sensor 

The main issue with these two types of devices is the dust that settles on the sensor. This 

phenomenon affects the measure and can lead to measurement errors. There also can be a 

calibration issue that gives wrong irradiance measures. However, the measure given by the 

pyranometer is much more reliable than the one obtained thanks to the Si sensor. Indeed, the 

average uncertainty for a Si sensor is around ±5% while the uncertainty with the pyranometer is 

±3%. 

Besides, the pyranometer and the Si sensor are subject to failures, and the irradiance measure is 

missing until the device is replaced. Furthermore, a PV plant can be equipped with sensors with 

different orientation and tilt. In this case, if there is an issue with one of them, the PR of the 

entire plant is no longer available. Finally, some PV plant are not equipped with this type of 

sensors. 

 

3.2.2.1.2 Satellite data 

Another way to measure the solar irradiance is to use satellite data. The latter enables to have 

access to the global horizontal irradiance, or the global inclined irradiance, if the orientation and 

the tilt is specified, with a time stamp of 15 minutes. Other physical quantities such as the 

temperature, the wind speed and direction or the relative humidity are also available. 

The advantage of this data is that it is always available, even if there are communication issues 

with the plant. Besides, it can give the global inclined irradiance from different orientation and tilt 

angles. However, it adds external costs to the global operation of the plant, and is more affected 

by the meteorological conditions.  
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The choice was made to use the data coming from the different sensors installed on the different 

plants to calculate the PR, as it is the more economically profitable solution. The main challenges 

are then to model the irradiance of a plant with sensors situated on other plants in case of lack of 

data, and to set up a reliable processing of data to have at the end a robust measure of irradiance. 

 

3.2.2.2 Modelling irradiance  

As explained previously, there can be a gap in the data coming from the sensors installed on the 

plants, for various reasons. In order to have a measure of the PR during this lack of data, the 

irradiance must be built from an irradiance measured by a different sensor, on a close plant for 

example. 

 

 

Figure 15 - Example of a gap in the global inclined irradiance measure on a PV plant 

 

The idea is to define different regions, in which the different plants in operation will be classified. 

Then, for each region, an irradiance will be defined as the reference for the region. This reference 

can be the average of the sensors of the region, or a specific sensor that seems well-calibrated and 

seems to give a reliable measure of the irradiance. The goal is finally to correlate the irradiance 

measured by the defaulting sensor with the irradiance of the reference to have a measure of the 

irradiance during the gap, and thus a PR. 

The choice was made to use a linear regression to compare the different irradiances. The 

different irradiances come from sensors installed on the various plant sites, with the same 

orientation and tilt than the panels. If the panels have different orientation and tilt angles on the 

same plant, then a sensor is present for each orientation and each tilt angle. 

First approach was to classify the sensors according to their orientation. 4 categories were created 

: north, south, east and west. Then, the sensors were put in the different categories, depending on 

if they were most orientated north, south, east, or west. This categorization implies some 

approximations, as a sensor orientated north-west could be classified in the north section or the 

west section. But multiplying the categories would decrease the number of sensors in each 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

15/07/2015 31/01/2016 18/08/2016 06/03/2017 22/09/2017 10/04/2018 27/10/2018 15/05/2019

(W
h

/m
2
)

Global Inclined Irradiance



-21- 
 

category and very often comparison could not be made, as there would not be a referent sensor 

in each category. 

3.2.2.2.1 Presentation of the tested plants 

The test was conducted on two groups of PV plant. The first one is composed of 5 PV plants 

named Bouba, Bruxelles, Caudiès, Ponteilla and Tautavel, with an installed power of respectively 

233 kW, 647 kW, 192 kW, 376kW and 222kW. They are roof-top integrated photovoltaic plants, 

and they are all situated in the south of France. 

 

 

 

Figure 16 - Location of the PV plants 
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The second group is composed of 3 PV plants, Gravenas, G2000 and Le Bosc, with an installed 

power of respectively 828 kW, 500 kW and 1036 kW. They are also situated in the south of 

France. These power plants are on the roof of parking shelters. 

