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Abstract. A key aspect in the performance of a concentrator photovoltaic (CPV) module is a proper alignment between 
the optics and the photovoltaic solar cell. This work proposes a novel method for measuring misalignments in CPV at 
different levels, considering misalignments between units at module level or misalignments between modules at tracker 
level. The method is based on images acquisition (using a CCD camera) and its processing. To validate the method, a 
CPV module has been measured and results have been compared with a proven method given by the Module Optical 
Analyzer (MOA). 

MOTIVATION 

Concentrator Photovoltaics (CPV) is a technology that employs cost-efficient concentrating optics, as Primary 
Optical Element (POE) and Secondary Optical Element (SOE), to focus sunlight into high efficiency and smaller-
size photovoltaic solar cells. The figures of merit for CPV are the efficiency of the module, the concentration ratio, 
the acceptance angle, and the optical efficiency [1], and they depend on these optical elements among other things. 
A lack of alignment between CPV components (POE, SOE and solar cell) will degrade the performance at module 
and array level. Conceptually, a misalignment is the lack of coincidence of the concentrator optical axis and a 
reference axis, which has an effect of displacement in the angular transmission function. This function shows the 
amount of light transmitted by the optic to the solar cell related to the angle of incidence. From this, the maximum 
angle of incidence for which the light is concentrated in the receiver is determined. If the receiver and the optics are 
aligned (i.e., the concentrator optical axis is coincident with the reference axis), the angular transmission function is 
zero-centred. If a misalignment between them occurs (Fig.1(a)), the main effect in this function would be a 
displacement, and thus a change in the maximum angle of incidence (Fig.1(b)) [2].  

Many causes can produce misalignments in CPV. For a module based on Fresnel lens parquet as POE and 
receivers with SOE, formed by several optics-cell units series or parallel connected, the most common defects 
encountered are [3]: 

 The positioning of the receivers (referred to as the assembly comprising the solar cell and SOE). 
 The attaching of the secondary optical element (SOE) to the solar cell. 
 The attaching and alignment of the primary optical elements (POEs) parquet to the module chassis. 
Having misalignments (different optical axes) between units determines the optical axis of the whole module 

(i.e., the pointing vector to the sun that maximizes the performance). The effect of misalignments , that is, to have 
different optimum pointing vectors with respect to the sun, is also transferred at tracker level at which a bending in 
the structure could introduce/modify these misalignments; reducing the system performance. Thus, talking about 
misalignments refers to differences between optical axes within units at module level or to differences between 
optical axes within modules at tracker level. 

Due to the harmful effect of misalignments in a module [4], it would be convenient to measure them with the 
purpose of correcting and avoiding their causes. In this article, a method based on image processing for 
misalignments estimation is presented. The proposed method may be performed indoors at module level (e.g. for 
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each lens-receiver unit as a quality control measurement) or outdoors at tracker level (e.g. for each module in 
maintenance and inspection tasks).  Indoors, the measurement scheme consists of a CCD camera placed in front of 
the module unit to be characterized.  Outdoors, the CCD camera must be placed in front of the module to be 
characterized but at longer distances in order to take an image of the module and its surrounding. For outdoors 
measurement, an unmanned aerial vehicle (UAV) could be used. Keeping in mind that the challenging target of the 
method is the outdoor characterization at tracker level, this work presents first steps performed indoors at module 
level. 

FIGURE 1. (a) A misalignment between lens and receiver changes the maximum angle of incidence. (b) Displacement of the 
angular transmission function due to a misalignment, the change in the maximum angle of incidence is observed. 

 

PREVIOUS WORK  

There is not a wide range of instruments to measure misalignments in CPV modules in an accurate way. The 
existing methods are based on measuring the module units acceptance with tedious setups [5]. At the Institute of 
Solar Energy (IES), the MOA (Module Optical Analyzer) has the advantage against the conventional methods of 
measuring misalignments in seconds and will serve to contrast the accuracy of the presented work.   

This system consists of a set of cameras disposed in vertical and horizontal direction coplanar to the CPV 
module under test. The module must be forward biased under no illumination to emit light and placed in front of a 
collimator mirror of large area [6]. Each receiver of the module emits light and behaves as a Lambertian emitter, 
thus covering all possible paths that light can follow when the sun illuminates the module.  

