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ABSTRACT: PV plants require a monitorization of their electrical parameters to achieve its best performance. 
Lately, it is more and more common that SCADA systems monitor currents and voltages even of every single string. 
These measurements which use to be stored instantaneously with a frequency like the one established on inverters 
and energy meters (usually each 10, 15, 20 or 60 minutes) are useful to detect faults. Unfortunately, it is not taken 
advantage of them to characterize the PV arrays. A better option would be to exploit this monitoring capability not 
only to detect operation failures, but also to characterize the PV strings/arrays. In order to implement this 
characterization it is needed to use the adequate devices to measure voltages and currents and determine which should 
be the optimal frequency to store data, depending on they are instantaneous or mean values. This paper presents the 
results of the DC monitoring of a grid-connected PV array of 5.8 kWp, installed on the headquarters of the Instituto 
de Energía Solar of the Universidad Politécnica de Madrid (IES-UPM), located in the Campus Sur of Vallecas 
(Madrid), which allows characterizing the PV arrays power. To study the relation between sampling frequency and its 
impact in the accuracy of the power averages each 1’, 5’, 10, and 15’ have been calculated from instantaneous 
measurements, and they have been analysed to evaluate which is the more adequate sampling rate for instantaneous 
and mean values. 
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1 INTRODUCTION 
 
 PV plants require monitorization of their main 
electrical parameters to check its operation and 
performance. All large PV plants and many of the small 
installations have monitoring systems. Monitoring of the 
first is based on SCADA systems [1], while the small PV 
installations measured data is stored in dataloggers or 
similar equipment.  
 Some of the main data that uses to be monitored are 
the operation conditions, i.e. the in-plane irradiance, G, 
measured by a pyranometer, and the solar cells module 
temperature, TC, measured by a thermocouple, PT100, 
PT1000 or similar, to estimate the energy production of 
the installation. Nevertheless, some authors recommend 
using reference modules, because its spectral, angular, 
and thermal responses are the same that the modules of 
the PV plant, and it is not affected by isolated dirtiness 
[2][3]. So, uncertainty of these variables is reduced.  
 On the other hand DC power values, PDC, can be 
obtained if DC currents, IDC, and DC voltages, VDC, are 
also monitored, which is more and more common. In 
order to obtain accurate values of IDC, shunt resistors 
(calibrated resistors with an accuracy of 0.5%) or high 
precision toroids should be included at the inverter input 
and/or in the strings. 
 Unfortunately, these data are only used for the 
calculation of the Performance Ratio [4], PR, and fault 
detection (stops of the inverters, disconnection of strings, 
etc.) [5]. 
 This characterization should be done in the 
Provisional Acceptance Certificate (PAC) and Final 
Acceptance Certificate (FAC) required by the banks in 
the “Due Diligence” procedures, which are bounded to 
payments [6].  
 Thus, if the shunts or toroids are included in the 
system, not only PDC can be characterized, but also the 
ageing of the PV plant can be checked and studied.
 The results of the study of a PV installation of 5.8kW 
on the roof of IES-UPM in Campus Sur - Vallecas 
(Madrid) over one year are presented. 
 

2 DESCRIPTION OF THE SYSTEM 
 
 On the IES-UPM roof are installed two arrays, both 
mounted on static structures. Array 1, of 5.8kWp, has 24 
PV modules (2 strings of 12 modules each one (Fig. 1)). 
The other one, Array 2 (of 5kWp) has 21 PV modules 
(three strings of 7 modules each one (Fig. 2)).  
 

 
Figure 1: 5.8 kWp PV system (array 1), located on the 
roof of IES-UPM in Vallecas (Madrid). On the right hand 
of the picture is the reference module of the installation.  
 

 
Figure 2: 5kWp PV system (array 2), located on the roof 
of IES-UPM in Vallecas (Madrid).  
 
