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Abstract

During the operation of photovoltaic (PV) power plants, soiling reduces the generated power by 3 to 4% on the
global average. For quantitative soiling analysis, measurement equipment commercially available covers only small
measurement areas. Other published optical measurement methods of soiling use drones. One limitation of these
methods is the short duration of the drone flight. This study presents a method to determine the soiling of PV plants
over a large area with a high resolution and depending on the PV park, already existing cameras can be used,
avoiding extra costs. Commercially available surveillance is used and the method is based on the evaluation of
the light scattered by the dirt particles increasing the brightness of the module-soiled areas. The results showed
for optimal conditions, a clear sky, the method has a relative deviation to the electrical reference measurement of
2% to 4% and a relative error of 12% to 14% for a clear sky with some clouds. In case of adverse meteorological
conditions, the accuracy decreases to 672%.
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showed that even the slightest turbulence in the atmosphere
affects the movement of dust particles due to small inertia and
under all wind directions, indicating a general increase in dust

1. Introduction

Soiling in solar energy is the accumulation of snow, dust,
leaves, pollen, and bird droppings on PV panels. Generally,
dust soiling is the term applied to solid particles with diam-
eters less than 500 pum [1]. Soiling on the PV depends on

deposition with an increase in wind speed [1]. Adel (2001)
and Hassan et al. (2005) [5] came to a similar conclusion: the
speed of decrease in transmittance decreases with time and
reaches a saturation point after 30 days of exposure. Elminir
et al. (2006) (Egypt) [7] used 100 glass panels with different
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tilt angles and measured a dust deposition of 15.84g/m? (0°)
and 4.48g/ m? (90°). Ransome and Sutterlueti (2012) [8] mod-
eled a linear increase in the losses in Madrid (Spain) and how
the soiling behavior dominates the cost in regions with long
periods without rainfall. Pavan et al. (2011) [9] determined in
Italy that the influence of soiling was higher fora 1 MW PV
power plant on sandy soil, with 6.9% annual losses, compared
to an annual loss of 1.1% for compact soil [5]. Andrews and
Pearce (2012) [10] developed a methodology for predicting
losses based on readily available meteorological data, espe-
cially for snowfall. An extensive part of soiling research is
concerned with the effect of dust or soiling at various loca-
tions in the world. This information plays a meaningful role
in collaboration among researchers and developers [1]. The
publications also indicate some trends toward these concerns
with mitigation [2, 4].

Since a few years, sensors for integration into the solar
field have been available, which determine the soiling on a
small measuring area (< 100cm?) [11, 12]. Another soiling
measurement typically used is a pair of PV reference devices,
one PV module is continuously clean and the other is naturally
soiled. The soiling losses are determined by comparing the
output of the soiled reference device with that of the clean
one [13]. Afterward, a study conducted by [14] concluded
that measurements should be restricted to the middle portion
of the day. Thus, excluding high uncertainties from morning
and evening hours related to lower signal amplitudes and the
effects of angular alignment differences, preferably averaging
data for equal periods around the solar noon. Another effect
that must be considered, is that moving clouds that may cause
the irradiance received may differ between modules. In ad-
dition, using PV modules as a reference allows the effect of
soiling in the real world, capturing soiling patterns that may
not be replicated by smaller work-pieces such as PV cells or
glass coupons [15].

One problem with the methods described is the small area
covered that is measured in comparison to the solar field. Fur-
thermore, the soiling behavior on the surface of fixed sensors
is not necessarily the same as that on the PV panels [11].
There are already publications on the subject of camera-based
soiling detection [16]. One article presents a method for quan-
tifying the amount of dust on PV modules by investigating
five different image-processing techniques. This study deals
with the analysis of color histograms and statistical properties
of the captured images of PV modules. An image processing
toolbox has been developed using the following techniques:
Binarization, Histogram Model, Statistical method, Image
Matching, and Texture Matching [15, 16]. In another study,
PV module images taken by a camera under laboratory con-
ditions for different dust accumulations detected different
features of the gray-level cooperation matrix. The obtained
data with new features are classified based on artificial neural
networks to determine the dust load and it is influence on PV
module performance [17]. However, the approaches listed,
have all so far only been tested under laboratory conditions

and are still far from large-scale application or commercial-
ization.

A drone camera based in DLR (German Aerospace Cen-
ter) method is being developed to detect soiling on the PV
modules and calculate how much it affects energy production.
This method proved to be accurate and served as the founda-
tion of this thesis. The objective of this project is to achieve
similar accuracy results using a different camera, a surveil-
lance camera. Not only, a surveillance camera represents a
cheaper cost compared to a drone camera case, but also allows
one to store more data throughout the day. Lastly, it’s flexible,
meaning, it is not necessary to wait for good weather (e.g
appropriate wind conditions) or to have prior knowledge of
how to fly a drone.

