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FRONT-SURFACE SOILING MEASUREMENT DEVICE FOR PHOTOVOLTAIC MODULES
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Abstract. Every year, significant investments are directed to re-
search institutes and other organizations around the world
that are engaged in improving the efficiency of solar cells. The
decrease in the efficiency of photovoltaic modules is largely
caused by surface contamination and depends significantly on
the re-gion where they are installed. In some locations, perfor-
mance losses can be substantial. The construction of utility-
scale PV plants requires vast land areas. Therefore, it is not ad-
visable to build them in urban are-as or on agriculturally valu-
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able lands. Utility-scale PV plants are usually built on unprofitable or barren lands such as semi-desert, desert
areas, where access to water is limited. These are plots of land that are not in demand for agriculture or other
constructions, but such regions are characterized by a large num-ber of sunny days a year. It takes a lot of water
to clean the surfaces of the PV modules at the station. But in desert areas, the cost of water consumption can be
equal to the price of fuel. To find a balance between the soiling losses in PV system and its surface cleaning costs,
a device is required that monitors these pa-rameters and notifies when cleaning is needed — specifically, when
energy losses outweigh the expenses. This paper describes a developed device for measuring soiling losses in PV
module. The operating principle of the device is based on the phenomenon of diffuse light reflection from the
surface of PV module. Exper-iments have proved that the developed device can be used to monitor the soiling
losses in PV systems.

Keywords: photovoltaic systems, photovoltaic module contamination, soiling measurement, light source, reflec-
tion, solar simulator.
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YK0B0-00CAiOHI iHCmumymu ma iHwi opaaHizayii no eceomy
csimy, sKi 3alimaromecs nidsuweHHAM eheKkmusHoOCMi COHAY-
HUx enieMeHmis. 3HUXCEHHSA egheKmusHOCMi homoenekmpuy-
Hux mooynie (PEM) 3Ha4yHO Miporo nos'azaHe i3 3a6pyoOHeH-
HAM IXHbOI MOBepPxHi Ma 3anexcums 8i0 pezioHy, 8 AKOMY 80HU
8CMAHo8sEeHI. Y deaxkux Micuysx empamu rnpoodyKmusHocmi
Moxymes bymu cymmesumu. [ns 6ydisHuumea senuxkux ¢go-
moenekmpuyHux cmanuyiti (OEC) nompibHi 3Ha4Hi 3emesnbHi
dinsHKuU. Tomy HedouinbHO po3miwysamu ix y micmax abo Ha
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npubymKoBuX CiflbCbK020Cno0apcbKux y2ioosx. 3a3suyali genuki PEC bydyrome Ha HepeHmabesnbHuUx abo Hernpu-
0amHux 0114 CinlbCbK0O20 20C100apcmead 3emMaaX — MAKuUx AK HanisrnycmessHi abo nycmenoHi pe2ioHu, 0e docmyn
00 800U obmexeHull. Lle mepumopii, Aki He 8UKopUCMOBytoMbCA 0715 8e0eHHS CifbCbKo20 20cnodapcmea abo
bydisHUUMea. TaKi pe2ioHU MAaKOMXC XapaKmepu3yomsCa 8e/UKOI0 KifbKiCMIO COHAYHUX OHi8 Ha piK. [ns o4vu-
WeHHS 108epXOHb (homo2anb8aHIiYHUX MOOYi8 HAa CMAHYii He0bXiOHA 3HAYHA KinbKicmb mexHiyHoi 600uU. OOHAK
y MOCywinueux pe2ioHax eapmicme 800U MOXM(e 3piBHAMUCHA 3 YiHoto nanuea. LLob 3Halimu 6anaHc mix empa-
moto nomyxcHocmi ®EC ma sumpamamu Ha O4UUEHHA MOBEePXHI MoOYs1i8, HeobxiOHUM € npucmpitl, akull 30ilic-
Hro8amMume MOHIMOoPUH2 Yux napamempie ma cuzHanizysamume rnpo HeobxiOHicms o4YUWEHHA, KOAu empamu
eHepeii nepesuwyroms sumpamu Ha obcy2o8ysaHHA. Y uili pobomi onucaHo po3pobneHuli npucmpili 0na sumi-
prosaHHa empam nomyxHocmi @EM yepes 306pyOHeHHS iXHbOI AUYbOBOI nosepxHi. MpuHyun pobomu npu-
cmporo bazyemeoca Ha Asuwi Oughy3Hozo 8idbumms ceimaa 8i0 nosepxHi moodyns. lposedeHi ekcriepumeHmu
niomeepousu, wo pospobaerHuli npucmpiti yinkom npudamruli 8218 MoHimopuHay 3abpyoHeHHs PEC.