 Both arrays have poly-crystalline silicon modules of 
250Wp and 60 cells. Each one is connected to an one-
phase inverter of 5kW and an energy-meter (Fig. 3). So, 
they have the main elements that can be found in every 
commercial photovoltaic installation. 
 Inside the DC box of each generator there are shunt 
resistors in order to measure the IDC of each string 
accurately. These measurements are stored in a 
datalogger, as well as the VDC of each string and Gef and 
TC from the reference module. These variables are stored 
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each 30 seconds. 
 The key points to reduce the uncertainty of the 
measurements are: to obtain the Gef and TC from 
reference modules (or a single module modified to 
measure simultaneously both variables) of the same 
manufacturer and model that modules of the array; to use 
shunts in each string/array to measure DC currents with 
high accuracy; and to store data with a relatively high 
frequency [7]. 
 

  
Figure 3: Main elements of the IES-UPM photovoltaic 
installation. From left to right: energy-meter, inverter, 
DC box, and datalogger (right image).  
 
 
3 MONITORING SYSTEM  
 
 PDC (IDC and VDC) of the installation has been 
continuously monitored for a whole year. We have 
instantaneous records of PDC each 30 seconds. From 
these values, instantaneous data every 1, 5, 10 and 15 
minutes have been obtained as well as the average values 
each 1, 5, 10 and 15 minutes. 
  The characterization has been done on Array 1 
(5.8kW) because Array 2 is affected by shadows cast 
over the modules from trees that are close to this array 
during all the year (see Fig. 2). So this task requires a 
custom analysis that will be done in the future.  
 The selected days to perform the DC characterization 
have been those that have more than 1.5 hours with an 
effective irradiance above 600 W/m2. Fig.4 shows an 
example of how to characterize the PV array power at 
STC from the instantaneous power records of every 
single day. First, DC power measured, PDC,EXP, is 
corrected to 25oC: 
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where Gef is the effective global solar irradiance 
measured in the plane of the array, TC is the cell 
temperature, TC

* is the cell temperature at STC (TC = 
25oC) and γ is the coefficient of power variation due to 
cell temperature. Then, these values are plotted versus 
Gef. As the objective is to obtain the power at STC, 
PDC,STC, the values below 700 W/m2 (light-blue circles) 
are not considered. This way influence of low irradiances 
and shadows in the sunrise and sunset are avoided. So, 
the remaining values which are closer to G* (dark-blue 
squares) can be fitted to: 
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 Finally, the value corresponding to Gef = G* is the power at 
STC, PDC,STC. 

Figure 4: Results of the PDC,STC characterization for 14th 
July 2014. The trend-line (orange line) corresponds to the 
DC power values above 700 W/m2 (dark-blue squares). 
To avoid possible effects at low irradiances and isolated 
shadows in the sunrise and sunset, the values below 700 
W/m2 (light-blue circles) are not considered. 
 
 This procedure has been repeated to characterize the 
daily PDC,STC of the Array 1 for the hole year 2014. As 
can be seen in Fig. 5, all the resulting PDC,STC of the 238 
days evaluated are inside a range of ±2.1% of the mean 
power (orange continuous line, 5574 kW; the difference 
between the maximum and the minimum values is 3.6%) 
and their related uncertainty (calculated as two times the 
standard deviation) is ±1.33% of the mean. Only 7 days 
are out of a range of 1.5% of the mean power and this 
figure reaches 25 days if the range is of only 1% of the 
mean. 
 As the SCADA of a PV installation use to record data 
each 15 minutes (this is the typical frequency configured 
in energy meters and/or inverters to store data or higher), 
we have repeat the same analysis but with the 
instantaneous records each 15 minutes (blue squares). 
Now the mean power is 5573 kW (blue-dotted line), that 
only differs 0.02% respect to the 30 seconds analysis, and 
the related uncertainty is 1.42%. In this occasion, 10 days 
are out of a range of 1.5% of the mean power and this 
figure reaches 27 days if the range is of only 1% of the 
mean. That is: the only drawback of measuring with a 
lower frequency in order to characterize the DC power is 
that the uncertainty is slightly higher, but the difference is 
almost negligible. 
 Fig. 6 shows the same parameters as Fig. 5, but now 
the 15 minute “original” data processed are the average 
values of each fifteen-minute period (the effective 
irradiance used to obtain PDC,STC is also the mean value of 
the instantaneous Gef in this period). The PDC,STC of the 
same 238 days evaluated barely changes: now the mean 
power is 5580 kW (blue-dotted line), that only differs 
0.11% respect to the 30 seconds analysis, and the related 
uncertainty is 1.81%. In this occasion, 9 days are out of a 
range of 1.5% of the mean power and this figure reaches 
30 days if the range is of only 1% of the mean. Although 
the final result is almost equal, the uncertainty related to 
the 15 minutes analysis is slightly higher. This is because 
mean values are less representatives than the 
instantaneous values in order to characterize the power at 
STC [8]. 
 The results obtained from the data analysis each 30’’, 
1’, 5’, 10’ and 15’ are presented in Table 1 (instantaneous 
values) and Table 2 (mean values). It can be noticed that 
the uncertainty increases as the sampling period increases 
when mean values are considered. Differences in the 
uncertainty of the results from instantaneous values are 
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lower because the use of instantaneous values is 
preferably in the power characterization than mean values 
(these last are less representative for this task). 
 