2. Camera-Based Method Principles

2.1 Pixel Values to Irradiances

Several mathematical operations are conducted between
the CMOS sensor pixel signals and the resulting image [18].
To derive irradiance values, these operations must be partially
reversed. A spectral irradiance E falling on a pixel’s surface
(dA) during the exposure time (7,,,) creates the raw signals of
the CMOS sensor’s pixel. The three signals corresponding to
the three color RGB filters are weighted with the camera and
color-dependent spectral responsivity written as €, and also
weighted with a camera-specific 3x3 matrix M,,,,. Afterward,
if there is one, the gamma correction I';ggp is applied. The
gamma correction is a nonlinear operation adjusting the phys-
ical photonic measurements to human perception. Depending
on the camera and settings, an offset (o ff‘set) must be added.
Thus, the value of a pixel is thus defined by equation 1 [19].

= 'Afmnx R .
SSRGB,mn = FSRGB . (/ A texp *Enm 'E)LdldA —|—0ffS€l‘)
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Ay, 1s the area of the pixel mn. The pixel (mn) of the
RGB image with the three color channels RGB is represented
by SSREBA,W,. Aumin and A4, are the minimum and maximum
wavelengths of the broadband spectrum, respectively. Ej
denotes the irradiance with wavelengths A +dA on sensor
area dA before entering the camera. .y, is the exposure time
of the camera, which is constant.

In this project, the used camera system is a standard
surveillance camera, and the gamma correction applied by
the manufacturer is intentionally removed. In addition, each
pixel is normalized into the interval [0,1] and converted to
grayscale. The grayscale conversion, the normalized color
channels, and the weighting factor for each color channel
were, done according to P. Kuhn (2017) [19], which used the
same camera for his work. The weighting factor for each color
channel is calculated from Planck’s law [19], and the chosen
white balance temperature (10000 K). Thus, the weights of the
camera-specific matrix M., can be reversed. Moreover, the
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offset term was photometrically measured and was found to
be neglectable [18, 19]. Resulting in the transformed equation
2.

- Aomax
S;rm = ﬁPlanck‘/‘A A texpenm . Eld}LdA (2)

min

Three further assumptions are made. First, the distribution
of the spectral irradiance E; is assumed to be homogeneous
for the area of each pixel. Thus, the integral over the pixel area
Apn 1s replaced by a constant. Second, &, can be different
for every pixel but is assumed to be constant over the area of
a given pixel (dA) and the considered wavelength spectrum.
Thirdly, the broadband irradiance is defined as the weighted
integral of E; from 280 mn to 4000 mn as specified in Guey-
mard and Vignola (1998) [20]. With these assumptions and
the gamma correction undone, there is linear relation between
the broadband (BB) irradiance Ep ;, and the value of pixel
(mn) in the linearized grey image S’ [19].

S;nn = constyy 'EBB,mrL 3)

2.2 Optical Effect of Soiling

Generally, PV modules appear brighter when soiled. Fig-
ure 1, is possible to distinguish the cleaned from the soiled
module. This assumption is based on the fact that the dirt
layer on a PV panel, which depends on the optical properties
(size, shape, reflectivity), scatters part of the incident light.
The more particles there are per module surface, the more
light is scattered, assuming constant illumination conditions.
Part of the scattered light is directed toward the surveillance
camera, contributing to the pixel RGB value, appearing the
PV soiled panel brighter.

Figure 1. Before and after cleaning the PV module.
(A) Soiled PV module. (B) Cleaned PV module.

In the case of scattering by particles, both the particle
number size distribution and the solar spectrum of the sun
play an important role. In addition to scattering, the internal
settings of the camera should be taken into account when
taking images. Manufacturer corrections make it difficult
to compare the images with each other. Thus, the effects
of gamma correction, and vignetting are examined for the
respective camera. In addition, for the same conditions of
soiled conditions, depending on the sun and viewing position
the brightness can appear different in the modules. Normally,
PV modules appear brighter when viewed from the side. This
effect is significantly important for the camera-based methods,
due to their variability in sun and camera positions during the

recordings, meaning that the brightness of the PV module can
be different depending on these two parameters.

Part of the sun radiation that reaches the PV panel is
scattered, other is absorbed by the particles or material, and
part of the radiation pass through, which is called transmis-
sion. The scattering in the direction of surveillance cameras is
used to detect the soiling on the PV module. Thus, the RGB
image captured value is analyzed pixel by pixel from the corre-
sponding image. Aforementioned in the previous section, the
camera has a sensor whose RGB value is proportional to the
radiation reaching the pixel sensor, shown in the equation 3 if
a few conditions are verified. In addition, the evaluations were
conducted on the greyscale image of the red color channel
due to the high contrast. This assumption was made based on
the fact that PV panels are blue and there is green vegetation
around the PV setup. As a consequence, the red color channel
shows high contrast, which positively affects the method.