The light emitted by the module with a given direction is reflected by the collimator towards the same point at 
the focal plane, in which MOA is placed. The collimator converts angular directions in which the light is emitted to 
singular positions at which cameras take images. The set of images of the module emitting for different particular 
angular directions serve to obtain the angular transmission function of each module unit (and thus the 
misalignments).  

Although MOA is an accurate system for misalignments measurement, it is only suitable for indoor 
measurements at a module level, whereas the main purpose is to implement an outdoor method for tracker level, 
identifying the black receiver areas seen through the lenses parquet without the need of biasing the module. The 
reason to mention this system is because, as initial step in the development of the proposed method (and as 
explained previously), MOA is used to validate first results. 

METHOD 

The method proposed is based on the information provided by the magnified image of the photovoltaic receiver 
formed by the POE. A CCD camera (Qimaging Retiga EXi Fast 1394) is used to take a photograph of this magnified 
image. To take these images, the CCD camera is placed at the center of the lens at a given distance to observe the 

(a) (b)
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whole receiver large enough. The light ray with maximum angle of incidence (to be concentrated) will be focused at 
the receiver edge, so it can be stated that the size of the receiver image is proportional to this angle. 

The acquisition of photographs for all the module units must be performed while the camera is at the same 
position with respect to the units under evaluation (Fig. 2 (a)). Therefore, pictures of each receiver viewed through 
the lens should show a square of the same size and in the same position for all the units. If this does not happen, 
there is a change in the maximum angle of incidence, which indicates the presence of a misalignment in the unit 
under evaluation and, in consequence, explains the displacement of the receiver edge. 

In order to be placed at the same position and perform an efficient processing of the image, pictures are taken at 
four lenses intersection, and thus four receivers are visible in one image.  The differences between the sizes (in X 
and Y directions) of the receivers’ images give information about the relative misalignments between the units under 
evaluation (in these two directions) (Fig.2 (b)). 

The image processing needed for the proposed method must estimate the areas of the receiver (i.e. search the 
receivers’ corners) and the axis of the lenses intersection. The differences between the areas in the photographs are 
measured in pixels (MX1 in X and MY1 in Y direction in Fig.2 (b)) and compared to the mean (considered as 
reference), obtaining the relative misalignments between units. A calibration process is needed to determine the 
constant value to translate between pixels and degrees. 

 
To simplify and validate the method and the developed image processing, the work presented has been carried out 
indoors and the module has been forward biased to have better definition of the receiver in the picture (Fig. 2 (b)), 
despite that this method is conceived to be applied in outdoors without the need of biasing the module to emit light.  

 To extract the mentioned features (corners and axis) from the image, a CV (Computer Vision) algorithm is 
proposed for a complete set of images. In the next section the intrinsic aspects of this processing are explained.  

COMPUTER VISION ALGORITHM 

FIGURE 3. Scheme of the CV algorithm developed. 

 

  
 

(a) (b) (c) 

FIGURE 2. (a) Image of the same receiver through the lens at different distances. (b) Image of four lenses intersection of a 
CPV module forward biased. (c) Desired result from the image processing and its features extraction as indicated in (b).
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The proposed algorithm is developed in MATLAB, using its Image Processing Toolbox, considering images 
acquired by the described method for a Fresnel-lens-based module. The algorithm is divided in two main sub-
algorithms. The first one is the part dedicated to obtain a binarized areas image to extract the corners points and the 
second one is focused on the axis extraction. A schema of how the processing is structured is shown in Fig.3. 

Corners Extraction 

In order to perform a corners extraction, the first step is to obtain an areas image, isolating the shape of the 
receivers emitting from the background with a binarization. However, the Fresnel lenses dark circular-shaped areas 
avoid the success of this step. These shadowed areas can be considered in the image as a periodic noise (due to its 
pattern) and thus, before the binarization, the image is transformed to the frequency domain (applying a Fourier 
transform) and frequency-filtered with a Gauss low-pass filter. After that, the image is transformed again to the 
initial domain. The result of this filter is a light blur (due to frequencies elimination) and the disappearance of the 
strong circled shadows, as can be seen in Fig.4 from (a) to (b). 

 

 
(a) (b) (c) 

FIGURE 4. (a) Original image. (b) Image after frequency Gauss low-pass filter. (c) Binarized image. 
 
After this, a binarization can be applied and the areas image can be obtained (Fig.4(c)). In order to extract the 

corner points of the four receivers, the Convex Hull points are calculated (the points needed to enclosure the shape 
into a polygon). Among these points the corners have to be found, so a discretization in four subgroups is 
performed.  In these  subgroups, the extremal points (the ones with a higher diagonal value) are taken as corners. 