 
Figure 5: Results of the PDC,STC characterization on a 5.8 
kW nominal power array from January 2014 to 
November 2014. The daily power represented has been 
obtained from data registered each 30 seconds (orange 
triangles; mean value with continuous orange line) or 
each 15 minutes (blue rectangles, mean value with blue-
dotted line). The dotted-lines represent a deviation from 
the mean value of 1.5% (red) or 1% (yellow). 
 
 

 
Figure 6: Results of the PDC,STC characterization on a 5.8 
kW nominal power array from January 2014 to 
November 2014. The daily powers represented have been 
obtained from data registered each 30 seconds (orange 
triangles, mean value with continuous orange line) or 
each mean of 15 minutes (blue rectangles, mean value 
with blue-dotted line). The dotted-lines represent a 
deviation from the mean value of 1.5% (red) or 1% 
(yellow). 
 
 
Table 1: Results of DC power characterization from 
instantaneous values of a 5.8 kW static generator for a 
whole year.  
 
  INSTANTANEOUS 
  30’’ 1’ 5’ 10’ 15’ 
Average P* (W) 5574 5575 5574 5574 5573 
2σ (%) 1.33 1.30 1.42 1.46 1.42 
Max. P* (W) 5659 5642 5647 5645 5648 
Min. P* (W) 5460 5461 5459 5439 5448 
Difference between Max. and Min. P* (%) 
  -3.5 -3.2 -3.3 -3.7 -3.5 
 
 
 

Table 2: Results of DC power characterization from 
mean values of a 5.8 kW static generator for a whole 
year.  
 
  INST  AVERAGE  
  30’’ 1’ 5’ 10’ 15’ 
Average P* (W) 5574 5577 5579 5580 5580 
2σ (%) 1.33 1.32 1.32 1.41 1.81 
Max. P* (W) 5659 5651 5648 5652 5690 
Min. P* (W) 5460 5468 5460 5414 5273 
Difference between Max. and Min. P* (%) 
  -3.5 -3.3 -3.3 -4.2 -7.3 
 
 
4 COMPARISON WITH WATTMETER 

MEASUREMENTS 
 
 One of the best options to characterize on-site a PV 
system is by means of a wattmeter. This equipment not 
only allows characterizing DC power and/or AC power 
responses (inverter efficiency [9]) but also leads to more 
accurate results [7]. The wattmeter is able to measure and 
store simultaneously IDC, VDC, Gef and TC with high 
accuracy. These values should be measured for a 
minimum period of one sunny day in order to obtain a 
good characterization. 
  Four tests with wattmeter were carried out during the 
year, to analyze the behavior of the system in different 
seasons. The measurements with wattmeter were 
performed 14th of July, 14th of September, 23rd of 
October, and 20th of November 2014. As can be seen in 
Fig. 7, the DC power at STC values, PDC,STC (PDC

*), 
obtained from wattmeter measurements (blue circles) and 
from datalogger measurements (red squares) are very 
close. The differences, below 1%, are explained by the 
different accuracy of each equipment. 
 