During the camera recordings, it measures the reflections
at the module surface, the background of the cell, and scatter-
ing due to the soiling layer (Mie-scattering). The equation 4
defines that the irradiance from a soiled module is the sum of
the irradiance from a clean module plus an additional scatter-
ing term.

Esoited = Eclean * Tsoiling(avun) . Tsoiling(acamera)

+Cscar (rgAn sTeamera ) Escar (Tsoiling )

“

Eoileq 18 the radiation reaching the camera from a soiled
module. The radiation that reaches the camera sensor if a
certain module was cleaned is E¢jeq,. The Tyoiing s the optical
transmittance of the soiling layer, which is dependent on the
sun and camera position. The relative angles O, and Qcgmerq
are the angles between the PV panel normal and sun, and the
angle between the PV panel normal and camera, respectively.
Cscar 1S an empirical function to describe the scattering be-
havior of the soiling layer in dependence on the sun position
and the camera position. Finally, the light scattered at the
soiling layer is characterized as E., which is dependent on
the soiling losses.

This equation was developed by the drone-camera-based
method and the main objective of this project is to adapt all
the variables to the static-camera case, to solve this equation.
Overall, the terms of the equation, in the end, were determined
or given by the captured image itself, except Tyyjjing, the soiling
losses. In the beginning, only the initial term, E;.q, is known
from the captured image, the total radiation coming from
a soiled module to the camera. The following terms were
calculated. From the data acquisition, the sun and camera
vectors as the respective angles are known. Moreover, the
scattering and clean calibrations takes place, to determine the
empirical function, cy.4, that describes the scattering light on
the soiled module and the radiation of a clean module E_;.4;,.
Lastly, the scattered radiation, E;., that reaches the camera
is dependent on the Tyyizing-




Development of a Soiling Detection for Photovoltaic Modules Based On Static Cameras — 4/10

¢

Figure 2. PV setup.Captured image. August 26",

3. Implementation

3.1 Camera Settings and Layout Configuration

In this project, the cameras used are off-the-shelf standard
surveillance cameras (Mobotix MXM24M-Sec-D22, CMOS
sensor). Camera settings have been empirically determined
once and retained for each recording. This includes, for ex-
ample, image quality, contrast, and white balance. Automated
adjustments recording correction programs that come from the
manufacturer have been turned off. Ensuring that the images
are as realistic as possible and can be compared. An important
setting to be defined is the distance between two shots, i.e
time interval between images. After the recordings tests, the
time interval was set to 60 seconds due to the variability of
the clouds that influence the output. The fixed exposure time
used was 1280 microseconds, which is the most suitable for
the local conditions.

Figure 2, is a raw image from the surveillance camera
perspective and illustrates the PV setup in the desert Tabernas
Almeria. Overall there are twelve modules in the PV setup, but
only the four modules in the center are evaluated in this project
due to the technology’s compatibility. Each module has an ID
number from 1 to 4, illustrated in the image. On one hand,
the right side of the PV setup is cleaned every day, modules
2 and 4 are cleaned. On the other hand, modules 1 and 3 are
naturally soiled. The four modules have the same technology
and are from the same manufacturer. The only difference is
the cell type: modules 1 and 2 have 60 cells; modules 3 and 4
have 72 cells. For all the processes and computation, number
identification is used as described in figure 2. This layout
configuration is fundamental in this work, along with the
electrical power output of all modules in the center. Not only
plays an important role in calculating the electrical output
reference with the module comparison method, but also is
essential to perform the clean and scattering calibration.

3.2 Image Corrections

Despite all the settings set in the camera systems, every
lens and camera introduce effects in the digital imaging [21].
Hence, influence the soiling evaluation if not corrected. One
problem with capturing images is the difference between phys-
ical and human perception. The physical perception of the
camera sensor is linear. The more light that reaches the cam-

era lens and thus the camera sensor, the higher the measured
brightness or voltage at the sensor. Human perception, on the
other hand, is not linear. Compared to a camera, the human
eye is much more sensitive to changes in dark tones than to
similar changes in light tones. Thus, allowing human vision
to work over a wider range of luminance. Otherwise, the typ-
ical range of brightness encountered outdoors would be too
overwhelming. Precisely the gamma correction is a function
that relates the pixel’s numerical value and it is actual lumi-
nance, to compensate for the non-linear luminance effect [21],
equation 5 A. For this reason, an attempt is made to reverse
the gamma function applied to the images. This is done with
the inverse function of the gamma function 5 B.

(4), f(x)=2g)" (B) ©)

To obtain the gamma function experimentally, the same
subject was photographed with different exposure times. The
longer the exposure time, the more light hits the lens and
the image becomes correspondingly brighter. For faithful
reproduction of the images, the gamma value should be ideally
equal to 1, this has been investigated in various publications
[21, 22]. Based on this knowledge, the gamma function can
be determined experimentally by varying the exposure time.
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Figure 3. Gamma experiment evaluation graphic.

