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Abstract 

Mismatch losses (𝑀𝑀𝑀𝑀𝑀𝑀) in PV arrays have been experimentally 
investigated by observing the dispersion in the operating voltage of 
the individual modules under normal operating conditions, i.e., with 
the inverter delivering energy to the grid; and by assuming that in the 
absence of mismatch, all the modules will have the same operating 
voltage which are equal to the observed average. For that, a quadratic 
relationship between relative power and relative voltage deviations 
derived from the power- voltage curve of the modules is required. 
This has been carried out in two different PV generators: a 5.1 kWp 
with monofacial multicrystalline BSF modules installed in March 
2013, and a 6.6 kWp with bifacial monocrystalline PERC modules, 
installed in May 2019. The respective coefficient of variation of the 
STC power is 1.6% and 0.3%. This decrease reflects the improvement 
between these two PV technologies, and translates into a reduction 
in the 𝑀𝑀𝑀𝑀𝑀𝑀 component derived from intrinsic differences in the 
constitution of the module, from 0.09% to 0.01%, following 
theoretical considerations. The 𝑀𝑀𝑀𝑀𝑀𝑀 component due to the non-
uniformity of rear irradiance in the bifacial PV array is deduced by 
comparing its functioning with and without the rear side of the 
modules covered by opaque canvas and results in about 0.2- 0.4%, 
which represents half of the total observed 𝑀𝑀𝑀𝑀𝑀𝑀. The difference 
between these components and the total 𝑀𝑀𝑀𝑀𝑀𝑀 observed is 
attributed to differences in the module operating temperature. The 
ageing of the monofacial PV array translates into an increase in 𝑀𝑀𝑀𝑀𝑀𝑀 
at a ratio of 0.04% per year. 
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1 | INTRODUCTION 

 

Mismatch losses, 𝑀𝑀𝑀𝑀𝑀𝑀, occur when the total power output of a PV array is less than the 

sum of the power outputs of the constituent modules as if they were acting independently, and 

arise from differences in the electric behaviour of these modules. The case of a string made up 

of 𝑁𝑁𝑆𝑆 modules connected in series can serve as a paradigm: for the given operating conditions, 

i.e., the incident in-plane irradiance, 𝐺𝐺 , and the temperature of the solar cell, 𝑇𝑇C, the current at 

the maximum power point of a generic module “i”, 𝐼𝐼MPP𝑖𝑖 , can give rise to differences between 

the modules. However, the connection in series forces the operating current to be the same 

throughout all the modules, thus preventing the modules from simultaneously operating at their 

respective maximum power point, 𝑀𝑀𝑀𝑀𝑀𝑀. This alignment of the currents will inevitably induce a 

modification in the operating voltage (it decreases when the current would like to increase and 

increases to decrease the current) which, in turns, give raise to a dispersion in the operating 

voltage of the modules concerned. 

 Variability in the I-V curves of the modules arises either from intrinsic differences in the 

constitution of the modules or from extrinsic differences in the operating conditions of the 

modules. Somewhat anomalous circumstances, like partial shading or passing clouds, give rise 

to large differences in 𝐺𝐺 and, consequently, large 𝑀𝑀𝑀𝑀𝑀𝑀1. This is mainly relevant in Building 

Integrated PV applications, and solutions for reducing 𝑀𝑀𝑀𝑀𝑀𝑀 have been proposed, such as 

modifying the array interconnections (linking internal points of different strings)2–8. However, 

this loss of energy is insignificant in the case of standard monofacial PV plants, whose arrays are 

made up of the parallel association of uniformly illuminated strings of modules.  

Statistics on the distribution of I-V characteristics of a set of commercial modules under 

Standard Test Conditions, STC, have been available for many years, and the  relationship 

between the 𝑀𝑀𝑀𝑀𝑀𝑀 and this information has been studied by several authors with the main 

objective of addressing whether the performance of the array can be improved by pre-sorting 

the modules or cells9–16. That was a relevant question years ago when modules were typically 

delivered to the market with 𝑀𝑀𝑀𝑀𝑀𝑀 power under Standard Test Conditions, 𝑀𝑀MPP∗ , at ±10% around 

the specified nominal value. However, commercial modules are now classified in such a way that 

this range has been drastically reduced. The coefficient of variation of MPP-related parameters, 

defined as the ratio between the corresponding standard deviation and the mean value for 

voltage, current and power, respectively is as follows: 
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𝐶𝐶𝐶𝐶𝑉𝑉M =
𝜎𝜎𝑉𝑉MPP
𝑉𝑉MPP

;𝐶𝐶𝐶𝐶𝐼𝐼M =  
𝜎𝜎𝐼𝐼MPP
𝐼𝐼MPP

 and 𝐶𝐶𝐶𝐶𝑃𝑃M =
𝜎𝜎𝑃𝑃MPP
𝑃𝑃MPP

        (1) 

 

They are low and tend to decrease as the module mass production progresses. For example,  
𝜎𝜎𝑃𝑃MPP
𝑃𝑃MPP

  was found to be about 2-3% in modules manufactured around 199011, and about 0.5% in 

modules manufactured around 201516 using multicrystalline Si BSF (Back Surface Field) 

technology, and it is certainly still lower at present with increased production and 

monocrystalline Si PERC (Passivated Emitter and Rear Cell) technology. The aforementioned 

studies are unanimous in pointing out that the corresponding 𝑀𝑀𝑀𝑀𝑀𝑀 is usually one order of 

magnitude less.  

Actual mismatch loss in-situ and in operating arrays can be greater due to non-

uniformity 𝑇𝑇C – differences between the modules of the same array may reach over 10 °C in 

standard PV generators17,18-; the relationship between field performance and measured 

performance under simulated light, that can make the actual variability greater than that 

deduced from the flash-reports; and the non-uniformity of illumination, especially in the case of 

bifacial generators because of the incident irradiance on its rear side, are usually non-uniform. 

