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Abstract. A model to evaluate the performance of high concentrator photovoltaics (HCPV) modules (that generates 
current-voltage curves) has been applied together with a Monte Carlo approach to obtain a distribution of modules with a 
given set of characteristics (e.g., receivers electrical properties and misalignments within elementary units in modules) 
related to a manufacturing scenario. In this paper, the performance of CPV systems (tracker and inverter) that contain the 
set of simulated modules is evaluated depending on different system characteristics: inverter configuration, sorting of 
modules and bending of the tracker frame. Thus, the study of the HCPV technology regarding its angular constrains is 
fully covered by analyzing all the possible elements affecting the generated electrical power.  

INTRODUCTION  

An inherent characteristic of High Concentrator Photovoltaics (HCPV) modules is a tight mechanical tolerance 
caused by the narrow angular transmission of the optical system, typically close to one degree [1]. Misalignments 
(that occur if module components do not share the same optical axis) caused during the assembly process in the 
production line of modules degrade not only the electrical but also the angular performance of the module [2]. 
Moreover, dispersion in the electrical characteristics of the receivers within a module produces power losses. Thus, 
quality control and data analysis in the production line are of great significance for tuning the production line, and 
preserving the angular tolerance and the electrical performance.  

A pilot production line for HCPV modules, carried out within the European funded ECOSOLE project [3], was 
studied in the past [4]. Several quality controls were established: the binning of the photovoltaic receivers by a solar 
simulator for CPV receivers, the measurement of misalignments among the elementary units within every module 
by the Module Optical Analyzer (MOA) and the luminescence-inverse method [5], and the indoor electrical 
characterization of every CPV module by a proper solar simulator [6]. 

Based on data gathered from ECOSOLE experience, a model was developed and validated prior to this study. 
This model may be used to generate the IV curve characteristics of CPV modules  under a Monte Carlo approach  by 
feeding it with statistical distributions of module characteristics related to a manufacturing scenario [7–9]. In 
particular, input data for the model are, among others, the IV curve-shape and the angular transmission curve of the 
elementary unit (i.e., Fresnel lens and photovoltaic receiver) of the module, the short circuit current Isc and open 
circuit voltage Voc values, and the pointing vectors (i.e., optical axes) of every elementary unit in the module 
(differences between optical axes are traduced to misalignments between units).  

With this model, the IV curves of 8000 CPV modules have been simulated, each one based on different 
parameters: Isc, Voc, and misalignments values of every elementary unit are randomly selected. This paper explains a 
second simulation of 100 CPV systems (i.e., tracker and inverter) that comprise the modeled 8000 modules.  The 
objective of this second simulation is to study the performance (generated electrical power) of systems of a given 
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CPV technology depending on different system characteristics (e.g., inverter configuration, module classification, 
bending of tracker frame…).  

The structure of this paper is as follows: firstly, a description of the modules characteristics that formed the 
simulated CPV systems is included (the intention of this section is not to provide a deep understanding of the CPV 
module simulation, as it is out of the scope of this article, but to describe the module properties), and secondly, the 
characteristics of the simulated CPV systems are presented. Thirdly, a brief explanation of the simulation of CPV 
systems and its main important results is included. The article ends with the conclusions of this work. 

ANALYSIS OF SYSTEM PERFORMANCE 

The description of the different elements included in the simulated CPV system, as the installed modules, the 
sorting strategy for modules, the chosen inverter and its configuration, and the tracker characteristics (e.g., bending 
of the tracker frame) are presented in the following paragraphs. After this, the simulation of the CPV system and 
some of the obtained results are explained. 

CPV Module Characteristics 

The evaluated module dimension is 1100mm X 550 mm approximately and consists of 72 elementary units (12 
units x 6 units) series connected with each unit formed by a Silicone-on-Glass (SoG) Fresnel lens aligned with a  
photovoltaic receiver, based on an inverted dielectric pyramid and a three-junction (3J) photovoltaic solar cell, 
leading to a geometrical concentration higher than 1100X.  