After the gamma evaluation, it was found that for expo-
sure times higher than 640 microseconds the relationship of
the three color channels between the two images with dif-
ferent exposure times, was linear, that is, gamma is equal to
1, figure 3. That is a confirmation that all the settings from
the manufacturer are turned off and is not necessary to apply
any gamma correction since this project only worked with
higher exposure times. However, for lower or dynamic ex-
posure it might be important to take care of this correction
before going to the soiling analysis since the system gamma
is slightly greater than 1 to improve contrast. Additionally,
in the graphic in figure 3, it is possible to observe that for a
pixel value higher than 160 it might have some effect causing
a systematic deviation in the output. Thus, for heavy soiling,
the brightness of the module is higher, and perhaps is neces-
sary to correct the gamma function. In this case, none of the
values seen in the data acquisition was higher, so no gamma
correction was applied during the project.
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In addition, in photography it is common to have a dark-
ening of image corners when compared to the center. This
optical effect, called vignetting, occurs in all lenses and de-
pends on the optical design and construction of the lens. It is
more notable in lenses with large apertures or barrels. Thus,
wide-angle lenses increase the vignetting effect, as the light
takes longer to travel from the edge of the lens to the center
[19].

This calibration was carried out by measurements with an
integrating sphere. The integrating sphere is held in front of
the camera lens so that the interior of the integrating sphere is
recorded when taking a picture. The light inside the sphere
is homogenized by scattering on the inner surfaces. The
heterogeneous irradiance recorded by the camera sensor is
caused by the attenuation of the camera. However, there
were complications to fit the camera inside the integrating
sphere due to the protection cape of the camera. Despite all
the efforts, the image did not cover the desired area from
the integrating sphere. In figure 4 A is possible to see one
image from this measurement. To overcome this issue, a mask,
figure 4 B, was created during this calibration, identifying:
the darker pixels from the borders (range of pixel value 0 to
100); the brighter pixels values, around 255 due to the light
source; the yellow dote (recording symbol from the camera
system) and the text box located in the upper left corner. In
the end, the vignetting evaluation was obtained considering
only the pixel values from the integrating sphere, i.e the part
not masked in figure 4 B.

B

Figure 4. (A) Integrating sphere captured image by the
surveillance camera. (B) Ignore mask.

Figure 5 shows the captured normalized vignetting matrix.
Afterward, this Vignetting matrix was applied to every image
taken for the evaluation. Due to the fit between the camera
and the integrating sphere, there is a systematic deviation in
the upper part of the matrix. Nevertheless, this was found to
be irrelevant, since the upper part of the image taken by the
camera is not used.

3.3 System Calibration

If the entire system is considered calibrated, it means that the
camera calibration and camera orientation are simultaneously
satisfied. Camera calibration is the process of determining
the interior orientation parameters [23]. Interior orientation
determines the camera’s deviation from an ideal one-point
perspective model. Deviations arise, for example, from non-
ideal lenses and effects on the iris. The parameters to be found
by the camera calibration depend on the type of camera used.

1
' 0.9
0.8

B L

Figure 5. Vignetting matrix.

Camera orientation usually includes the determination of the
parameters of exterior orientation to define the camera station
and camera axis in the higher-order object coordinate system,
frequently called the world coordinate system. This requires
the determination of three rotational and three translational
parameters, in a total of six parameters [23]. Two methods
were performed to calibrate the system and compared in the
end.

First, the photogrammetry method with the AICON soft-
ware was used. Photogrammetry is the practice of determining
the geometric properties of objects from photographic images.
This method allows the characterization of geometries with
high accuracy but also comes with high preparation effort.
This approach represents a complex approach and requires
material, time, and knowledge of the software used, resulting
in very high precision in the determination of the parameters.
Overall, the main effort was to collect images from several
perspectives and angles of the structure that were afterward
evaluated in the software AICON. In the structure, there are
retroreflecting targets (coded and not coded) to highlight the
point of interest and a reference system that is indispensable
for precise and reliable measurement [23].

The second test was the Chessboard pattern method obtain-
ing high-accuracy measurements of the shape and deforma-
tion. The Matlab code provided by Scaramuzza [24, 25, 26],
was implemented in this project. This procedure is fast, com-
pletely automatic, practical, and no prior knowledge is re-
quired [25]. The result of this work is a Matlab Toolbox,
which requires minimum user interaction. Thus, it was only
necessary to collect between 10 and 20 images of a known
pattern, checkerboard, at different positions and orientations
[24, 25, 26]. This method assumes that the imaging function
can be described by a Taylor series expansion whose coeffi-
cients are estimated by solving a four-step least-squares linear
minimization problem, followed by a non-linear refinement
based on the maximum likelihood criterion [25].

