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ABSTRACT: Quality control of PV modules in large grid-connected PV plants is typically accomplished by means 

of indoors testing at qualified laboratories which use solar-simulators. Nevertheless, outdoors on-site measurement of 

PV modules has several advantages: the devices required to measure the PV modules are much cheaper than solar 

simulators; the costs and effort related to disassemble and to transport the PV modules to the laboratories are entirely 

avoided; and the safety of the modules against undesirable cracks and/or module breakage during their manipulation 

is drastically improved (manipulation is just reduced to unplug and to plug the connectors). Besides, the uncertainties 

related to outdoors PV module measurements are also strongly reduced when reference devices to measure effective 

incident irradiance and solar cell temperature are properly selected. These uncertainties are even lower when 

considering the different response of each PV module to the same real weather conditions is taken into account, 

especially those related to cell temperature. So uncertainties of outdoors measurements can be reduced close to those 

ones obtained with the indoors characterisation. This works deals with the temperature dispersion inside PV modules 

and between different PV modules, as well as how to manage this dispersion when the PV modules are characterised 

outdoors to obtain accurate results with a reduced uncertainty. 
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1 INTRODUCTION 

 

Quality control of PV modules in large grid-

connected PV plants uses to be based on indoors testing 

at qualified laboratories which use solar-simulators [1] 

[2] [3]. These devices allow to characterise PV modules 

just at Standard Test Conditions (STC, 𝐺∗ = 1000 W/m2 

and 𝑇𝐶
∗ = 25 ºC) without weather restrictions. Besides, as 

operation conditions are totally controlled, the 

dispersions due to temperature are minimized. 

Nevertheless, the solar-simulators are very expensive. 

Additionally, costs related to transport the PV modules 

from the PV installations to the laboratory should be 

taken into account, which is not negligible at all because 

laboratories use to be far away from the PV plants. 

Outdoors on-site measurement of PV modules has 

several advantages if compared to the use of solar-

simulators: the devices required to measure the PV 

modules are much cheaper than solar simulators; the 

costs and effort related to disassemble and to transport 

the PV modules to the laboratories are entirely avoided; 

and safety of the modules against undesirable cracks 

and/or module breakage during their manipulation is 

drastically improved (manipulation is just reduced to 

unplug and to plug the connectors). Besides, the 

uncertainties related from outdoors PV module 

measurements are also markedly reduced when reference 

devices to measure effective incident irradiance and solar 

cell temperature are properly selected [4] [5]. In fact, 

other authors have concluded that the natural sunlight is 

preferred for PV measurements because it has a higher 

uniformity than solar-simulators [2] [6] [7] [8]. These 

uncertainties are even lower if the different response of 

each PV module to the same real weather conditions is 

taken into account, especially those related to cell 

temperature. In fact, once a good reference device 

calibrated to measure effective incident irradiance has 

been selected, the temperature dispersion becomes in the 

major contribution to the overall uncertainty in the 

module characterisation [5]. So uncertainties of outdoors 

measurements can be reduced close to those obtained 

with indoors characterisation. 

In this work it is shown an experimental campaign of 

measurements to evaluate the dispersion of cell 

temperature at three different levels: at cell level, at 

module level and at array level. Later, different models to 

extrapolate to STC the measurements performed over 16 

PV modules for 9 months have been analyzed, including 

the effect of this temperature dispersion to obtain results 

with the lower uncertainty. 

 

 

2 METHODOLOGY AND EXPERIMENTAL 

ASSEMBLY. 

 

In order to evaluate the dispersion of temperature at 

different levels inside a PV array and to check which is 

the best model to extrapolate to STC in terms of 

maximum power uncertainty, some tests have been 

performed over the modules of two c-Si PV arrays of 

5kWp installed by the Instituto de Energía Solar 

(hereafter IES-UPM) at the facilities of the Universidad 

Politécnica de Madrid in the South Campus (Fig. 1). 

 

 
 

Figure 1: Two PV arrays of 5 kWp grid-connected at the 

IES-UPM terrace where the PV modules used in the 

experiments are installed. 
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2.1 Temperature dispersion. 

On the one hand, the cell temperature from the 21 PV 

modules of one of the arrays has been observed 

continuously during 6 months. These temperatures have 

been measured with PT1000 sensors class B (±0.3ºC of 

tolerance) glued on the back of each module, storing the 

values with an interval of 5 minutes. These sensor have 

been glued in three different configurations: 

 21 PV modules have a single PT1000 glued just 

at the center cell of the module. These sensors 

allow to analyze the dispersion inside the PV 

array (Fig. 2). 

 6 PV modules have two additional PT1000 

sensors glued to other two cells according to 

international standards recommendations [9] [10]. 

This configuration allows to study the dispersion 

intra-module (Fig. 3). 