 

 

 

Figure 17 - Location of the PV plants 
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The following table present the different sensors on the plants and their orientation and tilt angle 

: 

Table 3 - Irradiance sensors 

Plant 
Presence of a 

sensor 
Type of sensor 

Orientation 

angle (south = 

0°) 

Tilt angle 

Bouba No* 

 75° 15° 

 -105° 15° 

 -15° 10° 

Bruxelles Yes 
Silicon irradiance 

sensor 

75° 15° 

-105° 15° 

-15° 10° 

Caudiès Yes 
Silicon irradiance 

sensor 

-165° 18° 

15° 18° 

Ponteilla Yes 
Silicon irradiance 

sensor 

130° 20° 

-50° 20° 

Tautavel No  
-36° 18° 

144° 18° 

Gravenas 

Yes 
Silicon irradiance 

sensor 
16° 10° 

No  109° 10° 

No  -74° 10° 

G2000 Yes 
Silicon irradiance 

sensor 
-4.6° 10° 

Le Bosc No  -6° 10° 

*Bouba does not have a sensor because it is situated at the exact same location as Bruxelles. 

Silicon irradiance sensor are used on all these plants in order to measure the global inclined 

irradiance and not the global horizontal irradiance. 
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Figure 18 displays the different orientations in order to have an idea of the orientation : 

 

 

Figure 18 - Compass rose 

 

3.2.2.2.2 Influence of the tilt angle on the irradiance 

Table 3 shows that the different sensors installed on the plants have different tilt angles, varying 

from 10° to 20°. Of course, the tilt angle has an influence on the irradiance received by the panel 

or the sensor. 

Figure 19 (Tudor Baracu, Ana-Maria Croitoru, Adrian Badea, 2014) shows the solar irradiance 

received from different tilt angles with the same orientation. 

 

Figure 19 - Solar irradiance daily averaged on different tilted angles 
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The interesting part of the graph is for the case of the 0° horizontal in red, 15° South in orange 

and 30° South in yellow, because it contains the range [10°;20°]. The graph shows that even if the 

values differ from one case to another, the evolution of the solar irradiance over time is the same. 

Thus, if a linear correlation must be done between them, it would have a good coefficient of 

determination, which is important for the rest of the study. So, it is valid to compare irradiances 

coming from sensors with tilt angles in the range of 10° to 20°, as part of an analysis based on a 

linear regression. 

 

3.2.2.2.3 Presentation of the excel tool 

The comparison was made on Excel. For each comparison, the slope, the vertical intercept and 

the coefficient of determination are calculated (1). The tool enables to choose the referent sensor 

and the tested sensor (2), as well as the period during which the comparison is made (3). 

The graphical representation of the irradiances measured by the two sensors over time (4) and 

the correlation between the two irradiances (5) are also displayed. Finally, the tool displays the 

built irradiance of the tested sensor outside of the period of analysis and the real irradiance of the 

referent sensor (6) as well as the real irradiance and the built irradiance of the tested sensor 

during the period of analysis (7). 

 

 

 

Figure 20 - Comparison excel tool 
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3.2.2.2.4 Methods of comparison 

As explained before, the linear regression method is used. This linear regression is made between 

two chosen sensors, on a period determined by the user. The choice of the period enables to 

avoid periods where one of the sensors gives aberrant data, as the correlation would be wrong 

during this period. But the period of analysis must be long enough to include at least one year of 

data, to take into account all the different behaviors of the irradiance during a year. 

Very early in the study, it has been detected that a single comparison between the two sensors 

were not satisfactory. Indeed, even with a good coefficient of determination, the reconstituted 

irradiance does not always match with the real one all the time, as shown by the example of the 

south sensor on Ponteilla. 

 

 

Figure 21 - Reconstitution of south irradiance for Ponteilla 

 

Figure 21 shows clearly that the reconstituted irradiance in winter is lower than the real 

irradiance. However, the coefficient of determination is good, equal to 0,971. This example 

illustrates the fact that the coefficient of determination alone is not sufficient to conclude on the 

quality of the built irradiance : one must also look on the graph to see if the two irradiances are 

matching. 

The proceeding is then to look at the correlation graph between the two irradiances. 
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Figure 22 - Correlation graph between the south sensor of Ponteilla and the south average irradiance of the region 

The curve in Figure 22 presents a small divergence around the area in the red circle. The slope on 

the left of this area seems different than the slope on the right of this area. The period during 

which the comparison is made must then be decomposed in different periods during which 

better correlations will be made. In this particular case of Ponteilla, a decomposition of the 

period between the days when the irradiation is low taking into account the period of the year 

(cloudy days), and the days when the irradiation is high for the period of the year (sunny days) 

seems relevant. 