Knrouoei cnoea: chomoenekmpuyHi cucmemu, 306pyOHeHHS noe8epxHi Moodysie, 8UMIPOBAHHS 306pYyOHEHHS,

Oxcepeso ceimsa, 8i0bumms, CuMyaamMop COHAYHO20 ceimAa.

List of abbreviations and symbols used:
PV — photovoltaic

VAC - volt ampere characteristic

Introduction. The accumulation of contaminants on the
front surface of photovoltaic modules reduces the solar ir-
radiance incident on the solar cells, thereby diminishing the
overall electricity output of solar power plants [1-5]. In this
regard, it becomes necessary to determine the effect of
surface contamination on the power generation by PV
module. To clean the frontal surface of PV modules from
contaminants, a special maintenance is required, which
leads to additional time and financial costs. In recent years,
there has been a significant increase in both the implemen-
tation of devices that monitor soiling-related losses and the
elaboration of various methods for their direct use in PV
systems [6-11].

A traditional method for determining energy losses associ-
ated with PV modules contamination is well-known. It is
based on comparing the values of short-circuit currents of
two identical reference modules located next to PV station
modules with the same tilt angles. One of the reference PV
modaules is periodically cleaned, and the other is in a dirty
state, as are the PV station modules. The reduction of
short-circuit currents associated with surface contamina-
tion is defined as the ratio of the output currents of the
compared reference modules [12-14]. The drawback of
this method is that the difference in inclination or azimuth
angles (for example, by 0.5 °) of clean and soiled PV mod-
ules do not allow us to obtain accurate values of the meas-
urement due to the difference in the amount of solar en-
ergy converted by each module during the day [15].

In another work, a device using microscopic imaging was
developed that makes it possible to assess the degree of
modules contamination based on a comparative analysis of
images of a soiled surface obtained using the device's cam-
era [16,17]. The disadvantage of this method is that a sep-
arate device must be mounted to each array of modules of
a PV system, which leads to additional financial costs.

LED - light emitting diode

USB - universal serial bus

The purpose of this paper is to develop a device for deter-
mining power losses in PV modules caused by soiling of
their front surface.

Operating principle of the device. The device operates
based on the principle of diffuse light reflection from the
PV module surface (Fig. 1). To determine the degree of con-
tamination of PV module, the device, with the optical side
where the hemispherical reflector is located, is tightly af-
fixed to the measurement places of the frontal surface of
the PV module. In the upper part of the hemispherical re-
flector, a light source is located perpendicular to the frontal
surface of PV module and a photodetector is located at a
certain angle to it, which detects the reflected light. The
light source consists of 7 LEDs tightly mounted in a circle
with each other. The LEDs were chosen so that they emit
ranges of white light: IR, red, yellow, green, blue, UV, and
even white light itself.

To make measurements, a laptop is connected to the USB
interface of the device and data can be exchanged between
the device and the laptop via any “terminal” utility. When
the corresponding command is sent from the laptop, the
control unit turns on and off the LEDs sequentially for a
short time and when light hits the surface of PV module,
the light is reflected in different directions and part of the
reflected light reaches the photodetector. The signal from
the photodetector is amplified, converted into a digital sig-
nal on the control unit and transmitted to a laptop to dis-
play and storage data for further analysis. The measured
values of the device are displayed on the computer screen
as a dimensionless value depending on the intensity of the
reflected light. As soiling particles accumulate on the sur-
face of the PV module, the reflective characteristics of the
surface change and, as a result, the intensity of light regis-
tered by the photodetector also changes, and conse-
quently the readings of the device too. This makes it possi-
ble to establish a relationship between the power loss of
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PV module and contamination. The device is powered via a
USB interface connected to a laptop. In future versions of
the device, to facilitate the measurement process, the

a) the appearance of the device

possibility of connecting a Bluetooth module to the de-
vice's USB interface is being considered so that measure-
ments can be taken via an Android application.

c) block diagram of the device

Fig. 1. On (a) and (b) the external views of the device are shown. In (c) the block diagram of the device: 1 - housing, 2 -
hemispherical reflector, 3 - light source, 4 - photodetector, 5 - control unit, 6 - amplifier, 7 - USB interface, 8 - laptop, 9 —
reference PV module

The experimental part. Two identical 4 W monocrystalline
modules were selected for the measurements. The sur-
faces of the modules were cleaned of dirt and measure-
ments were carried out using the developed device in cer-
tain places of each module. After that, VAC of the modules
was measured using a Sciencetech solar radiation simulator
(UHE-NL-250) [18-20] at the Physical-Technical Institute of
Uzbekistan. The solar simulator could illuminate a surface
area of 25x25 cm, so the dimensions of both modules were
chosen not exceeding these limits (module size: 20x20 cm).