In the end, both methods were compared and it was de-
cided to use the AICON method. Despite similar results, the
photogrammetry method has a greater accuracy, which was
expected since it is a more complex process. However, it
is highly recommended in the future to use the chessboard
method due to it is advantages, for example, flexibility and
time saving compared to the AICON method.
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3.4 Generating Orthoimages
After processing all the images, figure 6 demonstrates all the
steps to reach orthoimages.

+Mask Individual Cells

+Image Corrections

+ System Callbration

Figure 6. Data processing steps.

The first image is one directly from the data acquisition.
It is worth mentioning, that all the settings from the manufac-
turer were turned off and the exposure time is equal to 1280
microseconds. The next image is the result after applying
imaging corrections. In this case, only the vignetting matrix
since the gamma value for this exposure time is equal to one.
The upper image corners present wrong pixel values due to
the drastic change in the vignetting matrix. Fortunately, as
aforementioned, it is not relevant to the project, considering
that the PV modules are located in the middle of the image
and do not contain the strong brightness depicted. Later on,
the system calibration is applied, which contains the interior
and exterior orientation of the camera, which is required to
create orthoimages of the PV Modules. Finally, a mask is
created between spaces and conductor lines, to identify cells.

3.5 Data Information and Image Filtering
Before starting there is data treatment throughout all the raw
images, processed images, and orthoimages. Obtaining the
information needed to calculate the soiling losses at the cell
level. Therefore, for each image data, the time stamp and an-
gles are known to describe: the sun position, camera position,
solar panel position, and sun rays.

Sun reflection on the images taken by the camera exhibit
a general inhomogeneity in brightness. This particular leads
to the failure of the estimation of soiling losses since it looks
brighter than it is in reality and overestimates the soiling losses.
Figure 7 depict modules 2 and 4 at a certain time on the day
of August 26"”. On one hand, figure 7 A presents sun reflexes.
On the other hand, figure 7 B shows an image taken by the
camera without sun reflexes. In that way, image filtering takes
place before the camera-based method starts to evaluate the
images, where it is defined to analyze the image (1, logical
value for true) or not analyze the image (0, logical value for
false). Excluding from the evaluation the images that present
sun reflexes.

3.6 Scattering and Clean Calibrations

Scattering parameters are dependent on the used camera and
module technology. For that purpose, a plan was made to de-
termine the scattering parameters with the static surveillance
camera. As aforementioned, the brightness of a soiled module
changes with the viewing and camera position. To model this
behavior, the camera recorded five different positions for six

Figure 7. Module 2 and 4, August 26'".(A) - Sun reflex at
13:10:00; (B) - Without sun reflex at 14:00:00.

periods of time on the same day. The different positions of the
camera and the module’s configuration are depicted in figure 8.
For this calibration is necessary to know the energy losses due
to soiling in modules 1 and 3 and to have a clean side reference
modules 2 and 4. The module comparison method is done, to
obtain the exact soiling losses of modules 1 and 3. Moreover,
modules 2 and 4 were cleaned, to compare how the brightness
changes between a known soiled module and a clean refer-
ence module. Thus, an important step in choosing the camera
positions was the distance between positions, which is equal
to the distance end-to-end of the solar panel 1 and 2 (or 3 to
4), as illustrated by the black line. This ensures that when the
camera position is, for example, on position 2 and is evaluat-
ing the scattering behavior from the soiled modules (1 and 3),
the similar viewing direction for the clean reference modules
(2 and 4) corresponds to the camera position 3. To sum up, for
each position the program evaluates, it will use the position on
the right as a clean reference. In that way, camera position 3 is
not used on the scattering behavior because there is not a clean
reference for this position. This might be difficult to visualize,
but one thing that can be helpful is drawing lines according
to the viewing side; both lines need to be parallel. In this
case, as illustrated, the scattering behavior of camera position
2 is being evaluated, and the clean reference used is from
camera position 3 of the clean modules 2 and 4. The lines are
alongside (parallel) and equidistant to the respective modules.
The image frequency was 1 image per 15 seconds with a fixed
exposure time of 1280 ms (microseconds). In total, over 1000
images were collected, without sun reflexes or other external
factors, covering different sun positions during the day from
five camera perspectives. The empirical function, ¢y, that
defines the scattering light on the soiled module is described
as dependent on 3 angles: angle camera sun reflex; angle
camera panel normal, and angle azimuth camera normal.

