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Considering that the current through all the PV modules of a same string is constant, any differences in the 

electrical behaviour of the modules give raise to differences in the corresponding operation voltages. That opens 

the door for careful observations of the PV array functioning carried out under normal operation conditions, that 

is, with the inverter delivering energy and, thus, without the need for disconnection as required for more standard 

PV array analysis methods: measuring I-V curves, open-circuit voltages and so on. This in-routine operation 

observation procedure is relatively easy implemented in practice, by means of “T” shaped quick connectors to 

connect PV modules to each other, which are widely commercially available. In fact, this has been successfully 

applied to in-the-field PID detection on commercial PV plants, by monitoring the voltage differences between the 

modules at the extreme poles of the string. This time, we have applied such observation procedure to all the 21 

PV modules comprising a 5 kW PV array connected to the grid at the IES-UPM terrace. Moreover, we have also 

glued a PT1000 in the back of each module. Together with a PV reference module for measuring in-plane 

irradiance, this set-up allows for continuous and simultaneous monitoring of, both, the operation conditions 

(irradiance and temperature) and the electrical response (current and voltage) of all the PV modules.  
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1 INTRODUCTION 

 

In a real situation, where the PV modules are 

interconnected in a same string, the current through all of 

them is the same. So, any differences in the electrical 

behaviour of the modules give raise to differences in the 

corresponding operation voltages. In fact, these 

differences already occur on the level of the cells, due to 

manufacturing variance (each individual cell has similar 

but not identical electrical and thermal characteristics 

than the other cells of the module) and variation on the 

operation conditions (especially those related to 

temperature [1]). So, at string level, the sum of the 

differences between modules leads to a deviation of the 

energy delivered into the grid [2] in comparison to the 

expected one. This is the so called mismatch losses. Even 

if the mismatch losses in an array may be typically less 

than 1 % in normal operation conditions [3] [4] [5], this 

value may increase along the years to values up to 5 % 

after 15 years exposed to the same conditions [6]. In large 

PV plants, the instantaneous relative mismatch loss can 

reach values up to 60 %, due to clouds passing, which 

causes shading effects on some panels. Even so, these 

type of losses are below 1 % in total electricity produced 

by the arrays [7]. In fact, most of the time the relative 

mismatch losses were less than this value in normal 

operation conditions, e.g. without shades caused by any 

obstacles. To avoid these problems, many authors have 

suggested methods like different types of interconnection 

between the modules [8] [9] or sorting cells according to 

its current at the maximum power point [10]. 

 

The differences in the corresponding operation 

voltages between the modules opens the door for careful 

observations of the PV array functioning carried out 

under normal operation conditions, i.e., with the inverter 

delivering energy and, thus, without the need for 

disconnection as required for more standard PV array 

analysis methods: measuring I-V curves, open-circuit 

voltages and so on. This work presents the measurements 

performed to monitor in real time, the operation voltage 

and temperature from every single module of the PV 

generator and the operation current from each string 

along many days with different situations like soiling and 

different weather conditions while the generator goes on 

delivering energy into the grid. This in-routine operation 

observation procedure is relatively easy to implement in 

practice, by means of “T” shaped quick connectors to 

connect PV modules to each other, which are widely 

commercially available. In fact, this has been 

successfully applied to in-the-field PID detection on 

commercial PV plants, by monitoring the voltage 

differences between the modules at the extreme poles of 

the string [11]. 

Thanks to these measurements, the mismatch losses 

may be quantified by the ratio between the standard 

deviation to the mean of the observed individual voltage 

values (∆𝑉 = 𝜎𝑉/�̅�). Then, a quadratic relation between 

voltage dispersion and power loss (∆𝑃 = 𝑎 · ∆𝑉 + 𝑏 ·
∆𝑉2) is empirically adjusted to the I-V curve of a 

constituent module. 