3.2.2.2.4.1 Decomposition of the period of analysis according to the irradiance 

The irradiance received on a specific location during the year can be approximated by a sinus 

curve. This approximated curve can be adjusted in order to select the sunny days and the cloudy 

days, with comparison with a real irradiance. The modelling of the approximated curve is made 

through the following formula : 

𝑓(𝑥) =  
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛

2
+

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

2
∗ sin (2𝜋 ∗

𝑥 − 𝑥𝑟𝑒𝑓

365,25
−

𝜋

2
) − 𝐼𝑚𝑎𝑥 ∗ 𝑇 

Where 𝐼𝑚𝑎𝑥  and 𝐼𝑚𝑖𝑛 are the maximum and minimum of the real irradiance during the period of 

analysis, x is the date of the day, xref is the reference date (adjustable, here equal to 21/12/2015) 

and T is the threshold (in %). 

The threshold is just a value that allows to shift the approximated curve vertically. Imin can also be 

changed in order to set up the selection. The selection is then made on the points that are above 

the approximated curve for the sunny days, or below for the cloudy days. Following with the case 

of Ponteilla, Figure 23 displays the real irradiance and the approximated curve. 
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Figure 23 - Approximated curve vs real irradiance for Ponteilla south with a threshold of 4% 

On this figure, the minimal irradiance was modified manually to 3000 Wh/m2. The threshold is 

set up to 4%. Thus, all the blue points above the orange curve will be considered as sunny days. 

An example of the increase of the threshold is shown in Figure 24. 

 

Figure 24 - Approximated curve vs real irradiance for Ponteilla south with a threshold of 15% 

 

This method enables to classify the days in two categories : the sunny days and the cloudy days. 

The application of this method on the south sensor of Ponteilla gives the following results : 
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Figure 25 - Correlation graph between the south sensor of Ponteilla and the south average irradiance of the region 

The repartition between the sunny days and the cloudy days highlights the presence of two 

slopes. The correlation will be thus better if the comparison is divided between these two 

categories. 

Indeed, the coefficient of determination is equal to 0,986 for the sunny days and 0,974 for the 

cloudy days. Concerning the reconstituted irradiance, it sticks better to the real one : 
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Figure 26 - Reconstitution of south irradiance for Ponteilla 

 The problem of reconstitution in winter is no longer present. 

Sometimes, the analysis with the sunny days and the cloudy days is no sufficient and another 

segmentation of the analysis must be done. This segmentation is done according to the seasons. 

 

3.2.2.2.4.2 Decomposition of the period of analysis according to the seasons 

Very often, the correlation between the irradiances is different according the period of the year, 

and especially if the correlation is made between sensor with different orientations. This is the 

reason why sometimes the analysis must be carried out according to the seasons of the year. 

Figure 27 shows the comparison between the south average irradiance of the region and the east 

sensor on Bouba plant. 
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Figure 27 - Correlation graph between the east sensor of Bouba and the south average irradiance of the region 

This segmentation enables to refine the correlation and to reach a better result, as each season 

has its proper correlation : 

 

Figure 28 - Reconstitution of east irradiance for Bouba with season comparison 
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A decomposition of the period of analysis with a combination of the sunny/cloudy days and the 

seasons is also possible. 

3.2.2.2.5 Classification of the sensors 

First idea was to classify the sensors in four categories (north, south, east and west) and to 

compare each sensor with the average of the category of the region. But this method sets a 

problem insofar as very often, the east or west category of the region contains only one sensor. 

Reconstitution is then impossible for this kind of case, because if the only sensor fails, then there 

is no other sensor to use as a reference. 

To solve this problem, it has been decided to keep the four categories, but to compare the east 

and west sensors with the average of the south sensors of the region, which are always existing. 

The case of the Bouba plant is presented below and shows great correlations between the east 

sensors and the south sensors, and between the west sensors and the south sensors. 

Concerning the east sensor, the correlation is made according to the sunny/cloudy days 

comparison, coupled with a summer/winter comparison. The analysis is done between 

01/01/2016 and 30/04/2019, the beginning of summer is set to March 1st and the beginning of 

winter to October 15th. The coefficients of determination are presented in Table 4Erreur ! 

Source du renvoi introuvable. and the built irradiance in Figure 29. 

 

Table 4 - Coefficients of determination between the east sensor of Bouba and the average of the south sensors of the region 

 Summer Winter 

Sunny days 0,972 0,896 

Cloudy days 0,945 0,894 
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Figure 29 - Reconstitution of east irradiance for Bouba 

Concerning the west sensor, the correlation is made according to the four seasons comparison. 

