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Abstract 

Solar energy has become an attractive and environmentally mindful method in electrical 

power generation as it contributes significantly to meeting the high demand for the power 

needed for socio and economic developments. The rise in deployment of Photovoltaic (PV) 

facilities with large capacity creates the need for accurate and reliable PV inspection 

techniques for optimum performance, the longevity of PV modules and quick return on PV 

investment. The performance of PV modules in the field is often monitored through several 

inspection methods that require a rapid throughput such as Thermal Infrared (TIR) imaging 

and current-voltage (I-V) measurements. Unmanned Aerial Vehicle (UAV) based TIR imaging 

is widely applied in large PV plants since it is cost-effective and is usually conducted in-situ 

while the plant is operating at irradiance levels above 600 W.m-2. One of the outcomes of the 

interpretations of TIR images is an attempt to quantify the energy loss in PV plants associated 

with the abnormal thermal signatures identified on TIR images.  No standard procedure has 

yet outlined the quantification of energy loss related to TIR images of underperforming 

modules since the interpretation of TIR images remains a challenge. 

PV modules operate under dynamic operating conditions which can influence the results and 

interpretation of thermal and electrical characterisation measurements. Dynamic operation 

conditions refer to any disorders in the operation of the modules and cells which cause a 

change in the current and voltage characteristics of the PV source. These dynamic operation 

conditions include; changes in load conditions, irradiance, soiling and shading levels. The tests 

were done under steady state conditions. Although measurements are generally done while 

the operating conditions are as steady as possible, some changes in conditions have a 

profound effect on thermal and electrical measurements. In this study, these effects and 

some of the changes in conditions that cause them were studied. 

Thermal and electrical measurements on PV modules and strings offer a guide to the state of 

a PV plant and its ability to produce electrical power. One of the most important issues that 

are revealed in these measurements is the level of mismatch between series-connected cells 

and modules. Current mismatch shows up as abnormally hot cells in TIR images and anomalies 

such as bumps in the shape of the I-V curves. Current mismatch can generally be classified as 

belonging to two types; i) Inherent mismatch as a result of cell manufacturing faults, failure 
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in the field and incorrect batching or ii) external mismatch caused by environmental 

conditions such as shading or soiling. Any factor that can change the level of current mismatch 

between cells will cause a change in the TIR image and the I-V curve of a module, thus 

complicating the interpretation of these measurements. The effect that a change in shading 

and soiling have on thermal and electrical measurements as well as the effect that a change 

in the current and voltage operating point of cells and modules have on thermal and electrical 

measurements have, were studied. The complexity of the interpretation of the results due to 

these dynamic operating conditions was investigated and discussed in detail. 

To understand the behaviour of thermal and I-V characteristics of the crystalline silicon PV 

modules, TIR images and current and voltage measurements of the modules were recorded 

under different operational conditions which included; varying irradiance, output power, 

shading and load conditions. Variable partial shading was used to analyse the electrical and 

thermal behaviour of operational crystalline silicon (c-Si) modules, substrings and individual 

cells by recording Thermal Infrared (TIR) images concurrently with electrical measurements 

of individual cells when shading levels between 0 and 100% were applied on one cell. The 

study investigated the relative changes in each of the individual cells’ operational cell voltage 

and the current of the substring containing the shaded cell. These changes are significant and 

gave additional insights into the loss of energy production of a module containing a shaded 

cell. 

The shading level that causes the shaded cell to change from a positive voltage (generating 

power) to a negative voltage (dissipating power) depends on the module’s operational 

conditions such as irradiance level and load conditions. Significant cell mismatch, that causes 

abnormal thermal signatures, occurs when the module’s operational point is on the horizontal 

section of the I-V curve, and close to ISC and can be due to operational conditions such as low 

irradiance, ˂ 400 W.m-2, and small fixed load (resistance) conditions. When the operational 

point of the module is on the vertical section of the I-V curve, and close to VOC, the mismatch 

will be minimal to cause abnormal thermal signature and the bad cells operate and appear as 

good cells on TIR images. When a PV module underperforms, it is beneficial for the 

operational point to be higher than VMP, since the bad cells will not become abnormally hot 

to cause detrimental effects such as module back sheet damage, cracks, risk of fire and 

increased module degradation rate. 
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The dynamics of the abnormal thermal signatures under different operational conditions such 

as changing load, irradiance and shading levels, can cause misinterpretation of the results of 

TIR imaging inspections. This occurs when cells that would normally show up as hot cells 

become masked by the thermal signatures of shaded cells. TIR imaging should therefore be 

carried out on unsoiled and unshaded modules. By incorporating additional testing methods 

such as visual inspections, I-V measurements and Electroluminescence (EL) imaging, a more 

informed interpretation of the cause of the abnormal hot cells in the TIR image can be made.  