 

 

2 METHODOLOGY. 

 

The measurements performed to analyze the 

operation voltage and temperature distribution along a 

PV system have been done in a PV generator with a 

maximum power peak of 5.1 kWp, which is installed at 

the roof-terrace in the south campus at Universidad 

Politécnica de Madrid (Fig. 1). This PV generator has 21 

modules, divided in 3 strings connected in parallel, each 

one with 7 modules interconnected in series.  
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Figure 1: PV generator composed by 21 c-Si modules 

with 245 Wp each one. 

 

 

2.1 Voltage and temperature dispersion measurements. 

To assess the operation voltage in each module, “T” 

shaped connectors were used between each 

interconnection of them. Besides that, a PT1000 sensor 

class B (± 0.3 ⁰C of tolerance) was glued on the back of 

each module, positioned right in its centre (Fig. 2) to 

measure its temperature. The values of operation voltage 

and temperature, as well as the in-plane irradiance from a 

PV reference module and the operation current of each 

string measured with shunt resistors, were simultaneously 

measured and continuously stored with a data logger each 

5 minutes during a period of 17 months from February 

2017. These data have been used to analyze the evolution 

of mismatch losses in the broadest sense, i.e., caused not 

only by differences in the PV modules STC 

characteristics but also by differences in their operation 

conditions, especially cell temperature. 

 

 
 

Figure 2: “T” shaped connectors with the PT1000 sensor 

glued on the back of each module. 

 

2.2 I-V curves measurements. 

The I-V curves of each module, string and PV 

generator were measured with capacitive loads [12] [13]. 

The measurements of the 21 modules were done 

outdoors in a “Solar Box”, a device which allows to 

control the values of irradiance and temperature [14]. 

Each module has been measured at two temperature 

conditions: 25°C and temperatures beyond 50°C, both 

with an irradiance of 1000 W/m2. The temperature is 

obtained as the average of 9 PT1000 sensors glued on the 

back of the module. 

The curves of the strings and PV generator have also 

been measured outdoors, but now at ambient 

temperatures (greater than 50ºC) and at 1000 W/m². Now 

the temperature is obtained as the average of PT1000 

sensors glued on the back of the modules of the system 

under test (string or generator). 

From the I-V curves, a relation between power and 

voltage can be represented; that is, the P-V curve. This 

curve allows to estimate the power loss, ∆𝑃, related to 

any voltage deviation, ∆𝑉, from the maximum power 

point voltage, (𝑉𝑚, 𝑃𝑚). So, different values of power loss 

are obtained when the voltage is shifted to values greater 

or smaller than this point (Fig. 3). As can be noticed, the 

growth below 𝑉𝑚 is almost linear, while the growth above 

this point is quadratic. So, the analysis presented in the 

next section is divided in these two areas separately, for 

more accurate results. 
 

 
 

Figure 3: P-V curve measured from a module installed at 

the generator under study, showing the difference in 

power – or losses – when the voltage is shifted for greater 

or lower values than the voltage on the maximum power 

point. 

 

 

3 RESULTS AND DISCUSSION. 

 

3.1 Temperature and voltage dispersion along the PV 

generator. 

Fig. 4 shows the temperature dispersion along the PV 

generator (∆𝑇 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛), measured along 17 

months. As can be seen, the temperature dispersion 

increase with the irradiance, reaching values up to 14 °C 

for 1000 W/m2. 
 

 
 

Figure 4: Temperature distribution in the PV generator 

for clear days (red points) and all days (blue points) 

observed along 17 months. 

Fig. 5 shows the operation voltage dispersion along 

“T” Shaped 
connector 

PT1000 
sensor 
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the PV generator, measured in the same period (∆𝑉 =
𝑉𝑜𝑝,𝑚𝑎𝑥 − 𝑉𝑜𝑝,𝑚𝑖𝑛). This dispersion decreases from 

values greater than 2 V for low irradiance values (below 

500 W/m2) to values lower than 2 V at irradiances greater 

than 700 W/m2. Therefore, this time the voltage 

dispersion increases when irradiance decreases, which 

can be explained by the dominance of shunt resistance 

effects at low irradiances. Interestingly, such dominance 

overtakes the temperature dispersion effects which act in 

the opposite way. 