Both modules were installed in close proximity on the heli-
opolygon (solar testing site) of the Physical-Technical Insti-
tute. The modules were oriented southward, and the angle
of inclination coincided with the geographical latitude of
Tashkent. Then they were left on the heliopolygon for con-
tamination in a natural way. Periodically, one module was
cleaned, while the other remained dirty. After each clean-
ing, the device was used to measure both modules in cer-
tain places (Fig. 2). At the beginning of each month, the
VACs of both modules were measured on a solar simulator
and then reinstalled in their places at the Institute's heliop-
olygon (Fig.3).

Fig. 3. Measuring VAC of modules using the Sciencetech so-
lar radiation simulator (UHE-NL-250)
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Initially, the experiments were conducted during the day.
Due to the fact that the photodetector is highly sensitive to
sunlight, the measurement results varied when the inten-
sity of solar radiation changed. Although, during the meas-
urements, the device was tightly affixed to the front surface
of the PV module, the back side of the module also allowed
solar radiation to pass through. Therefore, the experi-
mental results were unsuitable for analysis.

In the next stage, we have resumed the experiment, but
now the experiments were conducted after sunset. The
measurement results are shown in Fig. 4. It can be seen
from Fig. 4 that the light reflection curves from green to
white light have the same appearance (profile), but with a
shift along the vertical axis. To simplify data analysis, reflec-
tions of the green LED light are selected for further calcula-
tions. The use of a monochromatic green light source with
a wavelength of 530 nm is justified by the findings reported
in [21], where it was shown that the impact of surface
soiling on the electrical performance of solar cells can be
accurately assessed using optical transmission measure-
ments within the 500-600 nm spectral range, which
corresponds to the emission bands of green and yellow
LEDs [22]. Although our approach relies on analyzing
reflected light rather than transmitted light, we consider
this assumption valid for the purposes of our study.
Nevertheless, further investigation is needed to verify
whether this approach is also appropriate when applied to
reflected light.
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Fig. 4. The data obtained using the device from
01.06.2024-01.10.2024. The vertical axis shows the device
readings

Analysis of the results. To find the relationship between re-
flected light (which was recorded by the device), the amount
of which is related to the surface contamination level and
power losses (measured using a solar simulator), a graph was
plotted using previously obtained results (Fig. 5).

The vertical axis shows the power loss values of PV module
measured on a solar simulator, the lower horizontal axis
shows the device readings, and the upper horizontal axis
shows the soiling losses. The graph shows that the correla-
tion between them is linear.
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Fig. 5. The relationship between reflected green light and
the soiling losses of PV module

As mentioned above, at the beginning of the experiment,
the power (Pc) of the cleaned PV module was measured,
then the power of an identical module, but with a soiled
surface (Pp), was measured over several months. To deter-
mine the power loss (Pioss), the measured values were sub-
stituted into the following formula:

P.—P
=€ _0.100%. (1)

P

loss —
C

The relationship between PV module power losses (Pioss)
and the degree of contamination is determined using the
following formula:

kloss = = (2)
P

loss

where kioss is a coefficient that indicates how many units the
device readings change, corresponding to a 1% drop in
power of PV module, and I, and /n-1are the device readings.
Substituting the corresponding values from the graph in
Fig. 3 into formula (2), we obtain: kioss = 62-19/10.4 = 4.

The calculations show that each increase in the instrument
readings by an average of 4 units corresponds to a 1% re-
duction in PV module power. This dependence is deter-
mined for monocrystalline PV module and may differ for
different types of PV technologies. Therefore, kioss of the PV
module (it is recommended to use PV module similar to
modules on PV system) that is planned to be used for mon-
itoring soiling losses of PV system must be calculated. After
that, it can be installed in the same plane as the PV system
and monitored using the device.

Conclusions. Experiments have shown that the developed
device, based on the principle of diffuse light reflection
from the surface of PV module, can be used to determine
power losses of a PV system caused by soiling.

The device can be used to assess the degree of erosion on
the front surface of the PV module over several years. This
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can be evaluated by determining how closely the device
readings match the original values recorded before field in-
stallation.

The device can be used to evaluate the effectiveness of dif-
ferent PV surface cleaning methods under field conditions.

The proposed method does not require maintaining a per-
manently clean reference PV module, as is done in a tradi-
tional soiling station [12], thereby eliminating continuous
maintenance staffing and avoiding unnecessary water con-
sumption.

Compared with the Mars Soiling Sensor™ [16], this device
does not employ any microscopic digital camera or optical
lenses, which makes it structurally simpler and less expen-
sive than other optical analogues.
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