The analysis is done between 01/01/2016 and 30/04/2019, the beginning of summer is set to 

March 1st and the beginning of winter to October 15th. The coefficients of determination are 

presented in Table 5 and the built irradiance in Figure 30. 

 

Table 5 - Coefficients of determination between the west sensor of Bouba and the average of the south sensors of the region 

Spring 0,963 

Summer 0,926 

Autumn 0,962 

Winter 0,933 
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Figure 30 - Reconstitution of west irradiance for Bouba 

 

Thus, as the comparison with the south average of the region is satisfactory, all east and west 

sensors will be compared with the south average of their region. This is not the case for the north 

orientated sensors, which present too many differences with south orientated sensors, especially 

in winter and summer, as shown in Figure 31 and Figure 32. 
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Figure 31 - Real irradiances over time 

 

Figure 32 - Correlation graph between the north sensor of Caudiès and the south average irradiance of the region 

Regardless of the season, the coefficient of determination does not exceed 0,75. 

Now that the model to build the missing irradiances is implemented, the calculation of the PR is 

possible. 
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3.2.3 Calculation of the PR 

As a reminder, the formula to calculate the PR is the following : 

 

𝑃𝑅 =  
𝐸𝑒𝑙𝑒𝑐 ∗ 𝐺𝑆𝑇𝐶

𝐼 ∗ 𝑃𝑐
 

 

Where GSTC is a constant, equal to 1000 W/m2, and Pc is the installed peak power, constant also 

for a specific plant. 

The goal is to evaluate the PR on a daily basis, using the produced energy and the global inclined 

irradiation. 

As explained in the 3.2.1 section, the data for the produced energy is taken from the electricity 

meter. As this data is relatively robust, no further treatment is necessary to use it in the 

calculation. 

However, the data for the irradiance needs two treatments : the first one to fill the gap of data, 

following the method explained in the previous part, and a second one to calculate a global 

irradiance for the whole plant. 

The entire calculation of the PR is made on Excel. 

 

3.2.3.1 Filling the irradiance gaps  

For each plant is downloaded the irradiance measured by each sensor of the plant, on a daily 

basis, thanks to the supervision platform. This data is then loaded on an Excel file. The average 

of the south sensors and the north sensors are calculated for each region. Then, a macro is used 

to fill the possible gap of the different irradiances. 

The correlations between each sensor and its corresponding reference average are made manually 

in advance. According to the sensor, the comparison is made according to the seasons, the 

sunny/cloudy days segmentation, or a combination of both. Thus, for each sensor, the slope and 

the vertical intercept are established in comparison with its reference average. The macro takes 

into account those parameters as well as the type of correlation and fills the gaps consequently. 

The macro enables to fill the gap when the irradiance is missing but also when the measure is 

aberrant. To do so, a condition is tested for each day. This condition is linked to the difference 

between the real value of the irradiance, and the value built thanks to the correlation. If this 

difference is too high, the value of the irradiance for that day will be the built irradiance. The 

threshold for this difference can be set by the user. Concretely, the condition is the following : 

|𝐼𝑟𝑒𝑎𝑙 − (𝑎 ∗ 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 + 𝑏)| ≤ 𝑡 ∗ (𝑎 ∗ 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 + 𝑏) 

Where a is the slope, b the vertical intercept, and t the threshold, in %. 

 

3.2.3.2 Building a weighted irradiance 

Once all the gap in the irradiation measures have been filled, and all the aberrant data have been 

replaced, the total irradiance for each plant must be calculated. To do so, a weighted irradiance is 
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established for each plant, according to the peak power installed on each orientation of the plant. 

The formula used to obtain this weighted irradiance is the following : 

𝐼𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 =
∑ 𝐼𝑖 ∗ 𝑃𝑖

𝑛
𝑖=1

𝑃𝑐
 

Where n is the total number of orientations present on the plant, Ii the irradiance received for the 

specific orientation, Pi the peak power installed according to this orientation and Pc the total peak 

power of the plant. 

Thanks to this formula, the calculated weighted irradiance represents the total irradiance received 

by the plant. 

 

3.2.3.3 Presentation of the results 

The PR calculated thanks to the method exposed in this study is presented in the form of graphs, 

on the same tab. 

The plant can be chosen thanks to a pick-list. The first graph of the tab displays the daily 

evolution of the PR over time, in the form of a cloud of dots. 