Is desirable to have only one scattering calibration at the
end of the experiment. However, this was not possible to
achieve, since the different modules appeared to have a con-
siderable disparity in energy losses. Although optically the
two modules did not show a soiling ratio difference, the electri-
cal output reference calculated revealed to have soiling losses
around 2% and 3.5% for modules 1 and 3, respectively. One
explanation could be the two bird drops located in module 3.
Bird drops cause a decrease in energy efficiency and could
result in a miss match between the brightness observed and
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the actual energy losses due to soiling (explained in detail in
the results section). Other motive, could be a problem in the
scattering calibration itself for module 3 or an electrical output
reference issue. Hence, two scattering calibrations were made
individually and evaluated.

Besides the scattering calibration, the soiling analysis pro-
gram needs to load a clean calibration for all the modules.
The previously discussed calibration plan, scattering calibra-
tion, was made precisely to avoid cleaning all the modules
from the PV setup. In this way, in parallel with the scattering
calibration, the same experiment served as clean calibration.
The collected data was made in one clean calibration and like
in the scattering calibration, and with Matlab, the brightness
of the pixel value, E .4, was defined as dependent on three
angles: camera sun reflex, camera panel normal and angle
azimuth camera normal.

3.7 Electrical Reference Measurement

Module comparison method is used to obtain the electrical
output reference. One side of the PV setup is cleaned and the
other side is naturally soiled. With the electrical output of the
modules under study, the energy generated is compared and it
is possible to know how much energy is wasted due to soiling.
In this case, as mentioned before, module 1 is compared to
module 2 and module 3 to module 4, due to the different cell
types used. In addition, the daytime period used was equal
to 1 hour and 15 minutes after and before the solar noon,
which is the time when the sun appears to contact the local
celestial meridian. In Tabernas desert in August, this time
was around 2:15 pm. The sun and PV panels are facing south
during this time and the results from this time interval are
more reliable because there is no tilted angle influencing the
results. Although the compared modules are from the same
manufacturer and technology, it is impossible to replicate the
same module with the same energy efficiency. Hence, effi-
ciency calibration was done on top of the module comparison
method. For that matter, the modules were cleaned and for
optimal conditions (clear sky day), the energy generated by
the compared modules should be the same. The electrical
output showed that module 1 was less efficient than module 2
and module 3 was more efficient than module 4, equation 6.

Py Puyes

CFhyn = =099 CFkyp=

Mc2 Mc4

=1.03 6)

CF stands for the correction factor and M for the respec-
tive module under study. The P concerns the Power generated
and c is to distinguish from a clean or soiled (s) module. Fi-
nally, equation 7 shows how the final soiling ratio reference,
SR, is obtained for modules 1 and 2 respectively, which con-
tains the module comparison method divided by the correction
factor calculated in the efficiency calibration. In addition, a
simple mathematical calculation is done to have the soiling
losses, SL, in percentage (%), equation 8.

PMs

SRy = B /CFy (7
SLy (%) = 1—SRy (8)
4. Results

4.1 PV Modules 1 and 2

The period of the images under study was equal to 2 hours
and 15 minutes after and before the solar noon (local solar
noon 2:15 pm). Table 1 presents an overview of the electrical
reference and the results of the camera-based method for
all the meteorological conditions tested and the respective
absolute and relative errors.

Table 1. Results overview.
Module 1 - Optimal Conditions

Electrical Reference (%) Camera-Based (%) Eabs Erel(%)
22" Aug 6.4 6.5 0.1 23
26" Aug 6.7 7 0.3 4.7
15" Sept 1.1 1.1 0.0 2.1
Module 1 - Clear sky with some clouds
25" Aug 6.3 7.1 0.8 12.6
87 Sept 2.5 2.1 0.4 14.2
Module 1 - Cloudy day
2" Sept 1.3 9.7 84 6721

To validate the method and the modeled parameters, opti-
mal meteorological conditions were pursued, that is, a clear
sky day. Thus, ensuring there is no influence on the bright-
ness due to clouds and the electrical data presents a smooth
power curve over time. Only three days were found in optimal
conditions to evaluate the method developed. In this case,
both errors, absolute and relative, are small, which indicates
that the camera-based method can be validated successfully
and used on days with optimal conditions with high accuracy,
between 2% and 4%. Generally, the soiling plot displayed in
the end of each evaluation, for example, figure 9 are consistent
for optimal conditions. Module 2, on the right, as expected,
displays dark blue cells, around 0% or minimal soiling losses,
since it is cleaned every day. However, lighter dark blue cells
exist on the edges and corners, which translates into energy
losses. Despite all the efforts to clean the modules, there is a
small accumulation of dust on the edges that is very hard or
not possible to remove. In addition, the modules in question
are difficult to reach, making it not an easy task to clean manu-
ally. Regarding the soiled module, there is stronger soiling in
the upper part of the module. One thing that can explain this
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Figure 9. Soiling plot module 1 and 2, 22"¢ August. Optimal
meteorological conditions.

situation is the dust rain from the previous days. Although
rain dust also soils the modules, it also has a cleaning effect,
since the water goes down with gravity there is more cleaning
effect on the lower part of the module. In addition, there is
stronger soiling on the edges of the modules, normally dust
particles are trapped in the metal edges of the PV panel. Fur-
thermore, for the very first row, 6 cells in the upper part, there
might be overexposed pixel values due to the metal edges
of the PV panel itself. Thus, might enhance the brightness
depicted in the captured image and result in an evaluation
error. Nevertheless, the method calculated the soiling losses
successfully, and is visible a brightness increase is visible in
the upper part of the PV soiled module, due to light scattered
by dust particles.