A model to generate IV curves of CPV modules, that has been developed and validated prior to this study, has 
been used to simulate the Pmp and Isc of 8000 modules.  

The model generates the IV curve of a CPV module based on the IV curves of all the unit in the modules 
considering the parallel/series module connection (in this case, all units in series), the binning of receivers (in this 
case, nine classes), and a bypass-diodes (in this case, one per unit). The IV curve of a given unit in the module may 
be simulated if randomly selecting the Isc, the Voc and the misalignment (translated to a decreasing factor of Isc as 
function of the angular transmittance of the elementary unit, already known) from the input statistical distributions, 
and normalizing the IV curve of the elementary unit (already known, in this case by a characterization in a solar 
simulator for CPV modules) to these values.  

Next paragraphs explain the input statistical distributions (receiver’s characteristics and misalignments) used to 
simulate the 8000 CPV modules, based on the ECOSOLE measured data but with certain modifications, in order to 
reproduce a production line scenario instead a pilot line (in a tuning phase). 

Regarding the receivers distribution, the short circuit current Isc of the module is modeled by a Gaussian 
distribution with R=35mA, 3.4 % of the average value, and the open circuit voltage Voc of the cells is given by a 
Gaussian distribution of sigma Voc 14.2 mV and mean Voc=3.11V. These distributions are chosen because they are 
slightly wider (mostly in Isc) than the one measured at production line (at ECOSOLE project experience) in which 
the receiver population belonged to only one supplier with cells from the same bunch (only a few wafers).  In a 
production line scenario different from ECOSOLE (which was in a tuning phase), the distribution is expected to be 
slightly wider as cells come from different bunches, wafers and even different manufactures. 

The modules are simulated as if they are manufactured while sorting the receivers within classes. For the 
modeled receiver distribution, sorting between different classes based on Isc was proven to improve the electrical 
performance of the production (1.7% on Pmp). There was no significant effect if increasing the number of classes for 
the binning to more than 9, so this number was chosen to be the optimum. 

The misalignments (i.e., differences between pointing vectors or optical axis) characteristic, in degrees, is 
simulated by a Gaussian distribution for each elementary unit of the module (FIGURE 1). The mean and sigma 
values of each distribution are based on measurements performed in the production line of ECOSOLE during its 
tuning with some difference. The sigma values have been modified by narrowing all the distributions by the same 
factor, to have the average sigma value of 0.06 and 0.09 degrees instead of 0.14 degrees and 0.24 degrees (these two 
last values corresponds to measurements at ECOSOLE pilot line). The reason is that, after a proper adjustment of 
the production line, misalignments distributions are expected to follow a narrower Gaussian distribution [7]. The 
average mean value of the misalignments distributions is equal zero. However, different mean values within units 
distributions (see white squares in FIGURE 1 (a)) are modeled, which would imply Pmp losses. 
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FIGURE 1 shows a non-equal performance in the short and the long side of modules that was measured in the 
ECOSOLE pilot line (FIGURE 1 (a)) and has been included in the simulation (FIGURE 1 (b)). The reason is because 
the different kinds of defects that cause misalignments in the module (e.g., receiver location on back plane or 
bending of lenses parquet), usually produce a space-dependence of the misalignments in the module (for example, 
regarding the receiver’s location, the longest the distance to be completed with receivers, the highest the 
accumulated error).  

FIGURE 1. (a) Mean value (white squares) and standard deviation (std) marks (bars) of the measured misalignment distributions 
at ECOSOLE project (with average sigma values of 0.14 degrees and 0.24 degrees for short and long sides, MS and ML) of each 

unit in the module (labeled from 1 to 72, for a front view of module corresponding 1 to the up-left corner and 12 to down-left 
corner (first column of 12 units), increasing from left to right up to 6 columns) for short and long sides of modules. Mean values 
are pointed out for unit labeled 64; (b) Simulated misalignments as Gaussian distributions with different sigma and mean values, 
for short and long sides of modules. The average sigma values are 0.06 and 0.09 degrees for short and long sides of modules ( MS 

and ML) while the average mean values are equal 0. 