 

 

Figure 33 - PR (in %) of Bruxelles over time 

This representation enables to see as accurately as possible the evolution of the PR. However, the 

analysis of this graph is disturbed by the presence of punctual points that do not follow the 

natural trend of the curve. They can represent cloudy days, bad performances, wrong correlations 

or lacks of data. In the case where they represent cloudy days, a sunny day filter is set up on 

another graph to see only the sunny days, more representative of the performance of the plant. 

This filter works the same way as the one used in section 3.2.2.2.4.1. 
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Figure 34 - PR (in %) of Bruxelles over time, with a distinction between sunny and cloudy days 

 

This filter enables to remove some of the dots that were below the trend of the curve, and to 

represent only the more representative points. This figure enables also to see a global 

deterioration of the plant performance over time, like the one around 

September/October/November 2016 for the case of Bruxelles.  

Finally, in order to compare the different years, a third figure plots the monthly evolution of the 

PR of the sunny days. 

 

Figure 35 - PR (in %) of Bruxelles, sunny days only 
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The advantage of this representation is the comparison with the same month of the previous 

years. This allows to show a possible degradation of the performances. For example, if the PR is 

below the PR of the same month of the previous year during several consecutive months, that 

means there is certainly a deterioration. 

Thus, thanks to this method, a robust PR can be calculated and displayed for further analysis. 

However, some parameter can be changed to strengthen the reliability of the PR. One of them is 

the reference irradiance for the correlation phase. Indeed, the average irradiance of the region 

was used so far, but other parameters can also be chosen, like the satellite data. 

 

3.2.4 Comparison between average irradiance and satellite irradiance as 

the reference irradiance 

As explained in section 3.2.2.1.2, satellite data for irradiance are costly. But the cost depends on 

the number of sites on which the data are needed. Thus, using satellite data for only one site per 

region to use it as a reference for the region could reduce significatively the costs and could be 

pertinent to improve the reliability of the calculated PR. 

To determine which solution is better, a comparison is made in this section to find out if the use 

of satellite data delivers better results than the use of only raw data. 

 

3.2.4.1 Average irradiance  

3.2.4.1.1 Advantages and drawbacks 

The main advantage of the average irradiance is that it is still available if a sensor is failing. 

Besides, it improves the correlation with the different sensors, as the sensor irradiance is one of 

the components of the average. 

But some sensors can be deficient and send incorrect data. If it is constantly, it can be prevented 

by excluding the deficient sensor from the average. But if it is punctually, it is very difficult to 

remove that particular point from the average. Thus, one part of the average irradiance can be 

polluted punctually by deficient measures. 

Besides, even if the sensor is not deficient, it has a margin of error. As seen in section 3.2.2.1.1, 

this margin is ±5%. The average will be impacted by this error and will have the same error, 

±5%. 

Finally, if one sensor is failing, then the average changes and also the correlation with it. The 

correlation established when all the sensors were present is no longer correct, and this can lead to 

incorrect calculations.  

3.2.4.1.2 Correlation with real irradiances 

As explained in the previous part, the correlations are good because the sensors are part of the 

average. The cases of Bouba, which has 3 different orientation, and Ponteilla which has 2 

different orientation with one north will be presented as examples. 

https://www.linguee.fr/anglais-francais/traduction/strengthen.html
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3.2.4.1.2.1 Bouba 

For each sensor of the plant, a correlation according to the four seasons or the distinction 

sunny/cloudy days is made. The weighted irradiance is then calculated thanks to the method 

described in section 3.2.3.2. 

 

Figure 36 - Built weighted irradiance vs raw weighted irradiance over time for Bouba 

 

Figure 37 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance for Bouba 
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Figure 36 shows that the built irradiance matches well with the raw irradiance, especially during 

the sunny days, which represent the higher points of the sinusoidal curve. Figure 37 shows the 

good correlation between the data, with a coefficient of determination of 0,991. Thus, even if the 

coefficients of correlation are not particularly high with the comparison between the sensors, the 

correlation between the weighted irradiances is really good.  

3.2.4.1.2.2 Ponteilla 

For each sensor of the plant, a correlation according to the four seasons or the distinction 

sunny/cloudy days is made. The comparison is made only from June 2017 because the sensors 

were deficient before that date. The weighted irradiance is then calculated thanks to the method 

described in section 3.2.3.2. 