In addition to the standard guidelines for capturing TIR images, such as under steady 

environmental conditions, clear sky with an irradiance of above 600 W.m-2, angle of capture, 

emissivity, etc., it is beneficial to carry out TIR imaging when the operational point of the 

modules is less than maximum power point (MPP) and closer to ISC. That is when the modules 

deliver a large current and a significant current mismatch can occur such that most cell 

anomalies can easily present themselves as abnormal thermal signatures. This option may not 

be practically achievable since most module strings operate close to their maximum power 

points. However, it must be recognised that as a result of module mismatch, not all series-

connected modules will operate at their maximum power points. Some modules and cells 

may operate at voltage points lower than their VMPP and thus enhance the observation of 

mismatched cells in TIR imaging. This study recommends the design of inverters to 

incorporate a function which allows the operating point to be changed from the maximum 

power point in order to identify intrinsic abnormal thermal signatures on clean modules. 

Additionally, when PV modules are mismatched, the overheating of cells may be minimised 

by operating closer to VOC. Inevitably, this leads to a reduction in power. In this way, the 

reliability and performance of crystalline PV modules operating in PV plants can be improved. 

Keywords: Crystalline silicon modules, operational conditions, thermal signature 
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Chapter  1  

Introduction and objectives of the study 

1.1 Photovoltaics status 

Electrical energy is key to socio-economic and environmental development; hence 

distribution of renewable energy technologies is inevitable to meet the high demand for 

energy. Solar energy is the largest renewable energy source and the global investment in solar 

energy systems, amounting to USD 148.6 billion in 2020 [1], contributes to the expansion of 

this energy technology. It is now amongst the most viable and sustainable electrical power 

generators and is destined to be a widely used global electrical energy source due to, the high 

demand for electrical energy, the depletion rate of traditional fossil fuel reserves and the 

international drive towards clean power production. 

Technological advances and decreasing capital costs have also contributed to the growth of 

photovoltaic (PV) systems from small applications to large commercial scale PV plants which 

can be stand-alone, mini-grids, grid-tied or hybrid systems. To ensure a low levelised cost of 

electricity (LCOE), PV systems need to operate reliably and efficiently over their expected 

lifespan. This can only be achieved if a system is regularly monitored to identify performance 

degrading defects as early as possible. Thermal infrared (TIR) imaging is one such technique 

that is commonly used. One of the focus points of this study is on the dynamic nature and 

correct interpretation of TIR imaging for crystalline silicon PV devices. The LCOE of the utility-

scale solar PV has reduced in recent years [2][3][4], which is the key that enhances the pace 

of growth of the PV technology. The global overall growth in PV deployment for residential 

and commercial applications is shown in Figure 1.1 and the world’s total capacity stands at 

approximately 710 gigawatts (GW) as of 2020. There are still challenges in several countries, 

mainly in Africa, for solar PV to become a major supply of power due to policy and regulatory 

instability and financial constraints [5][6]. 
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Figure 1.1: Global capacity of solar PV for the years 2009-2019 [5]. 

Africa has a good climate and potential for solar energy as indicated on the map in Figure 1.2, 

but several African countries are experiencing electrical energy rationing known as load 

shedding and not fully utilising the natural solar resource. Countries such as Egypt, South 

Africa, Kenya, Namibia and Ghana took the lead in PV plants installations to mitigate electrical 

power challenges. The do-it-yourself (DIY) approach is still carried out, in countries like 

Zimbabwe [7], by installing small household PV generators to bridge the gap in energy needs 

despite that the country had the capability (Solarcomm) in 1988 to assemble solar modules 

from imported PV cells [8]. The country’s advancement in inviting investors into the energy 

sector and the call for tenders to grant power purchase agreements (PPA) will decrease 

reliance on energy imports and accelerate the nation’s economic development.  

In terms of operational solar systems, South Africa is the largest in Africa having 

several PV plants with a total installed PV capacity of 2.5 GW, according to the International 

Renewable Energy Agency (IRENA) [6]. The growth in PV system deployment and investment 

709 674 MW 

Year 
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in roof and ground-mounted, stand-alone and grid-tied PV plants is mainly due to the launch 

and support of the Renewable Energy Independent Power Producer Procurement Programme 

(REIPPPP) by the government of South Africa [6][9][10]. This rapid growth shows that the PV 

industry is becoming highly competitive in the overall energy mix in South Africa. 

 

Figure 1.2: Global solar resource map obtained from Solargis [11]. 