This has been the object of recent studies19,20 which concluded that the 𝑀𝑀𝑀𝑀𝑀𝑀 resulting from this 

non-uniformity is usually less than 0.3% in practical PV systems. The voltage excursion induced 

by the inverters for searching the 𝑀𝑀𝑀𝑀𝑀𝑀 can also act as an additional source of 𝑀𝑀𝑀𝑀𝑀𝑀. But this 

excursion is usually below ±2% around the 𝑀𝑀𝑀𝑀𝑀𝑀, and the corresponding power loss is below 

0.2%. Hence, by gathering all of these sources, the operational 𝑀𝑀𝑀𝑀𝑀𝑀 must still be low, let us say, 

below 0.5%. 

The direct measurement of 𝑀𝑀𝑀𝑀𝑀𝑀 requires the actual 𝑀𝑀𝑀𝑀𝑀𝑀 power of a PV array to be 

measured as well as all of the modules that make it up, which is very difficult to achieve 

experimentally due to the environmental variabilities that arise in outdoor system 

measurements and the small magnitude of the mismatch itself. That explains why 𝑀𝑀𝑀𝑀𝑀𝑀 is 

usually tested using software simulation (PVMismatch19, SunSolve20, SPICE21, etc.). As far as we 

know, there are no examples in the literature of attempts to estimate the actual 𝑀𝑀𝑀𝑀𝑀𝑀 

experimentally in-situ in operating arrays. 

The contribution of this paper consists of experimentally investigating 𝑀𝑀𝑀𝑀𝑀𝑀, by 

observing the dispersion in the simultaneous operating voltage, 𝐶𝐶OP, of individual modules of a 
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same PV array under normal operating conditions, i.e. with the inverter delivering energy. The 

relationship between the corresponding coefficient of variation, 𝐶𝐶𝐶𝐶𝑉𝑉OP =
𝜎𝜎𝑉𝑉OP
𝑉𝑉OP

,  and 𝑀𝑀𝑀𝑀𝑀𝑀 is 

researched. This in-routine operation observation procedure is relatively easy to implement in 

practice, it having already been employed before to observe PID development in real-time in a 

PV generator during its operation22, using “T” shaped quick connectors to connect PV modules 

to each other, which are widely commercially available. This was carried out in two PV 

generators on the IES-UPM (Solar Energy Institute – Universidad Politécnica de Madrid) terrace, 

one monofacial and the other, bifacial. The evolution of 𝐶𝐶𝐶𝐶𝑉𝑉OP  has has been observed at the 

monofacial PV generator, for over 40 months (from February 25th 2017 to July 02nd 2020), and 

at the bifacial one for approximately 15 months (July 31st 2019 to October 19th 2020). The 

derived 𝑀𝑀𝑀𝑀𝑀𝑀 values have been analyzed and compared with theoretical estimates. 

 

 

2 | EXPERIMENTAL SET-UP AND THEORETICAL BACKGROUND 

 

2.1  |   Monofacial PV array 

 

Figure 1 (a) shows the monofacial PV array. It is made up of 21 Siliken SLK60P6L/ 245 Wp 

modules, connected 7 in series x 3 in parallel, south oriented and tilted 30°. Each module consists 

of the connection in series of 60 multicrystalline Si BSF solar cells. The array was installed in 

March 2013 and it routinely injects power into the grid. A nearby building and a tree cause shade 

in the morning and the afternoon, respectively. The time window free of shading, which is the 

only period considered in this experiment, varies, in 𝑈𝑈𝑇𝑇𝐶𝐶,  from about 8h 30min to 13h 45min 

in winter and from about 7h 00min to 14h 45min in summer. All of the connections between the 

modules are made through “T” connectors that allow 𝐶𝐶OP to be measured during normal 

operation; the temperatures at the centre of each module are measured with a PT1000 sensor 

(Figure 1 (b)). 𝐶𝐶OP and 𝑇𝑇C  are recorded using an Agilent/ Keysight data-logger with 20-bit 

digitalisation. 
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(a) (b) 

FIGURE 1      (a) Monofacial PV generator, (b) “T” shaped connector and PT1000 glued behind the 

module 

 

Before starting the 𝑀𝑀𝑀𝑀𝑀𝑀 observations, all modules have been individually tested 

outdoors, by means of a dedicated “solar box”23, for determining their STC characteristics. 

Furthermore, the series and shunt resistance, 𝑅𝑅S  and 𝑅𝑅SH, have been extracted from the I-V 

curves24. Table 1 summarises the results. We have recorded 𝐶𝐶OP with 5 min periodicity from 

February 25th 2017 to July 2nd 2020. In researching the reasons for 𝑀𝑀𝑀𝑀𝑀𝑀, we also have measured 

the temperature at the centre of the rear side of the modules, using PT1000 glued to the back-

sheet. The expected 𝑀𝑀𝑀𝑀𝑀𝑀 due to module-to-module variations can be estimated using the 

formula originally proposed for cell-to-cell variations10, once adapted for module-to-module 

variations13 : 

 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑐𝑐+2
2

[𝐶𝐶𝐶𝐶𝐼𝐼𝑀𝑀
2 �1 − 1

𝑁𝑁𝑆𝑆
� + 𝐶𝐶𝐶𝐶𝑉𝑉𝑀𝑀

2 �1 − 1
𝑁𝑁𝑃𝑃
� 1
𝑁𝑁𝑆𝑆

]   (2) 

 

Where 𝑁𝑁𝑆𝑆  and 𝑁𝑁𝑃𝑃  are, respectively, the number of modules in series and strings in parallel. c is 

defined by the fill factor, 𝐹𝐹𝐹𝐹, as: 

 

𝐹𝐹𝐹𝐹 = 𝑐𝑐2

(1+𝑐𝑐)[𝑐𝑐+ln (1+𝑐𝑐)]
     (3) 
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TABLE 1      STC characteristics of the modules that make up the monofacial PV array 

 𝑷𝑷𝐌𝐌𝐌𝐌𝐌𝐌 (𝑾𝑾) 𝑰𝑰𝐌𝐌𝐌𝐌𝐌𝐌 (𝐀𝐀) 𝑽𝑽𝐌𝐌𝐌𝐌𝐌𝐌 (𝑽𝑽) 𝑰𝑰𝐒𝐒𝐒𝐒 (𝐀𝐀) 𝑽𝑽𝐎𝐎𝐒𝐒 (𝐕𝐕) 𝑹𝑹𝐒𝐒 (𝛀𝛀) 𝑹𝑹𝐌𝐌 (𝒌𝒌𝛀𝛀) 

mean 228.3 7.9 28.8 8.5 36.8 0.35 0.7 

𝝈𝝈 3.7 0.1 0.2 0.2 0.2 0.05 0.4 

𝑪𝑪𝑽𝑽 (%) 1.6 1.3 0.69 2.3 0.54 14.3 57.1 

 

The values of table 1 with the equations (1) and (2) lead to 𝐹𝐹𝐹𝐹 = 0.73; c = 9.6 and 𝑀𝑀𝑀𝑀𝑀𝑀= 0.09 %. 