 

Figure 38 - Built weighted irradiance vs raw weighted irradiance over time for Ponteilla 

As the sensors were deficient before June 2017, the measured irradiance is wrong during this 

period of time. This is a situation when the use of the built irradiance is interesting to replace the 

wrong data. 
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Figure 39 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance for Ponteilla 

The coefficient of determination is equal to 0,975. This is a bit less than the one of Bouba but it 

stays relatively high. This is mainly due to the fact that Ponteilla has a part of its panels on a north 

side, and the only sensor of comparison for a north side is the one on Caudies. Thus, the average 

irradiance for the north side is only composed of two irradiances, and is less robust. 

3.2.4.1.3 Results 

After the weighted irradiance, the PR is then calculated with the produced energy. Some PR 

looks really clean directly with the raw data and do not need further corrections. This is the case 

for Bruxelles for example. 

 

Figure 40 - Performance ratio of Bruxelles over time 
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The graph of the PR enables to see the periods when the plant presents some performance 

issues, as the one in September/October/November 2016. 

Other plants have a period where the sensor was deficient. This is the case of G2000. In that 

case, the modelling allows to build the missing irradiance and thus to have access to a correct PR. 

 

Figure 41 - PR of G2000 over time 

The data in green represents the rebuilt PR. The result is satisfying as it recreates the missing PR. 

But the results with some plants is not satisfying. For the plant of Gravenas, the built PR fails to 

represent a robust PR for the plant. Some points which look wrong are not corrected, and even 

when the points are corrected, the correction fails to match the reality. 

 

Figure 42 - Corrected PR of Gravenas over time 
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The PR calculated during the beginning of 2016 looks wrong, with a PR exceeding 100%, which 

is theoretically impossible. However, this part is not replaced by the built PR, which 

demonstrates that the built PR would not be very different from this one. Besides, during the end 

of autumn 2018, the built PR fails to replace the missing PR. This is mainly due to the fact that 

one of the sensors involved in the average was also deficient, and thus the recreated irradiance 

too. This is one of the problems of choosing the average as the reference sensor. 

Finally, for plants where there is no sensor, the result is satisfying but can be improved. 

 

Figure 43 - Built PR of Le Bosc over time 

The PR has a good shape and coherent values until summer 2018. After that season, the PR is 

supposed to increase like the previous years but decreases instead. This error is also due to the 

failing sensor in the region at that time. 

 

3.2.4.2 Satellite irradiance  

 

3.2.4.2.1 Advantages and drawbacks 

In this case, the use of only south orientated satellite irradiance is taken into account to avoid 

additional costs. The average irradiance as reference for the north orientated sensors is still used. 

The main advantage of the satellite irradiance is that it is always available, even when the sensors 

are failing. Thus, one can always use it as reference to replace the missing irradiance. Besides it is 

not polluted by the aberrant data given by the deficient sensors like the case of the average 

irradiance. 
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The drawback is that the correlation between this data and the data given by the sensors is 

weaker than the one with the average. The built irradiance matches less with the real irradiance 

than for the average irradiance. 

3.2.4.2.2 Correlation with real irradiances 

In order to have the best comparison with the previous section, the same plants are chosen as 

examples : Bouba and Ponteilla. 

3.2.4.2.2.1 Bouba 

For each sensor of the plant, a correlation according to the four seasons or the distinction 

sunny/cloudy days is made. The weighted irradiance is then calculated thanks to the method 

described in section 3.2.3.2. 

 

Figure 44 - Built weighted irradiance vs raw weighted irradiance over time for Bouba 

 

Figure 45 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance for Bouba 
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The shape of the built weighted matches well the raw weighted irradiance as shown in Figure 44. 
The correlation between the two irradiances is also good, but not so good as the previous section, 
with a coefficient of determination of 0,974, against 0,991 in the previous section. 

3.2.4.2.2.2 Ponteilla 

For Ponteilla, the coefficient of determination is also lower, with a value of 0,96, against 0,975 for 
the average. 
 

 
Figure 46 - Correlation graph between the corrected weighted irradiance and the raw weighted irradiance for Ponteilla 

 

3.2.4.2.3 Results 

The focus in this section is made on the cases of Gravenas and Le Bosc because they represent 
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Figure 47 - Corrected PR of Gravenas over time 

The PR is not satisfying either in this case. The PR at the beginning of 2016 is not corrected and 

the correction after September 2019 is not correct. Besides, some corrected values exceed 100%. 

However, the shape of the PR between October 2016 and September 2017 seems to respect 

better the natural shape of the PR. 