 3 PV modules have another two PT1000 sensors 

glued to the central cell which already has a 

sensor. So, the dispersion intra-cell can also be 

evaluated (Fig. 4).  

 

 
 

Figure 2: View of the PT1000 glued just at the center 

cell of the 21 PV modules to analyze the temperature 

dispersion inside the PV array. 

 

 
 

Figure 3: View of one of the six PV modules with three 

PT1000 glued at different cells according international 

standard to analyze the temperature dispersion inside a 

single module. 

 
 

Figure 4: View of one of the three PV modules with 

three PT1000 glued just at the center cell to analyze the 

temperature dispersion inside a single cell. 

 

2.2 Measure of I-V curves. 

On the other hand, 16 out of the 45 modules 

distributed on the two PV generators have been 

characterised, measuring 46 times the I-V curves of each 

single module during these 7 months. These 

measurements were done with a twin capacitive load [11] 

which allows to obtain both the I-V curve of the module 

under test and the one related to a reference module 

previously calibrated, under real operation conditions. 

This way, uncertainties which could arise from 

measuring each module separately are reduced [12] [13]. 

Furthermore, as the reference module and the test module 

are exactly same, uncertainty due to angular and spectral 

response is avoided [5] [14]. Then, the values of the 

short-circuit current, ISC, and the open-circuit voltage, 

VOC, obtained from this reference module allow to 

calculate the effective incident irradiance [15] and the 

equivalent cell temperature [16]. Simultaneously to each 

single I-V curve obtained, the temperatures measured by 

the PT1000 glued at the center cell of both modules are 

stored with a datalogger. 

 

2.3 Extrapolation to Standard Test Conditions. 

Once the I-V curves of the PV modules have been 

measured, their maximum power point has to be 

extrapolated to STC. Now the objective is to determine 

which one of the different methods of extrapolation leads 

to the lowest dispersion of the maximum power point at 

STC. So, the parameter which is going to be evaluated is 

the standard deviation of the maximum power point after 

its extrapolation: the lower the standard deviation, the 

lower the uncertainty 

In this work several extrapolation methods have been 

selected to perform this translation. These methods can 

be divided in two main groups. The first one is the group 

in which every single point of the I-V curve is 

extrapolated to STC (Fig. 5). This kind of methods is 

based on the temperature coefficients of current and 

voltage (usually known as alpha and beta,  and ) [9]. 

The second one is the group in which only the maximum 

power point of the I-V curve is extrapolated to STC (Fig. 

6). In this case the extrapolation can only depend on the 

maximum power point at STC of the reference module 

(proportional correction considering the calibrated power 

of the reference module). But it also can rely on the 

temperature coefficient of power (usually known as 

gamma, γ) [17] [18]. 
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The different alternatives in each group depend on 

the cell temperature used to extrapolate these points, 

according the conclusions from the temperature 

dispersion. 

 
 

Figure 5: Extrapolation method based on the translation 

of every single point of the curve I-V. 

 

 
 

Figure 6: Extrapolation method based on the translation 

of just the maximum power point. 

 

 

3 RESULTS. 

 

3.1 Temperature dispersion. 

Fig. 7, Fig. 8 and Fig. 9 show the temperature 

dispersion inside a single cell, inside a PV module and 

inside an array, respectively. It is possible to appreciate 

the same behaviour on the three graphics: the temperature 

dispersion increases at higher irradiances. In the case of a 

single cell, the dispersion reaches up to 3ºC for 

irradiances around 1000 W/m2. When considering a 

single PV module, differences up to 7ºC are obtained. 

Finally, the temperature dispersion reaches up to 14ºC. It 

should be mention that in these graphics, the higher 

dispersions related to irradiances below 700 W/m2 

(mainly between 200 W/m2 and 400 W/m2) are due to the 

shadow cast over the PV modules from nearby trees. 

So, it is clear that different modules located at the 

same structure, receiving the same irradiance and at the 

same room temperature have not exactly the same cell 

temperature. In fact, the temperature difference can be 

higher than 10ºC when the PV module under test and the 

reference module are not close to each other (separation 

between modules higher than 10 m). 

 

 
Figure 7: Difference of temperatures between three 

PT1000 glued at the same cell located at the center of a 

PV module. The differences observed on 3 PV modules 

are presented.  

 

 
Figure 8: Difference of temperatures between three 

PT1000 glued at three different cells of the same PV 

modules according the international standards. The 

differences observed on 6 PV modules are presented. 

 

 
Figure 9: Difference of temperatures between the 

PT1000 glued at the central cell of 21 PV modules of the 

same array. The light points represent all the 

measurements, while the dark ones represent only the 

measurements related to clear days and once the points 

affected by shadows from trees have been removed.  