It is worth commenting that the support structure is straight and robust enough to be confident 

in that the PV modules are very well aligned. Moreover, the IES-UPM terraze is hardly affected 

by soiling. Hence, we have excluded non-uniform irradiance as possible reason of 𝑀𝑀𝑀𝑀𝑀𝑀. 

Transiente situations due to passing clouds are avoided by date filtering as explained later in this 

paper. 

 

 

2.2  |     Bifacial PV array 

 

Figure 2 shows the bifacial PV array, which has been injecting energy into the grid since 

May 14th 2019. It is made up of a single string of 19, 345 W TRINA DUOMAX TWIN TSM modules 

(Nominal values: 𝑀𝑀FRONT∗ = 345 𝑊𝑊, Bifacial power coefficient = 0.7) made up of monocrystalline 

PERC solar cells. Furthermore, a bifacial reference module is placed in the centre and an inactive 

module completes the surface of the 14m x 3m rectangle. For the purposes of this paper, it 

suffices to know that the reference module is electrically divided into three parts and that a vinyl 

sheet has been directly glued onto the rear side of the lower part, so that the corresponding 

short-circuit current is sensitive to the irradiance incident on the front side, 𝐺𝐺FRONT25. The array 

geometry is defined by a 20° tilt and is 1.4 m in height at the centre and is virtually free of 

shading. The ground under the table is covered by white bricks (albedo = 0.45). The rest of the 

ground is covered by gravel stone (albedo = 0.22). A strip of about 4 m wide is coated with 

quicklime from time to time (approximately every two months) and the corresponding albedo 

evolves from 0.6 at the beginning to 0.25 at the end. This ground arrangement provides an 
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irradiance bifacial ratio of more than 20%, which is rather larger than expected in most 

commercial PV systems, but suitable for observing some bifaciality related phenomena.  

 

 

 

 

(a) (b) 

FIGURE 2      (a) Front and (b) back view of the bifacial PV generator 

 

Particularly relevant for 𝑀𝑀𝑀𝑀𝑀𝑀 are the losses derived from the non-uniformity of the rear 

irradiance caused by both support structure shading and variations of the view factor from the 

ground to the different points of the PV array. Since October 5th 2019, three reference cells 

measure the 𝐺𝐺REAR in the centre and at the two edges (upper-right and lower-left, rear view) of 

the PV array. The non-uniformity of the rear irradiance is quantified by the non-uniformity index 

𝐺𝐺𝑁𝑁𝑈𝑈26, as: 

 

𝐺𝐺𝑁𝑁𝑈𝑈 =  𝐺𝐺MAX−𝐺𝐺MIN
𝐺𝐺MAX+𝐺𝐺MIN

     (4) 

 

where 𝐺𝐺MAX and 𝐺𝐺MIN are, respectively, the maximum and minimum of the 𝐺𝐺REAR values given 

by these three reference cells. As a representative example, Figure 3 details the evolution 

throughout October 11th 2020, a clear day, of 𝐺𝐺REAR measured in the centre and at the two 

edges of the PV array. The corresponding 𝐺𝐺𝑁𝑁𝑈𝑈 is also detailed. 𝐺𝐺REAR reaches 234 W/m2 in the 

lower-left edge (𝐺𝐺FRONT reaches 824 W/m2 at the same time) and 𝐺𝐺𝑁𝑁𝑈𝑈 remains relatively 

constant throughout the day at around 0.44. For our present purposes, it worth commenting 

that these figures are indicative of a rather large and non-uniform rear irradiance, which are 
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circumstances prone to favour a relatively large 𝑀𝑀𝑀𝑀𝑀𝑀.  

 

FIGURE 3      Evolution of the 𝐺𝐺REAR, measured throughout one day, at 3 points on the bifacial 

PV generator 

 

Before the installation, both sides of all the modules were tested (this time, employing 

a Berger PSS8 solar simulator with a flash duration of 10 ms) under single-side 1,000 W/m2 

illumination. Table 2 shows the STC characteristics of the front side and the maximum power 

bifaciality,𝜑𝜑P. 

 

TABLE 2      STC characteristics under front illumination and maximum power bifaciality of the 

modules which make up the bifacial array 

 𝑷𝑷𝐌𝐌𝐌𝐌𝐌𝐌 (𝑾𝑾) 𝑰𝑰𝑴𝑴𝑷𝑷𝑷𝑷 (𝐀𝐀) 𝑽𝑽𝑴𝑴𝑷𝑷𝑷𝑷 (𝑽𝑽) 𝑰𝑰𝐒𝐒𝐒𝐒 (𝐀𝐀) 𝑽𝑽𝐎𝐎𝐒𝐒 (𝐕𝐕) 𝑹𝑹𝐒𝐒 (𝛀𝛀) 𝑹𝑹𝐌𝐌 (𝒌𝒌𝛀𝛀) 𝝋𝝋𝐌𝐌 

mean 358.0 9.28 38.57 9.6 47.5 0.53 0.1 0.7 

 𝝈𝝈 1.2 0.04 0.14 0.03 0.05 0.01 0.04 0.01 

𝑪𝑪𝑽𝑽(%) 0.3 0.4 0.4 0.3 0.1 1.1 40.0 1.43 

 

The values of table 2 with the equations (1) and (2) lead to 𝐹𝐹𝐹𝐹 = 0.78; c = 13.9 and 𝑀𝑀𝑀𝑀𝑀𝑀= 0.01 

%. 