1.2 Background and motivation of the study 

This study focuses on Thermal Infrared (TIR) imaging of crystalline silicon PV cells, modules 

and arrays and is used in conjunction with associated characterization tools to analyse the 

behaviour of abnormal thermal signatures and I-V characteristics in PV systems. This study 

also aims to offer better insights into improving the operation of TIR imaging inspection 

methods for crystalline PV modules. In this study, thermal characteristics of cells refer to the 

temperature distribution on cells in a module, i.e., special features such as the abnormal 

thermal signatures. I-V characteristics mean the current and voltage measurements and 

parameters such as short circuit current, open-circuit voltage, maximum power voltage, 

maximum power current and the operating current and voltage point of modules and cells. 

PV systems range from small, rooftop-mounted systems with capacities from several 

kilowatts to large utility-scale power stations of hundreds of megawatts. A PV system is 
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composed of arrays of parallel strings which contain several PV modules connected in series 

with each module consisting of series connected cells that are arranged in substrings. 

Different types of technologies of solar cells exist, as highlighted in Section 2.4. Operating 

silently and without any moving parts or environmental emissions, PV systems have 

developed from being small niche market applications into a mature technology used for 

mainstream electricity generation such as grid-tied and off-grid PV systems. Figure 1.3 shows 

a large PV plant, Solar Capital’s De Aar PV Power Plant, in the Nothern Cape of South Africa 

consisting of hundreds of thousands of PV modules capable of generating 175 MW of 

electrical power [12][13]. 

 

Figure 1.3: Solar Capital’s De Aar PV plant, in South Africa, having thousands of crystalline 

PV modules [13]. 

When PV modules are deployed in the field, they can generate power for more than 25 years. 

However, PV modules can degrade prematurely in performance despite the fact there are no 

moving parts for power generation. PV modules are installed outdoors and operate under 

changeable environmental conditions, such as varying temperature, wind speed and shading 

or soiling conditions, which cause irregularities in the operation of PV modules [14]. 

Crystalline silicon modules consist of cells, with fingers and busbars, which are connected in 

series in substrings to make up a PV module. PV module construction is described in 

Section 2.5. The series-connected cells arranged in substrings are meant to deliver an equal 



5 
 

amount of power to contribute to the overall module’s power when operating in the field. 

The operational voltage and current of the series-connected cells are meant to be matched 

when the cells are subjected to similar operational conditions. However, dynamic 

environmental conditions can cause a cell-to-cell operational mismatch. Additionally, a 

mismatch in the operation of the cells can occur due to manufacturing shortcomings, which 

result in the non-uniform composition of cell-to-cell material. This inherent cell mismatch can 

also result in the series-connected cells producing and contributing differently to the overall 

module power. One of the main consequences of mismatch is the inability of cells to produce 

the same current with the result that underperforming cells are forced to operate at lower 

voltages, or even negative (reverse bias) voltages, resulting in performance degradation of 

the PV module [15][16][17]. 

PV modules can underperform due to cell anomalies such as cracks or shading [18][19].  

Cracks can occur during the manufacturing of the PV modules or post-manufacturing stage 

during transportation, installation, or when carrying out maintenance in the field. Shading on 

PV modules can be caused by buildings, poles, trees, bird droppings and soiling. Shading due 

to soiling is dynamic in nature and is unavoidable since PV modules are installed outdoors at 

an inclination for optimum capture of solar radiation and conversion efficiency. The 

inclination angle can result in wind-blown dust settling on and shading the cells. Uniform 

shading minimizes the irradiance incident on the solar cells and in turn reduces the current 

and power generated by PV modules. Non-uniform shading further causes a mismatch in 

series-connected cells resulting in reverse biasing of the partially shaded cells [16][18][20]. 

Thus, influencing the I-V characteristics and temperature distribution in the affected module. 

Bypass diodes are incorporated in crystalline PV modules to minimise the mismatch effects, 

however, when the bypass diodes are activated, they cause the affected PV module to 

present multiple local I-V maxima points, but only one of them relates to the global maximum 

of the array [21]. Reverse biasing of cells and operation of bypass diodes is described in 

Section 2.6. PV system inverters ensure a continual supply of optimum power to the load 

by constantly tracking the maximum power point (MPP) of PV modules under 

different operational conditions. The inverter constantly tracks the MPP at which the array, 

as a whole, produces the maximum power current (IMP) at maximum power voltage (VMP) to 

deliver maximum power (Pmax) to the load. Different algorithms such as Perturbation and 
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Observation (P&O), incremental conductance and intelligent MPPT techniques, are applied 

for MPP tracking inefficient PV systems. In direct coupled stand-alone PV systems the load 

dictates the operating point and thus the operational power that can be derived from the PV 

modules [22][23][24]. Understanding the behaviour of crystalline silicon cells under dynamic 

operational conditions is crucial for informed decisions during maintenance and for 

developing PV systems. Dynamic operational conditions refer to the change in different 

operational conditions such as irradiance, load, shading or soiling conditions. 