 

 

Figure 48 - Built PR of Le Bosc over time 
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The built PR with the satellite irradiance is very satisfactory. The shape of the PR is stable over 

time. On the contrary of the case with the average irradiance, the PR after summer 2018 is 

correct. The missing PR in April 2017 corresponds to a lack of production data. Thus, for the 

case of Le Bosc, using satellite date as reference seems the better option. 

 

3.2.4.3 Conclusion 

The comparison of the two methods were made on the quality of the correlations and the quality 

of the final results. Using the average irradiance as the reference gives better correlation between 

the irradiance, and thus a better built irradiance. However, the correlation can be good and the 

result wrong. This is the case when the average irradiance takes into account deficient sensors 

over a period of time, or when several sensors are failing at the same time, and thus changing the 

correlations. Those problems have been highlighted by the cases of Gravenas and Le Bosc. Thus, 

even with less satisfactory correlations, the use of satellite irradiance as a reference gives better 

results, with irradiances and PR closer to the reality. 

 

3.3 Limits and improvements 

3.3.1 Limits 

The method presented of this part enables to calculate the value of the PR over time for the 

different plants, even for those who does not have sensors on their own. But the main limit of 

the calculation is the error made during the process of the methodology. The first error is the 

error made by the sensor when measuring the irradiance. As explained before, this error is 

around ±5%. Thus, the error on the PR at the end is at least ±5%. Then, there is an error due to 

the reconstitution of the irradiance. As seen in section 3.2.4, the coefficient of determination of 

the linear regression are quite good concerning the weighted irradiances, but even with a good 

coefficient of determination, the error can be up to ±10%. The error due to the electricity meter 

is neglected here as it is inferior to 1%. 

So, the PR at the end of the calculation has an error of ±15%. This error is particularly high if the 

goal of the computation of the PR is to detect the little divergences in the evolution of the PR. 

However, this method enables to detect the loss of performances of at least 15% over time, 

which is difficult to detect with other parameters if the decrease is gradual. It allows to optimize 

the supervision of the plant. 

 

3.3.2 Improvements 

Of course, the better improvement is to have satellite data for each orientation of each plant, in 

order to have always access to a correct measure of irradiance. This would remove the error due 

to the error of measure of the irradiance, and thus improve the precision of the calculation. But 

this action would correspond to additional costs, and is not the subject of this study. 

Another improvement would be to determine the quality of the measured irradiance, for instance 

with an indicator corresponding to the percentage of data received for a certain measure. This 

would enable to select the days when 100% of the data have been received, and to calculate the 

PR only for these days. A filter sunny/cloudy days can be added to this method to select only the 



-49- 
 

sunny days, more representative of the performance of the plant. But this method can only be 

used to improve the raw data, and makes the modelling of a possible missing irradiance 

impossible. 

Finally, in order to supervise more precisely the performances, a PR per orientation of each plant 

could be calculated, or even a PR per inverter. But to use this type of analysis, better data must be 

received, because this analysis increases the error made at the end, as the data used for the 

production is no longer the one from the electricity meter, but the one from the supervision 

platform, which are less reliable. 
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4 GENERAL CONCLUSION 

 

The reactivity of an operation and maintenance service can indeed be improved by the triggering 

of advanced alerts or a more accurate monitoring of the performance of the plant. This 

improvement is crucial for the operating company, because it enables to detect small defaults or 

underperformances that would have been difficult to see with other means. With the larger solar 

power plants, an increase of a few percent of the global performance can represent several 

thousand or tens of thousand earned on a year.   

One alert that can be optimized for the supervision is the alert concerning the daily difference 

between the peak-power normalized production of each inverter and the maximum peak-power 

normalized production of the inverters with the same orientation and inclination. The triggering 

of this alarms demands a pre-study to optimize the threshold. The latter is specific for each plant, 

depending on the behaviour of the different inverters on the plant. The optimization has been 

made by a statistical analysis on the historic data thanks to a tool developed on Excel. In order to 

improve the accuracy of the alarm, there can be a single threshold for the entire time, or several 

thresholds according to the seasons. The goal of the optimization is to set a threshold low 

enough to enable to detect the small underperformances or defects, but also high enough at the 

same time to avoid misleading alerts. Then, thanks to this alert, a better daily monitoring can be 

done on the production of the inverters of the plant and the defaults can be detected earlier than 

with other existing analyses. 