9 

 

From the beginning of the operation, we have recorded the 𝐶𝐶OP of 5 different modules 

selected so that the differences between the corresponding 𝐺𝐺REAR values are large. Again, all of 

the connections between the modules are made through “T” connectors that allow the 𝐶𝐶OP to 

be measured during normal operation. From October 9th, the 𝐶𝐶OP records have been extended 

to all of the 19 modules. Moreover, on November 13th, 4 reference cells were added, in addition 

to the three already available, to improve the spatial resolution of the 𝐺𝐺REAR measurement. 

That was to calculate the so-called Mean Absolute Difference, 𝑀𝑀𝑀𝑀𝑀𝑀 better, defined as 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  1
𝑛𝑛2𝐺𝐺𝑇𝑇����

 ∑ ∑ |𝐺𝐺𝑇𝑇,𝑖𝑖 −𝑛𝑛
𝑗𝑗=1

𝑛𝑛
𝑖𝑖=1 𝐺𝐺𝑇𝑇,𝑗𝑗|      (5) 

 

where n extends to all the points for which 𝐺𝐺REAR measurements are available and 𝐺𝐺𝑇𝑇  is the 

sum of the front and rear irradiations weighted by the efficiencies at the side of the respective 

module. 

  

 𝐺𝐺𝑇𝑇 = 𝐺𝐺FRONT + 𝜑𝜑P 𝐺𝐺REAR     (6) 

 

Note that 𝑀𝑀𝑀𝑀𝑀𝑀 is a descriptor of the dispersion of the generated current, which is the ultimate 

reason for 𝑀𝑀𝑀𝑀𝑀𝑀. The reason for adding the new reference cells was a publication from 202019 

detailing an empirical correlation between 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑀𝑀𝑀𝑀𝑀𝑀: 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇(%) = 0.142 𝑀𝑀𝑀𝑀𝑀𝑀(%) + 0.032 [𝑀𝑀𝑀𝑀𝑀𝑀(%)]2     (7) 

 

In this publication, 𝑀𝑀𝑀𝑀𝑀𝑀 is used to represent cell-to-cell irradiance variability within the same 

PV module and, consequently, 𝑀𝑀𝑀𝑀𝑀𝑀 are derived for this module in respect to homogeneous 

illumination. This research has attempted to explore to what extent this correlation can be 

extended to module-to-module irradiance variability and consequent 𝑀𝑀𝑀𝑀𝑀𝑀 array. 

Finally, from 17th to 24th November 2020, the rear side of the PV array was covered with 

an opaque canvas (Figure 4) to annulate 𝐺𝐺REAR, in an attempt to distinguish between different 

𝑀𝑀𝑀𝑀𝑀𝑀 components. Even if 𝐺𝐺REAR may vary throughout the year,  the correlation between 𝑀𝑀𝑀𝑀𝑀𝑀 
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and 𝐶𝐶𝐶𝐶𝑉𝑉OP  gives a clue that one week may be enough to give, at least, a first and secure 

conclusion about the contribution of this component. 

 

FIGURE 4      The rear side of the bifacial PV generator covered with the opaque canvas 

 

3 | 𝑴𝑴𝑴𝑴𝑴𝑴 AND DISPERSION OF OPERATING VOLTAGE 

 

We have estimated the 𝑀𝑀𝑀𝑀𝑀𝑀 for a particular distribution of 𝐶𝐶OP on the assumption that 

𝐶𝐶OP����� will be the 𝐶𝐶OP value of all the modules in the absence of mismatch. Then, the relative 

voltage deviation of a module “i” is defined as: 

 

𝛥𝛥𝑣𝑣OP𝑖𝑖 = �𝐶𝐶OP𝑖𝑖 −  𝐶𝐶OP������ / 𝐶𝐶OP�����    (8) 

  

and the related 𝑀𝑀𝑀𝑀𝑀𝑀 is computed as: 

 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑁𝑁
∑ |𝛥𝛥𝑣𝑣OP𝑖𝑖. �

𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
�
𝑖𝑖

|𝑁𝑁
𝑖𝑖=1     (9) 

 

where 𝛥𝛥𝛥𝛥/𝛥𝛥𝑣𝑣 represents the ratio between the relative power loss (in respect to 𝑀𝑀MPP) to the 

relative voltage deviation (in respect to 𝐶𝐶MPP). In other words, the ratio represents how much 

power loss a module has when its voltage operation varies with respect the voltage at the 𝑀𝑀𝑀𝑀𝑀𝑀. 

That is: 
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𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

=  
(𝑃𝑃𝑉𝑉OP−𝑃𝑃MPP)/𝑃𝑃MPP

(𝑉𝑉OP−𝑉𝑉MPP)/𝑉𝑉MPP
        (10) 

 

and “i” extends to all the N modules which make up the PV array in question. It should be noted 

that this 𝑀𝑀𝑀𝑀𝑀𝑀 calculating methodology captures the impact of module-to-module mismatch 

resulting from manufacturing variations as well as the non-uniform module operating 

temperature and, in case of bifacial PV generators, from differences in rear irradiance. However, 

the impact of cell-to-cell mismatch is not captured by this methodology, providing they 

uniformly affect all of the modules. For example, this could be the case of module power 

reduction caused by non-uniform 𝑇𝑇C within the same module, or the case of the 𝑀𝑀𝑀𝑀𝑀𝑀 caused 

by the torque tube shading in 1P (Portrait) one horizontal axis trackers. 

Because the similarity between the corresponding I-V curves, 𝛥𝛥𝛥𝛥/𝛥𝛥𝑣𝑣 can reasonably be 

considered as equal for all the N modules. Figure 5 shows ∆𝛥𝛥 versus ∆𝑣𝑣 as computed for the STC 

I-V curves of the monofacial and bifacial modules whose 𝑀𝑀MPP∗  is closer to the respective 

average. The asymmetry around ∆𝑣𝑣 = 0 reflects the asymmetry of the P-V curve around 𝐶𝐶M. 