 
Figure 7: Comparison of the results of the PDC,STC (PDC

*) 
characterization on a 5.8 kW nominal power generator, 
obtained by simultaneously measuring with wattmeter 
(blue circles) and datalogger (red squares).  
 
Table 3 summarizes the results obtained from the 
measurements with wattmeter and datalogger. As can be 
seen, the power values are very similar, with very small 
differences: the maximum power difference between the 
wattmeter and the datalogger characterizations is ±0.82%. 
So, the result obtained from the characterization of the PV 
system using a datalogger is also very representative. 

 
 
 



Table 3: Results of the PDC,STC characterization on a 5.8 
kW nominal power array measuring with wattmeter and 
with datalogger. 
 
 PDC,STC   Wattmeter Datalogger Difference (%) 
     (W)   Watt. / Datalog. 
14 July 5609 5588 -0.37  
14 Sept 5590 5544 -0.82  
23 Oct 5565 5609 +0.79  
20 Nov 5535 5539 +0.07  
  
 This way, taking advantage of the PV system 
monitoring and if the proper devices have been included 
to measure DC currents (shunts or toroids) and Gef and TC 
(reference PV modules), a DC power characterization as 
accurate as the obtained when a wattmeter is installed can 
be done. 
 
 
5 CONCLUSIONS  
 

This paper has presented the DC power 
characterization of one of the 5kW PV systems which the 
IES-UPM has in their facilities in Madrid. This 
characterization has been done with the values stored by 
the monitoring system: a datalogger which 
simultaneously saves IDC, VDC, Gef and TC data each 30’’. 
It has been analysed the result of the characterization 
taking into account these data, as well as the 
instantaneous values with lower frequency (each 1’, 5’, 
10’ or 15’) and even with mean values representative of 
each interval (averages each 1’, 5’, 10’ or 15’).  

The main conclusion is that the results obtained are 
very close, disregarding if original data are instantaneous 
or mean values or the sampling period. Nevertheless, 
instantaneous values with a higher frequency sampling 
have a lower uncertainty. 

So, it is recommended that monitoring system of PV 
installation stores instantaneous data of IDC, VDC, Gef and 
TC with a frequency as higher as possible in order to be 
able of use this monitoring system to characterize 
accurately PDC,STC (results obtained with a high precision 
wattmeter are very similar). 

In order to reduce the uncertainty, IES-UPM 
recommends the following precautions: 

- Use reference modules of the same type as the 
PV system as sensors of Gef and TC, and place it 
in the same plane of the array. 

- Use shunts or toroids in strings or in the inverter 
input to measure DC currents. 

- Use high frequency data acquisition in order to 
reduce the dispersion�1 √�⁄ !. 

 However average values are also appreciated because 
an accurate analysis of the PV system performance 
requires a representative value of irradiation. This could 
not be obtained with instantaneous values, especially in 
cloudy days, due to the continuous changes of the 
irradiance measured (the instantaneous values recorded 
each 15’ could not be representative of the whole 
interval). 
 
ACKNOWLEDGEMENT 
 
 This work has been possible thanks to the funding of 
the FP7 European Programme (Energy) in the project 
PhotoVoltaic Cost reduction, Reliability, Operational 

performance, Prediction and Simulation (PVCROPS), 
Project reference 308468. (www.pvcrops.eu). 
 
 
REFERENCES 
 

[1] Hu Guozhen, Cai tao, Chen Changsong, Duan 
Shanxu. “Solutions for SCADA system 
Communication Reliability in Photovoltaic Power 
Plants”. Power Electronics and Motion Control 
Conference, 2009. IPEMC '09. IEEE 6th 
International. 

[2] King D.L., Boyson W.E., Kratochvil J.A. 
“Photovoltaic array performance model”. Sandia 
National Laboatories, Report SAND2004-3535, 
2004. 