Areas Correction 

Despite having good results with the explained processing, some images have such a variation in their grayscale 
levels that the binarization after the frequency filter misses to extract properly the receivers’ area. In this regard, an 
areas correction is performed to avoid these outlier cases in the image processing. 

First, a mean areas image is calculated with the areas image set obtained in the previous processing (corners 
extraction). This image has values between 0 and 1 that inform about the probabilistic areas distribution in the set of 
images. Second, each original image is now binarized using a multi-threshold that divides the grays in the image in 
three subsets instead of two. The main advantage of doing this is that gray levels that in the previous processing 
were identified wrongly as background now are well identified (light blue values in Fig.5 (b)). By cons, the main 
problem is that dividing the image histogram in three leads to wrongly identify shines as area.  

To avoid this, the new areas image is compared with the mean areas image calculated that is used as probability 
function. Doing a comparison between the new areas image and the mean areas image, if a white pixel in the new 
image has a value lower than 0.15 in the mean areas image is taken as shine and reconverted in black (Fig.5 (c)). 

The result of this correction provides robustness to the algorithm avoiding identifying wrongly the areas of the 
receivers (i.e. taking shines as part of these searched areas). 

 

100004-4



 
(a) (b) (c) 

FIGURE 5. (a) Incorrect area identification. (b) Multi-threshold of the image extracting three subgroups. (c) Correction of the 
multi-threshold using the mean areas image in order to discard shines (in the lower edge in this case) from the areas image 

Axis Extraction 

This part of the algorithm uses a completely different approach, since the desired information is localized in 
other image aspects. In order to search lines in the image, an edge filter is applied; consisting on Gaussian filter 
followed by a Canny filtering [7] (Fig.6 (a)) to obtain an edges image. With the edges image, the Hough transform 
allows to find easily lines in the image (Fig.6 (b)). 

 

FIGURE 6. (a) Edges image, result after applied a Gaussian filter followed by a Canny filter. (b) Hough lines classification. (c) 
Final features extraction adding the previously calculated corners to the detected axis. 

 
The information provided by the Hough transform [8] is used to discretize the set of lines in verticals and 

horizontals. Finally, with the information obtained with the corners extraction processing, the vertical and horizontal 
axis are found for each image looking for the lines intersection point whose distance is the smallest to the centroid in 
the areas image (Fig.6 (c)). 

RESULTS 

With this new method, a set of 24 lens intersections from a CPV module (12x6 units, 9.1x9.1mm lens area) have 
been photographed and measured with the MOA. The obtained results have been compared with the MOA results in 
order to validate the accuracy of the algorithm. The module has been fixed and forward biased in dark conditions, 
the camera distance from the module has been measured and pictures for all the lenses have been taken.  
The comparison for the results in X and Y is shown in Fig.7. Little differences are observed between both methods 
in some units; however, same tendencies are observed. The differences observed may be attributed to the fact that 
the module may not be in the same exact position when performing both measurements. This can made that X and Y 
compared measurements directions are not the same in both measurements. Slight differences in these directions can 
cause changes in the obtained misalignments. 

Finally, improving the processing (in the way that corners are detected, for example) can lead to improve the 
accuracy of the measurements reached. Optimizing the areas detection adding edge detection and a corner estimator 
in the Corners Extraction part of the algorithm could improve the results obtained. 

 
(a) (b) (c) 
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(a) (b) 

FIGURE 7. Misalignments comparison between the MOA and the method for (a) Y direction and (b) X direction 

CONCLUSSIONS & FUTURE WORK 

A method to measure misalignments at unit level in module and at module level in tracker has been presented. 
The results obtained by applying it at unit level for a module, compared with MOA, have been promising. Despite 
having certain differences, the tendencies observed are the same. In addition, the computer-vision-based algorithm 
developed has the qualities of being robust and modular, allowing automating the process of measurement.  

As future work, the sources of error during the measurements should be studied in order to avoid them and 
perform corrections in the processing if needed (e.g. eliminating possible perspective effects, little inaccuracies 
when positioning the CCD camera in every intersection). In addition, the method has to be validated for outdoor 
measurements, re-adapting and re-adjusting the algorithm and avoiding forward biasing the module. The main 
purpose of the future work will be the aerial images acquisition of the on-tracker modules to be able to estimate the 
misalignments between the modules.  
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