However, the asymmetry for low |∆𝑣𝑣| is very slight, or even negligible in the bifacial case. For 

example, for the monofacial case, 𝛥𝛥𝛥𝛥(∆𝑣𝑣 = 3%) = − 0.75% and 𝛥𝛥𝛥𝛥(∆𝑣𝑣 = − 3%) =

− 0.59%. For the bifacial case, 𝛥𝛥𝛥𝛥(∆𝑣𝑣 = 3%) = − 0.48% and 𝛥𝛥𝛥𝛥(∆𝑣𝑣 = − 3%) = − 0.48%.  

 

 

FIGURE 5      𝛥𝛥𝛥𝛥 vs 𝛥𝛥𝑣𝑣 for the monofacial (red dots), and bifacial (blue triangles).  It is worth 

noting the similarity between the estimating losses in both PV generators 
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Note that, because 𝛥𝛥𝛥𝛥 and 𝛥𝛥𝑣𝑣 are defined in relative terms, the function 𝛥𝛥𝛥𝛥 versus 𝛥𝛥𝑣𝑣 is an 

invariant as regards the operating conditions, insofar as the Fill Factor variations can be ignored. 

That can be properly represented by a second-degree polynomial: 

 

𝛥𝛥𝛥𝛥 = 𝑎𝑎 𝛥𝛥𝑣𝑣 + 𝑏𝑏 𝛥𝛥𝑣𝑣2      (11) 

 

For both monofacial and bifacial PV modules, R2 > 0.98. 𝐹𝐹𝐹𝐹 affects the shape of the P-V curve 

and, so, the function 𝛥𝛥𝛥𝛥 versus 𝛥𝛥𝑣𝑣. In fact, 𝐹𝐹𝐹𝐹 tends to derease as 𝑇𝑇C increases. However, the 

corresponding variation is only about -0.1%/oC and can be ignored in most cases. Note that 

equation (11) helps in the task of calculating 𝑀𝑀𝑀𝑀𝑀𝑀 with equation (9).   

TABLE 3      Adjustment coefficients for estimating 𝑀𝑀𝑀𝑀𝑀𝑀 

 

 Monofacial Bifacial 

 Δv <0  Δv >0 Δv <0 Δv >0 

a 0.07 - 0.06 0.04 -0.08 

b - 0.13 - 0.21 -0.04 -0.08 

 

 

Table 3 shows the adjustment coefficients a and b for the two sides of the curve, 𝛥𝛥𝑣𝑣 < 0 

and 𝛥𝛥𝑣𝑣 > 0, respectively, and for the range |𝛥𝛥𝑣𝑣| ≤ 5%. Mismatching energy losses for a given 

period are calculated as the 𝑀𝑀𝑀𝑀𝑀𝑀 average weighted by the respective G. Thus, the daily and 

monthly losses, 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 and 𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚, respectively, are given by: 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 =
∑ 𝑀𝑀𝑀𝑀𝑀𝑀 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑 

∑ 𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑 
     (12) 

 

and 
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𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 = ∑ 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 𝐺𝐺𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ 
∑ 𝐺𝐺𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ 

    (13) 

 

where 𝐺𝐺𝑑𝑑 is the daily irradiation. 

To avoid 𝐶𝐶OP anomalies caused by partial shading, passing clouds, and turning the 

inverter on and off, the database has been filtered. Selected instants must accomplish three 

conditions: no shade cast by buildings or trees, in-plane 𝐺𝐺 ≥ 100 W/m2 and all the 𝐶𝐶OP values 

(for the instant considered) falling within the range of ± 3% around the median. This range is 

about three times the observed 𝐶𝐶𝐶𝐶𝑉𝑉OP  in absence of anomalies. This filter removes about 12% 

of daytime data.  

 Strictly speaking, the validity of the previous assumption, that 𝐶𝐶OP����� will be the 𝐶𝐶OP value 

of all the modules in the absence of mismatch requires both functions, 𝛥𝛥𝛥𝛥 versus 𝛥𝛥𝑣𝑣 and  the 

distribution of 𝛥𝛥𝑣𝑣OP, to be symmetric in respect to zero. Figure 5 shows that the first is close the 

case for the range |𝛥𝛥𝑣𝑣| < 3% that includes most observations. The following sections show that 

this is also close the case for the distribution of ∆𝑣𝑣OP.  

 

3.1  |  Monofacial Generator 𝑴𝑴𝑴𝑴𝑴𝑴 

As a representative case, Figure 6 (a) shows the distribution of 𝐶𝐶OP observed at 11h 

46min (𝑈𝑈𝑇𝑇𝐶𝐶) on July 25th 2017. The corresponding derived values are 𝐶𝐶𝐶𝐶𝑉𝑉OP   = 0.78% and 𝑀𝑀𝑀𝑀𝑀𝑀 

= 0.14%. As expected, 𝑀𝑀𝑀𝑀𝑀𝑀 is significantly lower than are 𝐶𝐶𝐶𝐶𝑉𝑉OP . In fact, MML is calculated as a 

mean relative deviation from the mean value, weighted by 𝛥𝛥𝛥𝛥/𝛥𝛥𝑣𝑣 (<1) while 𝐶𝐶𝐶𝐶𝑉𝑉OP  is a relative 

root mean square deviation, from the mean value . Figure 6 (b) shows the 𝑀𝑀𝑀𝑀𝑀𝑀 evolution 

throughout this same day. The corresponding 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 is 0.17%, which can be interpreted as the 

result of two additional components: 0.09% corresponding to the intrinsic dispersion in the 

constitution of the modules (see section 2.1) and 0.08% corresponding to extrinsic dispersion 

under the operating temperature. 95% of 𝑀𝑀𝑀𝑀𝑀𝑀 values are in the range (0.17 ± 0.05) % ± 3%. 