CPV System Characteristics: Module Classification, Inverter Configuration and Tracker 
Bending  

A high accuracy bi-axial solar tracker of about 15kW, formed by 80 modules, and designed for utility-scale 
applications is simulated. The tracker is formed by two symmetric frames mounted on the top of a pole.  Each frame 
is formed by 8 parallel of 5 modules in series (8 modules x 5 modules) as presented in FIGURE 2. In the modeled 
tracker, the number of modules connected in series is fixed so the voltage does not exceed 900 V which is a 
reasonable value considering the minimum requirement for the electrical insulation (dry hi-pot test) imposed in the 
CPV qualification standard IEC 62108IEC norms [10]. The CPV system is simulated while varying its 
characteristics in three terms: the module classification, the inverter configuration, and the tracker bending. 

The Module Classification. and the Inverter Configuration 

Modules at production can be sorted in different classes to have trackers with modules with similar electrical 
performance. The different classes are related to spaced slots of same wide each based on Pmp (or Imp) values. 
Therefore, how the modules are connected within the array is carried out according to the sorting of modules, as 
those modules with similar performance are connected in series to minimize mismatch losses. 

There are two different configurations for this system element: 
Option A: Each CPV module has its own DC/AC inverter (94% achieved conversion efficiency). Thus, each
module is independent from the other ones having its own MPP (maximum power point) at a given tracker
position, so the maximum available power is always extracted from each module without reduction of
mismatching effect or shadowing problems at system level. The inverter outputs are connected in parallel
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and routed to the three phase 400V AC grid. This inverter configuration is based on the development carried 
out by BECAR company in the ECOSOLE project [11]. If each module has its own inverter, there is no 
need of module binning or special care when connecting modules in series/parallel at tracker level. In this 
case, the output power is calculated as the sum of the contribution of all modules at the minimum bias 
voltage of the set of modules (as connected in parallel). 

 Option B: All modules are connected to the same inverter. In this case, the output power is calculated as the 
maximum power delivered by the modules properly connected in series/parallel.  

The Tracker Bending 

Due to the tracker design, some bending in the frames could appear if the structure is not rigid enough. The 
tracker bending is simulated as an additional misalignment in the X and Y directions of the tracker that is coincident 
with the long and short sides of the module (see FIGURE 2). The tracker bending is described by the maximum 
values obtained at the edges of the frame. The bending increases uniformly from 0 (expected at the center of the 
tracker structure) to that maximum value, so the module is affected by a particular bending depending on its 
(randomly by simulation) location on the tracker frame. When adding this bending to the module performance, 
depending on the original module misalignment (caused by lack of alignments between module components), could 
be advantageous (if it is contrary to the average module misalignments) or disadvantageous (if it increases the total 
module misalignment). Losses due to bending are modeled by a factor affecting the module current which is related 
to the angular transmittance of the module at the total misalignment (related to module alignment plus tracker 
bending). 

 
FIGURE 2. Flow-chart of the Monte Carlo simulation for the analysis of systems performance. 

Three different bending of the tracker frame have been simulated: 
 Bending only on vertical direction (Y): The bending is assumed to be larger in the vertical direction due to 

the tracker structure. A conservative value of ±0.2 degrees at the frame edges is simulated (Figure 3) based 
on previously measured bending in a similar but smaller tracker (at ECOSOLE project experience) [4].  

 Equal bending (i.e., equal change in slope, degrees/m) on horizontal and vertical directions (X, Y): This 
bending implies that maximum angles due to bending are doubled in X direction with respect to vertical 
direction Y due to the tracker frame dimension (frame size in X is twice the Y).  

 Equal maximum bending on horizontal and vertical directions (X, Y): This bending implies that maximum 
angles due to bending are equal in both X and Y directions, which means that in vertical direction the 
bending is twice the one in horizontal, which is reasonable due to the tracker structure. 

