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Abstract 
 
Condition monitoring involves collecting real-time data that can be 

transformed into meaningful graphs from which informed decisions can be 
made with regard to the maintenance, performance and sustainability of a 

system. An example of such a system is a PV system that should operate 

continuously over a specified period of time within a given environment 
despite ever-changing environmental conditions. Monitoring the real-time 

performance of such a PV system, and especially its PV modules, is vital to 

ensure its sustainability. The purpose of this article is to highlight four key 
methods that may be used to enable condition monitoring of PV modules in 

order to enable system sustainability. Empirical results obtained from an 

experimental setup are used to illustrate each method, where key anomalies 

are identified that may lead to premature PV module degradation. These 
methods include power and temperature measurements along with 

thermographic and visual images. An interpretation of the graphs associated 

with these methods is also given in the paper. A key recommendation is to 
make use of a number of condition monitoring methods to improve the 

decision making process regarding the maintenance and enhancement of PV 

systems. 
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1 Introduction 
 

 During a packed season, maintaining fitness becomes tough because you 

can't put too much effort into it. You're constantly monitoring workloads [1]. 

These words by a well-known Indian cricket player, MS Dhoni, well 
illustrate the importance of monitoring workloads of cricket players. This 

would ensure that these players do not suffer from burn-out or injuries. 

Similarly, condition monitoring of PV modules is critical to ensure optimum 

performance over a prolonged period of time. Condition monitoring requires 
the collection of real-time sensor data from a device to make predictions 

regarding its health and lifetime expectation, and is used to improve 

maintenance decisions [2]. This suggests that data collection and 
interpretation is vital to make an informed decision of the maintenance, 

performance and sustainability of any system, including a pico-solar system. 

A pico-solar system is defined as a renewable energy system with an output 
power of less than 3 W [3] and can also be termed a small-scale PV system. 

A sustainable PV system must be able to operate continuously over a 

specified period of time within a given environment despite ever-changing 

environmental conditions [4]. These environmental conditions may include 
severe dust, heat and bird droppings that may exacerbate the degradation of 

PV modules to the point that they negatively influence the performance of a 

PV system. This especially occurs in a PV array, where multiple PV modules 
are connected in a string to achieve higher output voltages and currents. It 

takes just one error-prone PV module, or cell, to negatively affect the 

performance of an entire string [5]. 

Effectively monitoring the performance of such PV modules requires 
real-time data from multiple sensors that must be transformed into 

meaningful graphs for informed decision making. Such sensors may provide 

voltage, current and temperature measurements [4, 6]. Thermographic and 
visual images [7, 8] would also be included. The purpose of this article is to 

highlight four key methods that may be used to enable condition monitoring 

of PV modules in order to enable system sustainability. Empirical results 
obtained from an experimental setup are used to illustrate each method, 

where key anomalies are identified that may lead to PV module degradation.  

The paper firstly substantiates the negative impact that dust, heat and bird 

droppings exert on the performance of PV modules. It then presents the 
context of the study along with the experimental setup. The four methods are 

then outlined, followed by the conclusions. 

 

2 Environmental Impact on PV modules 
 

One of the major concerns with PV technology is that there is a linear 
reduction in output power and efficiency as the temperature rises. This is 

called a negative temperature coefficient.  
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Crystalline silicon solar cells are the leading manufacturing standard but 

have an efficiency reduction of approximately 0.5% for every degree above 

25°C [9]. Elevated temperatures are especially prevalent in semi-arid regions. 
These regions have severe natural climatic conditions due to low 

precipitation, high temperatures, a high evapotranspiration ratio, and a high 

aridity index [10].  
Another concern with PV technology relates to when the direct beam 

radiation from the sun is interrupted. Wenham et al. [11] reports all the 

incoming radiation can be assumed to be diffused on a cloudy day, with 
intensity approximately equal to 20% of the direct beam component. This 

should correlate to an 80% drop in output power when a PV module is fully 

shaded. This was partially confirmed by Swart and Hertzog [6] who found 

that covering a PV module with a 63% shade net caused an 85% power 
reduction. This direct beam radiation may also be interrupted by the presence 

of birds or their droppings. 

Shaded PV modules, or cells, severely reduce the output power of an 
array or module. When a cell is shaded, it changes from being a forward 

biased device to being a reverse biased device [12]. Its internal resistance 

increases dramatically, thereby reducing current flow, and becoming more 

like an open circuit. To counteract this effect, surrounding cells attempt to 
drive more current through the shaded cell to try and maintain the original 

flow of current. This now results in more heat being dissipated in the cell, 

leading to the formation of hotspots and cell burnout. In this case, the shaded 
PV cell changes its role from an energy producer to an energy consumer. 

Manufacturers therefore include bypass diodes in PV modules to try to 

mitigate this effect. When the cell becomes reverse biased, the bypass 
diode’s voltage state changes to being forward biased. Its internal resistance 

is now lower than the resistance of the PV cell. This means that current will 

rather flow through it, than through the shaded PV cell, thereby leading to no 

significant heat dissipation. However, the output power is reduced, as one 
cell is excluded from contributing to the output. Hot spots are problematic in 

PV modules that accelerate cell degradation and system performance [13], 

especially in arid and semi-arid regions of the world. 
 