After validating the camera base method, different meteo-
rological conditions were tested, to observe how the results are
influenced by diffuse irradiance. The meteorological condi-
tions showed two days with a clear sky and some clouds. The
results showed that despite the presence of some clouds, en-
hancing the diffuse irradiance, can estimate the soiling losses
with 12% to 14% of accuracy. Like in the optimal condi-
tions, the soiling plots are consistent and the cleaned modules
present minimal losses in the corners and edges. In the soiled
module, the upper part presents a higher soiling ratio, this is
might be for the same reasons explained before: dust rain and
the individual cell mask. The last evaluation performed was
on a cloudy day. Here the method’s failure under these con-
ditions was witnessed. Not only does the presence of clouds
influence the shadows and darker images taken by the camera,
but also increases the light scattered and diffuse irradiance.
The outcome has a relative error of 672.1%. The soiling plot
presented both modules (1 and 2) heavily soiled according to
the camera-based method. Like in the previous evaluations,
module 2 should appear dark blue with minimal losses in the
corners, since it is cleaned every day. Nevertheless, a positive
aspect of this evaluation is that, despite module 2 being soiled,
the soiling rate compared to module 1 is lower. This is a good
direction for future work.

4.2 PV Modules 3 and 4

For modules 3 and 4, all the evaluations showed a relative error
above 75%. For that reason, the method failed the validation
process.

One possibility behind this situation is the bird drops lo-
cated in the upper part of module 3. Despite being small,
affect the performance of solar PV cells [1]. In addition, the
bird drop can cause a electrical miss matched effect, which
can play a role on the energy efficiency decrease [27]. This
method is not sensible to the electrical model of the PV mod-
ule. Both soiled modules, 1 and 3, showed similar optical
soiling on site. However, module 3 presented higher soiling
of 3.5 percent (%) energy losses, a difference of 1,5 percent
(%) compared to module 1. This value of 3.5 % relies on
energy losses due to soiling and bird drops, but since the
bird drops are small compared to the rest of the area of the
PV module, the brightness of module 3 almost does not vary
compared to the image of module 1. The input of Ty,;ye, dur-
ing the scattering calibration will admit that for that specific
brightness of the module the energy losses due to soiling are
equal to 3.5%. If the empirical function (cg.4) to describe the
scattering behavior, which is dependent on the camera and
sun position, is estimated considering a certain energy loss
that is not only caused by mainly dust soiling layer and has
a significant impact on the energy losses, like the bird drops,
this means that brightness of the module is overestimated in
future evaluations.

Another possibility is an unknown problem that occurred
during the scattering calibration itself or an issue in the elec-
trical output reference. More efforts are needed to correct
this mistake. However, due to time constraints and optimal
weather condition dependence, it was not possible to study in
depth. Nevertheless, the bird’s drop is an interesting topic of
study and the theory that is believed to be the origin of the
problem in the scattering calibration.

Although the results showed a high inaccuracy when evalu-
ating the soiled module (module 3), the clean module (module
4) displayed an expected value of 0%. This is proof that the
inaccuracy of the results is coming from the scattering cali-
bration. No further, evaluations with different meteorological
conditions are presented because the method did not pass
successfully the validation process for modules 3 and 4.

However, perhaps, if the birds’ drops did not exist on the
calibration day, meaning that, both modules (1 and 3) would
have a similar soiling loss, only one scattering calibration
would have been performed. With that being said, if the future
evaluation presented a certain brightness and contained bird
drops, which not affecting significantly the brightness of the
module, an offset could be added to the following equation 4
and calculate the soiling losses with the following equation 9.

TSoilingC(,,mcmd = (1 - fBD) . Tsoiling +fBirdDr0ps *TBD (9)

TSoilingCorrected YEpresents the new soiling losses corrected
value calculated with the presence of bird drops in the PV
panel. Thus, the sum between the Ty, calculated with the
camera-based method for the area, which do not contain the
bird drops (1 — fBiraprops)> and the factor fpiyqpyops. that s, the
fraction between the area occupied by the birds drop divided
by the total area of the panel, times the transmission losses of
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bird drop T;aprop- Due to time constrains this theory was not
possible to be tested, but future work is suggested to overcome
this situation.