 

3.2 Measure of I-V curves and extrapolation to STC. 

The previous analysis of the temperature dispersion 

reports that different PV modules have also different 

temperatures. So, we are making a mistake when the I-V 

measurement of a module under test is extrapolated to 

STC using the cell temperature measured from a 

reference module, although this one is installed in the 

same structure close to the module under test. This fact is 
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usually ignored and leads to an increase of the 

uncertainty in the determination of the maximum power 

point. 

This is why we have done some corrections to the 

classical extrapolation methods to include the dispersion 

of temperature we have observed. We have studied seven 

methods of extrapolation, three related to the 

extrapolation of the whole I-V curve (Group 1) and four 

related to the extrapolation of just the maximum power 

point (Group 2). 

In the Group 1, the first alternative is based just on 

the international standard [9] with the cell temperature 

obtained from the reference module. The second 

alternative is the same one, but obtaining the cell 

temperature directly from the PT1000 glued to the 

module under test. Finally, the third alternative is similar 

to the first one but including a correction related to the 

difference between the temperatures measured at the 

central cell of both modules with their corresponding 

PT1000. 

Already in the Group 2, the fourth alternative relies 

on a direct relationship according the calibration value of 

the reference module [11]. The fifth alternative adds to 

the previous one a correction which takes into account 

the different temperatures obtained from the PT1000 

sensors. The sixth alternative is based on the temperature 

coefficient of power, γ, [17] [18] and assuming that the 

temperature of the PV module under test is equal to the 

temperature obtained from the open circuit voltage of the 

reference PV module. Finally, the seventh and last one is 

like the previous one, but including the difference of 

temperature measured with the PT1000 sensors. 

Fig. 10 shows the mean results from all the 16 

modules. The standard deviation is presented of the 

maximum power point after applying each one of these 

extrapolation alternatives to the 46 measurement done in 

the last 7 months. The seven different methods of 

extrapolation are represented in the x-axis. In the y-axis 

is represented the standard deviation in %. As can it be 

noticed, methods 2 and 5, which consider the difference 

of temperature between modules, lead to lower values of 

standard deviation (uncertainty). It is worth to comment 

that these results include all the measurements done in all 

types of climate conditions: sunny days, days with 

certainly amount of high clouds, clouds passing, wind 

gust, etc. 

 

 
 

Figure 10. Mean standard deviation of the maximum 

power point after extrapolate all the measurement using 7 

different extrapolations methods. Alternatives 1 to 3 are 

related to the extrapolation of the whole I-V curve. 

Alternatives 4 to 7 are related to the extrapolation of just 

the maximum power point.  

Fig. 11 shows the same results, but now taking into 

account just the measurements obtained in sunny days 

and with irradiances higher than 850 W/m2. As it can be 

noticed, the standard deviation related to the methods 

which take into account the temperature difference (2 and 

especially 5) have not only a lower value but also a lower 

variation regardless the weather conditions, especially the 

one related to the extrapolation just based on the 

maximum power point. 

 

 
 

Figure 11. Mean standard deviation of the maximum 

power point after extrapolate using 7 different 

extrapolations methods only the measurement obtained in 

sunny days and with G > 850 W/m2 

 

Table I summarize the results presented in the 

previous figures. 

 

Table I: mean standard deviation of the maximum power 

point related to Fig. 10 and Fig. 11.  

 
σ (%) 

 IV  Pm  

Method 1 2 3 4 5 6 7 

G≥ 500 

W/m2 
1.02 0.89 1.02 0.92 0.81 0.90 0.91 

G≥ 850 

W/m2 
0.87 0.80 0.90 0.95 0.83 0.88 0.96 

 

 

4 CONCLUSIONS. 

 

Once the sensor of irradiance used in outdoors 

characterisation of PV modules has been selected to 

reduce its contribution to the overall uncertainty, the 

main responsible of mistakes and increase of dispersion 

in the maximum power extrapolated to STC is the cell 

temperature. 

This work reports that the difference of temperature 

inside a single cell, inside a single module and inside an 

array increase with incident irradiance and reach up to 

3ºC, 7ºC and 14ºC at 1000 W/m2, respectively. 

So, in order to obtain a low uncertainty in the results 

of the power characterisation it is crucial to considerer 

the differences in the temperature between different 

modules, even when they belong to the same 

manufacturer and model and they are installed in the 

same structure, receiving the same irradiance and with 

the same room temperature. When this fact is considered 

and the proper correction is applied, the standard 

deviation of the extrapolated power can be reduced 

between 0.1% and 0.2%. Besides, extrapolation methods 

which just rely on the maximum power point have a 
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lower variation regardless the weather conditions. This 

allows to perform the characterisation with good results 

at a wider range of irradiances, room temperatures and 

wind speeds. 
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