3 Constructing Meaningful Graphs 
 

Simply obtaining data from a number of various sensors located within a 

specific region holds no value at all if no interpretation and presentation 

exist. In fact, this type of data, or information, creates no new knowledge at 
all. “To know”, or to create knowledge, requires one to dig deeper into the 

information by isolating and extracting key facts, and then linking those facts 

with other pockets of knowledge , thereby fostering understanding and 
creating meaning [14]. 
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Meaningful graphs, or readable figures, form a critical part of the 

decision making process. The effective presentation of data requires that it be 

transformed into meaningful graphs so that decision-makers can quickly find 
new phenomena or laws from a large data set [15]. Graphs should include 

labels and arrows to quickly relay your message to the reader [16]. This 

includes providing: 

 Axis labels and units for the y- and x-axis; 

 Be formatted consistently the same in terms of font size and 

style; and 

 One or two highlights in the graph, or image, that captures the 

attention of the reader (using arrows, shapes or letters) and which are 

explained in the paragraph, in the text. 
 

4 Study Context 
 

The research site resides in the Free State Province of South Africa, 

being classified as a semi-arid region. This region is characterized by deep 

red or yellow sandy loam soils, low annual rainfall, high temperatures and 
high evaporation [17]. It has an average daily radiation of between 4.5 and 7 

kWh/m
2
, which promises significant potential for solar energy harvesting 

[18]. The main campus (29°07'16.6"S 26°12'57.6"E) of the Central 

University of Technology (CUT) is situated in the city of Bloemfontein, 
being the Provincial Capital. The daily average global horizontal radiation in 

this area is approximately 5.15 kWh/m
2
/day [18], with an average annual 

rainfall of around 550 mm. The winter season is characterized as being very 
dry with annual dust storms that often occur between May and August. 

 

5 Experimental Setup 
 

Three identical PV modules are used in the experimental setup and were 

connected to an energy monitoring system that was developed by the authors. 
This is shown in Figure 1. The basic system contains a logging interface 

circuit (for voltage conditioning purposes), an Arduino Mega microcontroller 

board (for relaying the data to a PC), three identical 10 W LED loads, three 

identical 10 W PV polycrystalline modules, and a user interface (shown in a 
bold square) that was developed using LabVIEW software. 

Regulated 12 V LEDs have been reported to be suitable loads for testing 

pico-solar systems [19]. The LabVIEW user interface has several functions 
that include displaying: 

 real-time current, voltage, power and temperature measurements 

of the three identical modules using meaningful graphs; 

 the angle at which each module is mounted; 
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 the instantaneous and total output power for each individual 

module; 

 the number of times, and duration, that birds were detected on 

each module; and 

 the date stamp as well as the path to the text file where the data 

is stored. 
An aluminum structure was used to mount the PV modules on a balcony 

of a third floor building that has unobstructed views of the sun during the 

day. The tilt angles for all three modules were set to 29° that is also equal to 
the latitude of the research site. The orientation angle was set to due North 

(0° North), as this exposes the PV modules to the maximum solar radiation 

for a given day, which is related to the daily solar radiation curve [20]. After 
the initial setup was completed, the system was calibrated to verify the 

validity and reliability of all subsequent measurements. This calibration 

process was published in 2015 [21]. 

 

 
Figure 1 Experimental setup (note the bolded square highlighting the user interface) 

 

6  Four Methods Explained 
 

6.1 Power Measurements 
 

Figure 2 presents a power measurement graph obtained from the 

LabVIEW user interface that was specifically designed for a pico-solar 

system. At the end of each day, the recorded values were stored in a text file, 

with a screenshot of the front panel also being executed.  

Interface circuit for logging purposes 

Arduino 
microcontroller 

(UNO or 

MEGA) 

LabView user interface on a PC 

PV1 
 
10 W 

module 

  
  

PV2 
 
10 W 

module 

  
  

PV3 
 
10 W 

module 

  
  

10 W 
LED 
load 
(PV1) 

  

  

10 W 
LED 
load 
(PV2) 

  

  

10 W 
LED 
load 
(PV3) 

  

  



                                                                                                                  
 

 

 
 

 

 
7317 Arthur James Swart et.al 

 

An example of such a screenshot that was taken on 6 January 2020 can 

be seen in Figure 2. Please note that the graph for PV1 is indicated in black, 

PV2 in red and PV3 in blue for both the power and current curves. The 
following is visible: 

 The power produced by each one of the three identical PV 

modules (see A) as well as the current that flows through each of the three 

LEDs (see B); 

 A drop in output power of PV3, as compared to PV1 and PV2, 

suggesting module degradation (see C). Please note that all three modules are 

identical, being obtained from the same supplier and initially installed at the 

same time in January 2018; 

 An interruption in the direct beam radiation caused by cloud 

movement between 11h00 and 12h00 (see D); and 

 The presence of a bird on PV3 at around 15h30 (see E). Only the 

output power of PV3 has fallen significantly, while that of PV1 and PV2 

remains constant. 