[3] Fabero F., Vela N., Alonso-Abella M., Chenlo F.  
“Characterization of recent comercial technologies of 
PV modules based on outdoor and indoor I-V curve 
measurements”. 20th European Photovoltaic Solar 
Energy Conference, 2059-2062, Barcelona, Spain, 
2005. 

[4] C.W.A. Baltus, J.A. Eikelboom, R.J.C. van Zolingen. 
“Analytical monitoring of losses in PV systems”. 14th 
European Photovoltaic Solar Energy Conference 
Barcelona, 30 June - 4 July 1997. 

[5] Silvestre S., Chouder A., Karatepe E. “Automatic 
fault detection in grid connected PV systems”. Solar 
Energy. Volume 94, August 2013, Pages 119–127. 

[6] Martínez-Moreno F., Lorenzo E., Moretón R.,  
Narvarte L. “Bankable procedures for the technical 
quality assurance of large scale PV plants”. 29th 
European Photovoltaic Solar Energy Conference and 
Exhibition. 2014. 

[7] Martínez-Moreno F., Lorenzo E., Muñoz J. and 
Moretón R. “On the testing of large PV arrays”. 
Progress in Photovoltaics: Research and applications. 
Prog. Photovolt: Res. Appl. 2012; 20:100-105. 
Doi:10.1002/pip.1102. 

[8] IEC 61724. Photovoltaic system performance 
monitoring – Guidelines for measurement, data 
exchange and analysis (1998). 

[9] Muñoz, J., Martínez-Moreno, F., Lorenzo, E. “On-
site characterization and energy efficiency of grid-
connected PV inverters”. Progress in Photovoltaics: 
Research and Applications, 19 (2011): 192-201. 
doi:10.1002/pip.1102. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



USE OF PV PLANTS MONITORING TO 

CHARACTERIZE PV ARRAYS POWER

• PV plants require monitorization.

• The main data measured are DC current (IDC), DC voltage (VDC) and the operation conditions (Gef and TC) from a 
reference module.

• Data useful for:

- Calculation of PR.

- Fault detection.           

►PDC characterization.

1. INTRODUCTION 5BV.3.12

2. DESCRIPTION OF THE SYSTEM

J.M. Carrillo (jm.carrillo@ies-def.upm.es), F. Martínez-Moreno (francisco.martinez@ies-def.upm.es)

• 5.8 kW PV static system of Si-c PV modules.

• Typical devices found in a commercial PV installation.

• Use of shunts (calibrated resistor) in each single string

to measure accuratelyIDC.

Reference
Module

Energy
meter

5 kW
Inverter

DC
box Datalogger

3. MONITORING SYSTEM
• Sampling frequency: 30 seconds Instantaneous: 1’, 5’, 10’ and 15’

Average: 1’, 5’, 10’ and 15’

• Restrictions: PDC
* characterization is done if the day has more than

1.5 hours with an Gef > 600 W/m2 per day.
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4. RESULTS

COMPARISON WITH
WATTMETER

AVERAGE
1’ 5’ 10’ 15’

5577 5579 5580 5580
1.32 1.32 1.41 1.81
5651 5648 5652 5690
5468 5460 5414 5273
-3.3 -3.3 -4.2 -7.3

INSTANTANEOUS
30’’ 1’ 5’ 10’ 15’

Average PDC
* (W) 5574 5575 5574 5584 5573

2σ (%) 1.33 1.30 1.42 1.46 1.42
Max. PDC

* (W) 5659 5642 5647 5646 5648
Min. PDC

* (W) 5460 5461 5459 5439 5449
Difference Max/Min (%) -3.5 -3.2 -3.3 -3.7 -3.5

PDC
*(W) Watt. Datalogger

Difference (%)
Watt./Datalog.

14 July 5609 5588 -0.37
14 Sept 5590 5544 -0.82
23 Oct 5565 5609 +0.79
20 Nov 5535 5539 +0.07

Coefficient of module
power variation due to TC

Effective irradiance
on array plane

Cell
temperature

Measured PDC
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