4.3 Method Limitations

In this work the scattering due to diffuse light is not taken
into account, meaning adverse meteorological conditions are
a limitation. The shadow variability due to clouds depicted in
the captured images and the light scattered influence the out-
come of the method, an evaluation of a very cloudy day was
made to witness the method’s failure. Also, geometries with
sun reflexes are avoided due to the overexposed pixel values
on the digital image. In that way, image filtering is performed
to exclude the unusable image. Moreover, the pixel brightness
scales with global illumination in the tilted plane. In addition,
although the method calculates the soiling losses at the cell
level, the electrical output reference is from the module itself.
Thus, the mean value of the soiling losses over all cells is
performed and this corresponds to the soiling losses of the
module. Furthermore, bird drops were found to be another
limitation of this method, especially if the scattering and clean
calibrations are performed under these circumstances. Al-
though do not affect substantially the brightness of the soiled
module, has an impact on the energy losses. In that way, when
calculating the soiling losses with the camera-based method
this represents a false perception of the brightness for the rate
of soiling losses verified. Lastly, the electrical miss match
effect is not taken into consideration in this method. If there
is a strong inhomogeneity on the deposited soiling in the PV
module or a cell that is strongly soiled, the electrical model
needs to be taken into consideration.

5. Conclusions

The validation of the method was successful for modules 1 and
2, obtaining for optimal conditions an accuracy to determine
soiling losses between 2% and 4%. The results with different
meteorological conditions provided deeper insights into how
the variability of the clouds influences the outcome. For the
moment, it can be stated that for clear sky conditions or clear
sky with some clouds, the method can predict with good
accuracy. However, it is worth mentioning that only local
soiling/dust from PSA (Plataforma Solar de Almeria) was
evaluated. If the soiling conditions change, it’s necessary to
perform a new scattering and clean calibration, because the
evaluation is dependent on dust properties. Regarding a very
cloudy day, the method accuracy decreases significantly to
672%.

The results from modules 3 and 4 revealed undesirable
output and failed the validation process. After a detailed
analysis of the module in question, both modules 1 and 3
on-site presented optically the same soiling, which means
that both modules should have a similar soiling ratio. The
only difference between modules was, module 3 had two bird
drops. One possibility behind the wrong calibration is the bird
drops located in the upper part of module 3. Despite being

small, affect the performance of solar PV cells [1]. Another
possibility is an unknown problem that occurred during the
scattering calibration or an electrical output reference issue.
Nevertheless, the bird’s drop is an interesting topic of study
and the theory that is believed to be the origin of the problem
caused in the scattering calibration. One more limitation
needs to be added to the method and future work needs to
address this matter. However, for the same evaluation, the
clean reference module showed to be accurate and showed 0%
of soiling losses. This indicates that the scattering calibration
of module 3 is the only wrong input in the method, which
overestimates the soiling losses and it is believed that is due
to bird drops that significantly influence the energy efficiency
outcome, but do not affect the brightness that the camera
captures.

A key recommendation is to perform the soiling analysis
during the solar noon because there is no title angle influenc-
ing the results and the image is clearer. The sun, panels, and
camera are facing south and a line can be drawn from the
sun until the panels pass through the camera, making it more
likely to have direct scattering into the camera. Thus, having
sun reflections on the images produces a brightness inhomo-
geneity in the PV modules. In that way, another proposal is
to fix the camera not directly in the center, but on the side,
avoiding sun reflexes on the collected data during the solar
noon.

Overall, this new camera-based method provides live data,
which can be accessed and treated easily. Additionally, it can
be used in large areas, for example, a PV park, in contrast to
the soiling measurements commercially available [11]. Fur-
thermore, if the PV park already has installed surveillance
cameras on site for security or monitoring purposes, it can
also be used to evaluate the energy losses due to soiling with-
out needing extra efforts and new installations. Not only, it
is used normally for security reasons, but also can be used to
optimize the energy efficiency of all parks. In this case, with
the soiling analysis evaluations and with a large amount of
data, it is possible to optimize the cleaning schedule.

5.1 Outlook

This project demonstrates a valid solution for the detection of
soiling in the PV solar energy, and how it can affect the energy
efficiency of the process. However, further developments are
needed. For one, a larger data set will improve the validation
of the extended formula and a sensitivity study will reveal
which part of the formula has the greatest potential for im-
provement. To evaluate a larger data set, it is necessary to have
more surveillance cameras installed in the solar plant and/or
with a larger overseeing area. Furthermore, recent/modern
surveillance cameras are recommended due to their pixel res-
olution. Due to time constraints, it was only possible to test
the model with a fixed exposure time. In this sense, future
research should consider dynamic exposure time. Another
sensitivity research proposal would be to test this approach
for different types of PV modules and various types of soiling.
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The last recommendation would be to consider shading by
bird drops.
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