𝑀𝑀𝑀𝑀𝑀𝑀  increases when 𝐺𝐺 decreases. 
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(a) (b) 

FIGURE 6      (a) 𝐶𝐶OP distribution of instantaneous measurement -11h 46min (𝑈𝑈𝑇𝑇𝐶𝐶)- of all 21 modules 

and (b) 𝑀𝑀𝑀𝑀𝑀𝑀 (%) evolution throughout the day- July 25th 2017-, between the period without any 

shade on the panel 

 

One possible reason is the large dispersion of 𝑅𝑅SH. Because of the relative effect of 𝑅𝑅SH on the 

power of the module which increases as G decreases1, and because the module technology 

concerned (BSF multicrystalline solar cells) is particularly prone to a large 𝑅𝑅SH dispersion, as 

already shown in Table 1, the relative power mismatch must also increase when G decreases. 

Figure 7 shows the evolution of 𝛥𝛥𝑣𝑣OP for four different modules throughout this same day. Note 

that the correlative order of the modules according to 𝛥𝛥𝑣𝑣OP remains a close constant. This 

suggests that actual mismatching is dominated by differences in the constitution of the module, 

which is a stable phenomenon, while differences in 𝑇𝑇C, which can vary with wind speed, play a 

secondary role. In the same way, the expected mismatch from variability in module constitution, 

𝑀𝑀𝑀𝑀𝑀𝑀 = 0.09% (see above), represents more than half of the total mismatches. 

 

1 The absolute current loss through 𝑅𝑅SH decreases as 𝐺𝐺 decreases, because  𝑅𝑅SH increases and 𝐶𝐶M varies 

very little. However, the generated current decreases faster. For example, for a typical c-Si module, when 

𝐺𝐺 decreases from 1,000 W/m2 to 200 W/m2, 𝑅𝑅SH increases by a factor of about 2, leading the 

corresponding current loss decreasing by the same factor. However, the generated current decreases by 

a factor of 5. Hence, the relative current loss through Rp increases by a factor of 2.5 and, because 𝐶𝐶M  

varies very little, that translate into a similar increase in power loss.  
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FIGURE 7      Evolution of 𝛥𝛥𝑣𝑣OP throughout July 25th 2017 for four different modules. The 

correlative order of the modules  according to 𝛥𝛥𝑣𝑣OP remains a close constant  

 

Figure 8 (a) shows the 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 evolution in February 2019. The corresponding 

𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 value is 0.19%. Figure 8 (b) plots the evolution of 𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 along over approximately 3.5 

years. It increases over time at a ratio of 0.04% per year. This is because the standard deviation 

of the module powers increases due to the ageing of the modules27–31. A specific work21 reports 

4.5 times of 𝑀𝑀𝑀𝑀𝑀𝑀 increase over 5.5 years. This is in coherence with our observations. We do not 

have a clear explanation for the month-to-month variations. 

 

 

 

(a) (b) 

FIGURE 8      (a) 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 evolution over a month and (b) 𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 evolution over approximately 3.5 

years 
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Figure 9 plots 𝑀𝑀𝑀𝑀𝑀𝑀 versus 𝐶𝐶𝐶𝐶𝑉𝑉OP  for all data. The close relationship is noticeable and 

well described (R2 > 0.99) by: 

 

 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑎𝑎 𝐶𝐶𝐶𝐶𝑉𝑉OP + 𝑏𝑏 𝐶𝐶𝐶𝐶𝑉𝑉OP
2      (14) 

with 𝑎𝑎 = 0.002 and 𝑏𝑏 = 0.17. This equation allows for directly calculating MML from the 

experimental measurement of the operation voltage dispersion.  

 

 

FIGURE 9      𝑀𝑀𝑀𝑀𝑀𝑀(%) vs the relative voltage deviation (%) for more than 40 months of collected 

data, evidencing the quadratic correlation independently of the period of the year (red dots) 

 

Finally, Figure 10 plots 𝐶𝐶𝐶𝐶𝑉𝑉OP  versus the coefficient of variation of the temperature of 

the module, 𝐶𝐶𝐶𝐶𝑇𝑇C  - defined as the ratio between the corresponding standard deviation and the 

mean value for the cell temperature -, for a sunny day (July 25th 2017). They appear to be linearly 

related, as expected, but the correlation is low. This is probably related to the temperature 

dispersion inside the PV generators17 and is coherent with the assertion of other reference32, 

that the impact of temperature gradients on 𝑀𝑀𝑀𝑀𝑀𝑀 is almost negligible.  
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FIGURE 10      Correlation of the coefficients of variation of 𝐶𝐶OP and 𝑇𝑇C for a sunny day 

 

3.2  |   Bifacial Generator 𝑴𝑴𝑴𝑴𝑴𝑴 

As the generated current is directly proportional to the sum of the front and rear 

irradiances weighted with the respective efficiency from each side, the corresponding non-

uniformity index, 𝐼𝐼𝑁𝑁𝑈𝑈, is calculated as 

 

𝐼𝐼𝑁𝑁𝑈𝑈 = 𝜑𝜑I(𝐺𝐺MAX−𝐺𝐺MIN)
2 𝐺𝐺FRONT+ 𝜑𝜑P(𝐺𝐺MAX+𝐺𝐺MIN)     (15) 

 

where 𝜑𝜑I is the maximum current bifaciality.  

Figure 11 shows the 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐼𝐼𝑁𝑁𝑈𝑈 evolution over two days with the rear side of the 

modules uncovered (October 11th 2020) and covered (November 19th 2020), respectively. Both 

are clear days and the 𝑀𝑀𝑀𝑀𝑀𝑀 have been calculated from the distribution of the 𝐶𝐶OP observed in 

the 19 modules which make up this array. The corresponding 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 are 0.25% and 0.11%, 

respectively. The difference between these two values, 0.14%, indicates the portion of losses 

due to the non-uniformity of 𝐺𝐺REAR, which is now the dominant mismatch phenomenon, 

accounting for approximately half of the total 𝑀𝑀𝑀𝑀𝑀𝑀. On the other hand, the portion due to 

differences in the constitution of the module is 0.01% (see section 2.2), which is practically 

negligible. Hence, the portion due to differences in 𝑇𝑇C is estimated at 0.1%, which is like that 

found in the monofacial generator.  
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(a) (b) 

FIGURE 11      𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐼𝐼𝑁𝑁𝑈𝑈 evolution over two days with the rear side of the PV generator (a) 

uncovered (October 11th 2020) and (b) covered (November 19th 2020) 

 

 

Figure 12 details the evolution of the 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 over two different consecutive sunny days, 

with the rear side uncovered (from October 10th 2020 to October 12th 2020) and with the rear 

side covered (from November 19th 2020 to November 23rd 2020). This shows that the 𝑀𝑀𝑀𝑀𝑀𝑀 

figures previously deduced for two days are reasonably representative. 