Another aspect to take into account in the supervision is the monitoring of the performance over 

the long term. This can be done by monitoring the performance ratio, which acts as the efficiency 

of the plant, regardless the efficiency of the panels. The performance ratio depends on two 

variables for each plant : the electricity production and the received irradiance. If the electricity 

production is a data easy to collect thanks to the electricity meter, the irradiance, measured by the 

sensors installed on the plant, is much more complicated to collect. Indeed, the data suffer from 

the loss of communication with the sensors, the error made by the measurement, or from the 

possible defects of the sensors. In order to have access to a robust measure of the irradiance, 

correlations are made between the different irradiances of the same region. For each region, these 

correlations are linear regressions made between a reference irradiance and each sensor with the 

same orientation. It has been seen that west and east orientated sensors could be compared with 

a south orientated reference. However, north orientated sensors can only be compared with 

north orientated irradiance. According to the sensor, the linear regression can be divided 

according to the season, or the according to the type of the day (sunny days or cloudy days). The 

reference irradiance for the comparison can be either the average of the irradiances of the region, 

or the irradiance obtained by the satellite data. The first solution gives better correlations between 

the irradiances but suffer from the incertitude of the measurements : even if the correlation is 

good, the built irradiance is not necessarily close to the reality. This is the reason why the satellite 

data is preferable as the reference sensor. Finally, the calculated PR has a certain incertitude but 

enables to detect the substantial underperformance of the plant and thus to optimize its 

monitoring. 
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APPENDIX 1 

 

Main code of the Excel Tool presented in section 2.2.2.1. 

 

Sub Tableau() 

 

‘Erase the existing graphs 

For Each Graph In ActiveSheet.ChartObjects 

Graph.Delete 

Next 

 

 

Worksheets("Données").Select 

Dim seuil As Single 

seuil = Range("Graphique!C3") 'récupération du seuil 

 

'Determining the size of the data 

Dim fin_colonne As Integer 

Dim fin_ligne As Integer 

fin_colonne = Cells(1, Cells.Columns.Count).End(xlToLeft).Column 

fin_ligne = Cells(Rows.Count, 1).End(xlUp).Row 

 

'Détermination of the number of days during which alarms triggered 

Worksheets("Données").Select 

Nb_jour = 0 

Nb_événement = 0 

For i = 2 To fin_ligne 

    Count = 0 

    For j = 2 To fin_colonne 

        If (Cells(i, j).Value >= seuil) Then 

            Nb_événement = Nb_événement + 1 

            Count = Count + 1 

        End If 

    Next j 

    If Count > 0 Then 
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        Nb_jour = Nb_jour + 1 

    End If 

Next i 

 

Worksheets("Graphique").Select 

Range("C5").Select 

ActiveCell.Value = Nb_jour 

Range("C4").Select 

ActiveCell.Value = Nb_événement 

 

‘Definition of the useful ranges 

Worksheets("Données").Select 

Dim plage1 As Range 

Dim plage2 As Range 

Dim plage3 As Range 

Set plage1 = Range(Cells(1, 1), Cells(fin_ligne, fin_colonne)) 

Set plage2 = Range(Cells(2, fin_colonne + 1), Cells(fin_ligne, fin_colonne + 1)) 

Set plage3 = Range(Cells(2, 1), Cells(fin_ligne, 1)) 

plage2.Value = seuil 

 

‘Creation of the graph 

Worksheets("Graphique").Select 

ActiveSheet.Shapes.AddChart2(240, xlXYScatterSmoothNoMarkers).Select 

ActiveChart.SetSourceData Source:=plage1, _ 

    PlotBy:=xlColumns 

 

‘Adding the threshold 

ActiveChart.SeriesCollection.NewSeries 

ActiveChart.FullSeriesCollection(fin_colonne).Name = "=""Seuil""" 

ActiveChart.FullSeriesCollection(fin_colonne).XValues = plage3 

ActiveChart.FullSeriesCollection(fin_colonne).Values = plage2 

 

ActiveChart.SetElement (msoElementLegendBottom) 

 

ActiveChart.ChartTitle.Text = "Ecart à la valeur max" 

Selection.Format.TextFrame2.TextRange.Characters.Text = "Ecart à la valeur max" 



-54- 
 

 

‘Positioning the graph on the sheet 

For Each Graph In ActiveSheet.ChartObjects 

    Set Emplacement = Range("B9:Q36") 

    With Graph 

        .Left = Emplacement.Left 

        .Top = Emplacement.Top 

        .Height = Emplacement.Height 

        .Width = Emplacement.Width 

    End With 

Next 

 

ActiveChart.ClearToMatchStyle 

ActiveChart.ChartStyle = 242 

 

End Sub 