 

 
 

Figure 5: Operation voltage distribution in the PV 

generator for clear and all days observed along 17 

months. 

 

3.2 Power loss estimation from P-V curves. 

Fig. 8 shows the power loss estimation for all 

modules of the PV generator. The power loss estimation 

is done as follows: considering the point (𝑉𝑚, 𝑃𝑚) the 

origin of the losses (that is, the power loss is  ∆𝑃 =
0% when there is a shifting ∆𝑉 = 0% from 𝑉𝑚), any 

variation on the operation voltage  ∆𝑉 leads to a decrease 

 ∆𝑃 in the power. The curves (a) and (b) are for voltage 

values below 𝑉𝑚, and the curves (c) and (d) are for 

voltage values above 𝑉𝑚. It should be noticed that  ∆𝑉 

and  ∆𝑃 are always positives (see Fig. 3). 

According to Fig. 8a and Fig. 8b, the power loss 

grows up with a behaviour almost linear when values less 

than 𝑉𝑚 are evaluated. Besides, the temperature seems 

not to considerably affect the power losses on the 

modules: there is light differences between the values 

from curves obtained at 25°C or the values from curves 

obtained at temperatures greater than 50°C. In both 

graphics, the values of ∆𝑉 < 7%, which are related to the 

maximum voltage variation between 800 and 1000 W/m2 

(see Fig. 5, where 𝑉𝑚 ≈ 27 𝑉), lead to ∆𝑃 < 5%. 

When the power loss is evaluated for values greater 

than 𝑉𝑚 (Fig. 8c and Fig. 8d), the losses tend to grow up 

faster with the variation from 𝑉𝑚 (quadratic). Besides, in 

this case the temperature seems to have some influence: 

the losses evaluated for the curves measured at 25 °C 

grow up faster than the curves evaluated for temperatures 

greater than 50 °C. Here, the values of ∆𝑉 < 7%, at the 

same interval between 800 and 1000 W/m2 evaluated 

above, lead to ∆𝑃 < 6.5%. at values of temperature of 25 

°C and to ∆𝑃 < 5.5% for values of temperature above 50 

°C. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 8: Power losses (%) of each module respect to the 

voltage operation variation (%) from 𝑉𝑚. Graphics (a) 

and (b) are for voltages below 𝑉𝑚 and graphics (c) and 

(d) are for voltages above 𝑉𝑚. Graphics (a) and (c) are 

related to measurements at 25°C while graphics (b) and 

(d) are related to temperatures greater than 50°C. All the 

curves were measured at 1000 W/m2. 
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Finally, the graphics show clearly that not only the 

values of the power losses increase quicker for voltages 

higher than 𝑉𝑚 as operation voltage moves away from 

their optimal point: the dispersion of these power losses 

also increases considerably. That is, mismatch losses will 

be considerably higher when the operation voltage is 

above 𝑉𝑚. 

The same analysis of power losses but now related to 

the P-V curves of the three strings and the PV generator 

is shown in Fig 9. Now, the curves have been measured 

at different operation temperatures greater than 50ºC and 

at 1000 W/m². The behaviour is similar to the one 

observed previously in the individual modules: it is 

almost linear when the power losses are evaluated below 

𝑉𝑚 (Fig. 9a) and it is quadratic when they are evaluated 

above this value (Fig. 9b). In the case of the strings, the 

dispersion observed and the figures achieved as the 

operation voltages move away from 𝑉𝑚 are coherent with 

the obtained in the analysis of the individual modules. 

Interesting, the array power losses far from 𝑉𝑚 (higher 

voltages) are lower than the obtained for the individual 

strings. This could be explained because the strings are 

connected in parallel. 

 

 

 
(a) 

 

 
(b) 

 

Figure 9: Power loss of each string and PV generator 

evaluated at different irradiance values (a) for voltages 

less than 𝑉𝑚 and (b) for voltages greater than this value. 