 
Figure 2 Power measurements curve obtained from voltage and current 

measurements as displayed on the LabVIEW user interface 

 

6.2 Temperature Measurements – Surface Sensors 
 

Figure 3 illustrates temperature curves that were obtained for 6 January 
2020 from the three identical 10 W PV modules using temperature sensors 

that were mounted on the back surface of the modules. Similar to the results 

in Figure 2, where PV3 produced a lower output power due to module 

degradation, it can be seen that the temperature of PV3 is lower than PV1 
and PV2 (indicated by an arrow). This may be correlated to the lower current 

that flows through PV3, as it produces less power than the other two 

modules.  
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Please note that the formation of hotspots on PV3 may not be clearly 

evidenced by this temperature result, as the location of the temperature 

sensor is restricted to only one specific area of the back surface. A more valid 
result would be to seek a thermographic image of the entire back surface area 

of this module.  

 

 
Figure 3 Temperature measurements obtained from a sensor connected to the back 

surface of three identical PV modules (note the arrow showing the curve of PV3 at 1 

pm) 

 

6.3 Temperature Measurements – Thermographic Images 
 

Figures 4 and 5 shows thermographic images obtained from the back 

surface of 10 W PV modules. These images help to pinpoint possible 

hotspots that may have developed, or are starting to develop, from partial 

shading of a cell or from manufacturing inconsistencies. Figure 4 shows two 
PV modules that were installed at a tilt angle equal to the latitude of the 

installation site. They are both orientated due North. However, the right hand 

module has a significant hotspot within the dotted circle, which is recorded 
by the thermographic camera as being 34.4°C. The left hand module does not 

exhibit a similar high temperature, indicating a possible fault between the 

two modules.  
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Figure 4 Theromographic image of the back surface of two PV modules installed in 

a semi-arid region using a FLIR-E64501 camera (note the highlight using a dotted 

circle) 

This is further proven by viewing Figure 5 where identical PV modules 

were installed inside an air-conditioned office that has large window-panes 
facing due North. A different thermographic camera was used to record this 

image that shows a significant hotspot on the bottom left of the image (dotted 

circle). This hotspot is again not evident in the right hand side module of this 
image, which again suggests a possible fault between the two modules. 

Modules with higher surface spot temperatures should be empirically tested 

as outlined in Figure 1, to enable an informed decision of whether to replace 

the error-prone module in the system. PV modules with such hotspots exhibit 
a 9% power reduction in their output as compared to other identical PV 

modules that have no such hotspots [7]. 

 
Figure 5 Thermographic image of the back surface of two PV modules installed in 

an air-conditioned environment using a MONITIR MN4100 camera (note the 

highlight using a dotted circle) 
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6.4 Visual Inspection – Camera 
 

Figure 6 highlights a visual image of the front surface of a 10 W PV 
module used in this research. Significant dust deposits are visible on the PV 

module, along with a pigeon dropping (dotted circle). Droppings such as 

these can contribute to the formation of hotspots inside the module that may 
be determined using a thermographic camera that is pointed to the back 

surface of the module. It has been shown that a singular pigeon dropping can 

contribute to a 1.5% power reduction over a period of one day [22]. 

 
Figure 6 Visual image of the front surface of a PV module showing significant dust 

and a bird dropping (note the highlight using a dotted circle) 

 

7 Conclusions 
 

The purpose of this article was to highlight four key methods that may be 

used to enable condition monitoring of PV modules in order to enable system 

sustainability. Real-time data is obtained from sensors that enable power and 
temperature measurements while images are obtained from a thermographic 

camera that enables one to make an informed decision regarding the health, 

or performance of a PV module. 
A power measurements curve, or meaningful graph, is sketched in a 

software package to reflect the real-time data obtained from the voltage and 

current measurements. These are obtained from sensors connected to an 

Arduino microprocessor that connects to a PC. Visible anomalies in the 
power measurements curve includes cloud movement, the presence of birds 

and possible PV module degradation. Temperature sensors connected to the 

back surface of a PV module can further establish if a PV module has 
degraded. These modules need to be replaced with newer ones, as these 

error-prone ones will reduce the performance a PV array.  
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Thermographic images help to pinpoint where hotspots have occurred in 

the PV module, by considering the back surface of the module. These hotspot 

originate due to cell shading that may occur with the presence of birds or 
their droppings. Visual inspection using a normal camera may confirm these 

droppings, or even the presence of dust, that needs to be removed on a 

regular basis so as to maintain the optimum output power of such modules. 
This visual inspection should focus on the front surface of the module. 

A key recommendation is to make use of a number of condition 

monitoring methods to improve the decision making process regarding the 
maintenance and enhancement of PV systems. In this research, the front and 

back surfaces of a 10 W PV module where analysed using thermographic and 

visual inspection techniques, while automatic condition monitoring was 

achieved by measuring the output voltage, current and temperatures of the 
module. This equates to determining the inner working of the PV module. 

This can ultimately lead to an enhanced operating system, where an informed 

decision to replace error-prone units is based, not only one or two pieces of 
information, but on four different types of information that can be correlated 

to each other. 
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