  

(a) (b) 

FIGURE 12      𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 evolution over two different sunny days, (a) with the rear side of the PV 

generator uncovered and (b) with the rear side covered 
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Figure 13 shows the evolution of 𝛥𝛥𝑣𝑣OP for three different modules over a day with the 

rear side uncovered (left) and over a day with the rear side covered (same days considered at 

Figure 11). The non-uniform rear illumination amplifies the voltage dispersion and even changes 

the correlative order of the modules according to 𝛥𝛥𝑣𝑣OP. 

  

(a) (b) 

FIGURE 13      Evolution of 𝛥𝛥𝑣𝑣𝑂𝑂𝑃𝑃 over two distinct sunny days for 3 modules of the bifacial 

PV generator, (a) uncovered (October 11th 2020) and (b) covered (November 19th 2020) at 

the rear side 

 

 

Figure 14 plots 𝑀𝑀𝑀𝑀𝑀𝑀 versus 𝐶𝐶𝐶𝐶𝑉𝑉OP . Both appear strongly correlated (with an R2>0.98) 

and equation 14 applies again, with coefficients a =0.02 and b=0.06. The dashed green line is 

the adjustment line for the monofacial data (Figure 9). Note that given a same 𝐶𝐶𝐶𝐶𝑉𝑉OP  𝑀𝑀𝑀𝑀𝑀𝑀 is 

greater for the monofacial than for the bifacial array. That can appear somewhat surprising, 

because the corresponding 𝑁𝑁S is less for the monofacial than for the bifacial array (19 versus 7) 

and it is generally believed that the larger  𝑁𝑁S  the larger 𝑀𝑀𝑀𝑀𝑀𝑀. However, when the  𝐼𝐼M value of 

every module is less than the average short-circuit current of all the modules, the 𝐼𝐼M of a series 

interconection  of modules will operate very close to the average 𝐼𝐼M of all the modules33, not at 

the lowest 𝐼𝐼M. The latter assumption, which is the basis of the belief that that the larger 𝑁𝑁S  the 

larger 𝑀𝑀𝑀𝑀𝑀𝑀,  is a common misconception originating from when module variance was generally 

much higher15. In general averaging improves with the number of elements, which can help to 

explain the observed difference on the relation between 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐶𝐶𝐶𝐶𝑉𝑉OP  at the two PV arrays.  
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FIGURE 14      𝑀𝑀𝑀𝑀𝑀𝑀(%) vs the relative voltage deviation (%) for all data, evidencing the 

quadratic correlation independently of the time of year 

 

Figure 15 (a) plots the 𝐶𝐶𝐶𝐶𝑉𝑉OP  observed just taking into account the 5 modules in which 

we have measurements from the beginning of the system operation versus 𝐶𝐶𝐶𝐶𝑉𝑉OP  observed in 

all of the 19 modules making up the PV array. This figure has been obtained with simultaneous 

measurements from 10th to 11th October 2020. The corresponding correlation (coefficient = 

0.77; R2= 0.60) is reasonable for extending the estimation of 𝑀𝑀𝑀𝑀𝑀𝑀 to the entire period from the 

beginning of the system operation. Figure 15 (b) shows the result in monthly terms. The 

adjustment line is horizontal, since degradation over one year is insignificant. 

  

(a) (b) 

FIGURE 15 (a) The relationship between 𝐶𝐶𝐶𝐶𝑉𝑉𝑂𝑂𝑃𝑃  using all of  the 19 modules and only the 5 

modules that were been measured and (b) 𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 since the beginning of the operation 
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 Finally, Figure 16 plots the evolution over a day for the 𝑀𝑀𝑀𝑀𝑀𝑀 suggested by our method 

and 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 - as calculated by equation 7-, for October 11th 2020. Both values are detailed and 

show that the observed 𝑀𝑀𝑀𝑀𝑀𝑀 are lower than expected from this equation. This can be either 

because the equation, which has been derived for a single PV module, is not representative of 

what happens in a whole array, or because the position of the seven cells measuring 𝐺𝐺REAR is 

not representative of the spatial distribution throughout the full array. Further research into this 

issue is for future work. 

 

FIGURE 16      𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 – as calculated by Equation 7 -, for a single day (October 11th 

2020) 

4 | CONCLUSIONS 

 

We have experimentally researched 𝑀𝑀𝑀𝑀𝑀𝑀 by observing the dispersion in the operating 

voltage of the individual modules making up a PV array under normal operation, i.e., with the 

inverter delivering energy to the grid. This in-routine operation procedure has been 

implemented, using “T” shaped quick connectors to connect the PV modules to each other, in 

two different PV generators at the IES-UPM external facilities: a 5.1 kWp with monofacial 

multicrystalline BSF cells, installed in March 2013, and a 6.6 kWp with bifacial monocrystalline 

PERC cells, installed in May 2019.  

We have quantified the 𝑀𝑀𝑀𝑀𝑀𝑀 with the hypothetical case in which all of the modules 

have the same operating voltage and equal to the observed average. For that, a quadratic 

relationship between relative power and relative voltage deviations has been derived from the 

power- voltage curve of a module.  