 

 

3.3 Modelling of power losses. 

The power losses observed from the PV curves of 

modules, strings and generator can be adjusted with a 

quadratic equation which allows us to estimate them with 

a good accuracy (Equation 1) 

 

 ∆𝑃 = 𝑎 ·  ∆𝑉 + 𝑏 ·  ∆𝑉2 (1) 

In the previous equation ∆𝑉 is the difference –always 

positive– between the voltage at the maximum power 

point and the evaluated voltage. 

Table I shows the coefficients obtained for voltages 

below 𝑉𝑚 (𝑎− and 𝑏−) and for voltages above 𝑉𝑚 (𝑎+ and 

𝑏+) when mean values of the power losses of all the 

measurements from each system (module, string or array) 

are considered. As can be seen, the coefficients at both 

sides of 𝑉𝑚 are quite different. So, the proposed strategy 

of evaluate separately these regions leads to better power 

losses estimations. Besides, as 𝑏+ > 𝑏− the contribution 

of the term related to ∆𝑉2 to the final estimation is 

considerable higher for operation voltages 𝑉𝑜𝑝 > 𝑉𝑚. This 

is logical due to the different shape of the curves (see Fig. 

8 and Fig. 9). Finally, although the power losses seem to 

have a linear behaviour below 𝑉𝑚 , it is important to 

model them with a quadratic equation as the proposed 

one: if the term related to ∆𝑉2 is removed (𝑏− = 0) the 

goodness of the estimation (correlation coefficient R2) is 

deteriorated at least a 5%. 

 

Table I: Coefficient for estimation of power loss 

(equation 1). 

 

  𝑽𝒐𝒑 < 𝑉𝒎 𝑽𝒐𝒑 > 𝑉𝒎 

  𝒂− 𝒃− 𝒂+ 𝒃+ 

T=25°C Module 0.356 0.022 -0.264 0.130 

T>50°C 

Module 0.220 0.025 -0.087 0.095 

String 0.275 0.023 0.094 0.092 

Array 0.671 0.009 0.159 0.035 

 

 

4 CONCLUSIONS. 

 

This work has presented a deep look into the 

mismatch losses by means of the observation in real time 

of the individual operation voltage and the temperature of 

each module in a 5kWp PV generator during 17 months. 

This monitoring has reported that there is a mismatch loss 

between the modules inversely proportional to the 

irradiance. Interestingly, the operation voltage dispersion 

overtakes the temperature dispersion observed between 

modules, which is proportionally to the irradiance, i.e. it 

increases as the irradiance increases. 

Taking into account the I-V curve of each module, as 

well as the curves of the strings and the PV generator, the 

mismatch power loss can be estimated by means of the 

voltage variation around the voltage at the maximum 

power point, 𝑉𝑚. The power loss estimation has been 

divided in two parts for better accuracy of the results: 

below 𝑉𝑚 the power loss tend to be almost linear, 

independently the temperature and the size of the system 

considered (module, string or generator). Above this 

value the power loss has a quadratic behaviour. This 

time, it seems to have a dependence of the loss with the 

temperature: it is greater at lower temperatures. Besides 

the dispersion of power loss is higher at this side of 𝑉𝑚. 
The results from the I-V measurements of strings and 

generator are similar to the obtained for single modules. 

There is any difference only when the power losses are 

evaluated in the array for values above 𝑉𝑚: its behaviour 

is also quadratic, but now the dispersions reached are 

lower than those reached by each module/string 

individually. This could be explained because the strings 
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are connected in parallel.  

Anyway, the power losses on both sides can be 

estimated by adjusting a quadratic equation, which brings 

results with good accuracy. A linear adjust could be used 

for voltages below 𝑉𝑚, but goodness of the adjust is then 

deteriorated. 

As far as we know, this is the first time the relation 

between these losses and irradiance is experimentally 

demonstrated. 
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