Simulation Description of CPV Systems and Obtained Results 

A case of study is presented, in which 8000 modules (with the above characteristics) are installed in several 
trackers to attain the maximum generated power. As each tracker is formed by 80 modules, 100 trackers are 
simulated while varying different system characteristics: 
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 Number of classes (Nc) for sorting of modules (based on Imp or Pmp values). Varying this parameter from 1 
to 10, the generated power depending on the number of module classes (ideally to be translated to tracker 
classes) is evaluated. 

 Inverter configuration: one per module or one per tracker. 
 Tracker bending: from 0 up to ±0.6 degrees (maximum angle of bending in Y direction), as higher tracker 

errors may be considered out of the requirements needed for CPV trackers. 

In each iteration, a system is simulated thus the generated power is obtained. The 80 modules comprising the 
system are selected from the starting modules distribution (8000 units) and these modules are only simulated once, 
so after the system is modeled, its modules are removed from the original distribution.  

Next figures show the results obtained for the case in which sorting of modules is based on Pmp values. Similar 
results are obtained if modules sorted by Imp values, as both distributions (Pmp and Imp) are very similar due to low 
receivers Voc variation between modules.  

 
       

FIGURE 3. (a) Power distribution of trackers for  different simulated cases, with the module classification based on Pmp values; 
(b) Power generated by simulated systems for a tracker bending of ±0.2 degrees in Y direction. Color legend match in both 

figures (a) and (b), grey dots in (b) are simulation cases not showed in (a). 
 

 
FIGURE 4. Systems power losses (with respect to the case of no bending) for one inverter per module (points), and one inverter 
per tracker (lines) and Nc=10. Three bending trackers are simulated: bending only in Y direction (green dots), maximum equal 

bending in X and Y direction (orange rhombuses) and equal bending which means maximum bending in X doubles Y (red 
squares). 
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FIGURE 3(a) presents the histogram of power generated by the simulated systems depending on the number of 
classes chosen to sort the modules and the inverter configuration (one per tracker or per module). For every case, 
100 different systems are simulated, comprising the same bunch of 8000 CPV modules. The system distribution is 
wider if the number of classes increases. For one inverter per module, the system distribution is narrower (systems 
are more similar within them) as modules are uniformly distributed within the 100 simulated systems. FIGURE 3 (b) 
presents the generated power of the 100 systems depending on the number of classes and the inverter configuration 
(one per tracker or per module) for the particular case of a tracker bending of ± 0.2 degrees only in Y direction. 
FIGURE 4 presents the system power losses for two different cases: first for one inverter per module, and second, 
one inverter per tracker and Nc=10. 

CONCLUSIONS 

The following conclusions can be derived from the simulation of CPV systems performance: 
 Inverter configuration: one per module or per tracker. 

System losses depends on the tracker bending (up to 20%-25% if maximum bending in X doubles Y), and 
obviously, there is an improvement in power generation for one inverter per module. For the case under 
study, if no sorting of modules (Nc=1), this improvement ranges from 2% of the total generated power (see 
Figure 3 (b)) up to 10%. This last value is obtained for large bending angles of ±0.6 degrees in Y and ±1.2 
degrees in X (maximum bending in X doubles Y). Nevertheless, the maximum tracker bending is expected 
to be within ±0.6 degrees in both directions at most, and in this case, the improvement is close to 3.4%.  

 Sorting based on Imp vs. Pmp values of modules: 
The sorting of modules seems to be not dependent on the kind of chosen value, Imp and Pmp. However, if 
the temperature effect on modules and temperature differences observed within modules in the same tracker 
are taken into consideration, it may be convenient to perform a sorting based on Imp values. 

 Number of sorting classes for modules: 
The larger the number of classes to sort modules, the lower the difference between generated power if 
compared with the configuration of one inverter per module. The relative improvement versus classes is 
equal independent on the tracker bending value if this is lower than ±0.4 degrees (similar shape of Figure 3 
(b)). In particular, if the number of module classes is 10, the generated power is close to the case of one 
inverter per module if bending angles are lower than ±0.2 degrees. 
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