The monofacial PV array is made up of 21 modules (7 in series x 3 in parallel).  The 𝑀𝑀𝑀𝑀𝑀𝑀 
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derive from intrinsic differences in the constitution of the module and differences in the 

operating temperature of the module. 𝑀𝑀𝑀𝑀𝑀𝑀 represent about 0.1 – 0.2% of the total monthly 

energy production, and both 𝑀𝑀𝑀𝑀𝑀𝑀 sources (intrinsic dispersion in modules constitution and 

extrinsic dispersion in operating temperature) had a similar weight. Then, the 𝑀𝑀𝑀𝑀𝑀𝑀 increase 

over time at a ratio of 0.04% per year, because of increasing differences in the constitution of 

the module due to ageing.  The 𝑀𝑀𝑀𝑀𝑀𝑀 shows a slight increase when irradiance decreases. This is 

probably due to shunt resistance dispersion, which is typically large in the case of 

multicrystalline BSF cells. 

The bifacial PV array is made up of 19 modules associated in series. The original ground 

has been arranged, a part covered with white bricks and a part coated with quicklime, to get 

rather large and non-uniform rear irradiance, which are circumstances prone to favour relatively 

large 𝑀𝑀𝑀𝑀𝑀𝑀. They represent about 0.2 – 0.4% of the total monthly energy production. 𝑀𝑀𝑀𝑀𝑀𝑀 

derive from intrinsic differences in the constitution of the module (0.01%), from differences in 

the operating temperature of the module (0.1%) and differences in rear illumination 

(approximately half of the 𝑀𝑀𝑀𝑀𝑀𝑀). 

In both cases, there is a close and quadratic relationship between 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐶𝐶𝐶𝐶𝑉𝑉OP  so 

that the latter can be used as a proper indicator of the former.  
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Nomenclature: 

 

𝐶𝐶𝐶𝐶𝐼𝐼M  Coefficient of variation of 𝐼𝐼MPP 

𝐶𝐶𝐶𝐶𝑃𝑃M Coefficient of variation of 𝑀𝑀MPP 

𝐶𝐶𝐶𝐶𝑇𝑇C  Coefficient of variation of 𝑇𝑇C 

𝐶𝐶𝐶𝐶𝑉𝑉M  Coefficient of variation of 𝐶𝐶MPP 

𝐶𝐶𝐶𝐶𝑉𝑉OP  Coefficient of variation of 𝐶𝐶OP 

𝐹𝐹𝐹𝐹 Fill Factor 

𝐺𝐺 In-plane solar irradiance [W/m2] 

𝐺𝐺𝑑𝑑 In-plane solar daily irradiation [Wh/m2] 

 𝐺𝐺FRONT Solar irradiance on the front side of the PV generator [W/m2] 

𝐺𝐺MAX, 𝐺𝐺MIN Maximum and minimum values of solar irradiance, respectively 
[W/m2] 

𝐺𝐺REAR Solar irradiance on the rear side of the PV generator [W/m2] 

𝐺𝐺𝑇𝑇 Total equivalent irradiance incident on the bifacial PV generator 
[W/m2] 

𝐺𝐺𝑇𝑇,𝑖𝑖, 𝐺𝐺𝑇𝑇,𝑗𝑗 The total irradiance incident at a measurement point “i”, “j”, resulting 
from the sum of the front and rear irradiances [W/m2] 

𝐺𝐺𝑁𝑁𝑈𝑈 Irradiance non-uniformity index 

IES-UPM Instituto de Energía Solar – Universidad Politécnica de Madrid / Solar 
Energy Institute – Technical Madrid University 

𝐼𝐼MPP𝑖𝑖  Current at the maximum power point of a generic module “i” [A] 

𝐼𝐼MPP Current at the MPP [A] 

𝐼𝐼SC Short circuit current [A] 

𝐼𝐼𝑁𝑁𝑈𝑈 Current non-uniformity index 

𝑀𝑀𝑀𝑀𝑀𝑀 Mean absolute difference between n measurement points 

𝑀𝑀𝑀𝑀𝑀𝑀 Mismatch Losses [%] 

𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 Integrated mismatch losses for one day [%] 
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𝑀𝑀𝑀𝑀𝑀𝑀𝑚𝑚 Integrated mismatch losses for one month [%] 

𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 Total mismatch losses as defined from the MAD [%] 

𝑀𝑀𝑀𝑀𝑀𝑀 Maximum power point 

𝑁𝑁𝑃𝑃 Number of strings in parallel 

𝑁𝑁𝑆𝑆 Number of modules in series 

𝑂𝑂𝑀𝑀 Operating Point 

𝑀𝑀FRONT∗  Maximum frontal power at STC for a bifacial module [W] 

𝑀𝑀MPP    Maximum Power Point  [W] 

𝑀𝑀REAR∗  Maximum rear power at STC for a bifacial module [W] 

𝑀𝑀VOP Power at a given 𝐶𝐶OP [W] 

𝑅𝑅SH Shunt resistance [Ω] 

𝑅𝑅S Series resistance [Ω] 

Si BSF Silicon Back Surface Field Cell 

Si PERC Silicon Passivated Emitter and Rear Cell  

𝑆𝑆𝑇𝑇𝐶𝐶 Standard Test Conditions 

𝑇𝑇C PV module solar cell temperature [°C] 

𝑈𝑈𝑇𝑇𝐶𝐶 Coordinated Universal Time 

𝐶𝐶MPP Voltage at the MPP [V] 

𝐶𝐶M Maximum voltage [V] 

𝐶𝐶OC Open circuit voltage [V] 

𝐶𝐶OP Operation voltage [V] 

𝛥𝛥𝛥𝛥 Relative power loss respect to 𝑀𝑀MPP [W] 

𝛥𝛥𝑣𝑣 Relative voltage deviation respect to 𝐶𝐶MPP [V] 

𝛥𝛥𝛥𝛥
𝛥𝛥𝑣𝑣

 Ratio between relative power loss and relative voltage deviation 

𝛥𝛥𝑣𝑣OP𝑖𝑖 Relative operation voltage deviation from a single module in respect 
to the mean operation voltage of all modules [V] 
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𝜑𝜑I Bifaciality coefficient, defined as the ratio between the generated 
current from the rear side to the front side of the module 

𝜑𝜑P Bifaciality coefficient, defined as the ratio between the power from 
the rear side to the front side of the module 

𝜑𝜑I Bifaciality coefficient in terms of the ratio between the generated 
current from the rear and front side of the module 

𝜎𝜎 Standard deviation 
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