Global research focuses on minimizing and isolating potential sources of any dysfunction, 

failure or abnormal operation for an optimum payback time of investments and extended 

operation period of the PV systems. Therefore, the operation and maintenance of PV modules 

are crucial for the early detection of cell anomalies that impact the optimum performance, 

return on investment, reliability, and longevity of the modules. PV cell performance and 

efficiency are fundamental to the overall operation of a PV module, string, array and the 

whole PV plant. The performance of PV modules has been studied for more than 

20 years [25], and the investigation is still of paramount importance to improve the operation 

and maintenance of PV systems. PV module inspection techniques that are applied to detect 

cell anomalies include visual inspection, current-voltage (I-V measurements, 

electroluminescence (EL) and Thermal Infra-Red (TIR) imaging [16][26]. Physical defects can 

easily be identified through visual inspection while other defects/anomalies require I-V 

testing, EL and/or TIR imaging to be detected. The testing methods, not including Unmanned 

Aerial Vehicle (UAV) based TIR imaging that is conducted in situ, require more time to 

disconnect PV strings and modules, especially in large PV plants consisting of thousands of PV 

modules. UAV-based TIR imaging is widely applied in the PV industry since it is fast and cost-

effective in locating underperforming solar cells [27][28]. TIR and I-V measurements are 

recorded under standard and steady meteorological conditions, constant temperature, low 

wind flow and clear sky with the modules receiving irradiance above 600 W.m-2 [20][29][30]. 

However, changes in operational conditions can influence the performance of individual cells 

in PV modules [31], and the results on TIR images. 

There are plenty of research publications reflecting the increasing interest in the application 

of TIR imaging and the potential for fault diagnosis of PV installations [20][32][33]. Several 

large and small-scale performance studies provide estimates about performance loss, 
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including shading losses, in PV systems operating under real field conditions [25][34 - 37].  

Correlation between the performance degradation, fault types and abnormal thermal 

signatures is discussed in published literature, and some explain the typical defects in 

crystalline silicon PV modules and their influence on the measured I-V curves, such as series 

and shunt resistances [16][38][39][40]. A direct relation between the performance losses and 

the thermal differences was observed through experimental work that was carried out by 

Vodermayer et al. [39], however, the quantification of effective loss with the abnormal 

thermal signatures is not yet published. Therefore, there is a need for further experimental 

studies or evaluation to gain additional insights into the performance and TIR imaging of 

crystalline silicon PV cells for improved operation and maintenance of PV systems. The 

increase in the number of PV plants and, as the existing field-mounted PV plants age, more 

faults emerge and there is an increase in scientific research in TIR imaging and maintenance 

of PV modules in recent years. Being able to detect, identify and quantify the severity of cell 

anomalies, cost-effectively, on operational PV modules is essential for a reliable, efficient and 

safe system. Therefore, detailed information regarding the behaviour of individual crystalline 

silicon PV cells under dynamic operational conditions can be obtained when TIR images of the 

modules are captured under different operational conditions with a concurrent recording of 

I-V characteristics.  

The effective judgement and interpretation of thermal signatures in PV modules remain a 

challenge since many factors such as operational conditions, the emissivity of a target object, 

thermal reflections, capturing angle, etc., can influence TIR images [20][30]. When carrying 

out TIR imaging on large PV plants an enormous amount of TIR images is generated rapidly 

that generally require further classification to identify underperforming modules. Research 

has been carried out to automatically post-process the thermal images, based on the 

knowledge of PV modules failure patterns [41][42]. An algorithm was developed by 

Aghaei et al. to perform TIR image analysis to determine the percentage of degradation from 

specific defects on PV modules [43]. Tsanakas et al. proposed aerial triangulation and 

terrestrial georeferencing as two techniques for advanced inspection mapping of PV plants, 

using data recorded on aerial TIR imaging [44]. An approach for automatic detection and 

analysis of PV modules was proposed by Dotenco et al. by firstly detecting the individual 

modules in aerial TIR images and then detecting the defective modules using statistical 
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tests [45]. U. Jahn et al., [20] suggest that, several defects such as short circuits in solar cells, 

shunts, and inactive cell parts can be identified through TIR imaging, however the method can 

only identify cell failures causing a significant current mismatch with the good cells. A. Kandela 

et al [46], reviewed the recent advances in the involvement of TIR imaging in PV systems fault 

detection and diagnostics and highlighted that this method is a non-destructive PV inspection 

technique for condition monitoring and fault detection. The degradation or ageing impact on 

thermal signatures was investigated following real-time exposure to field conditions and by 

accelerated time ageing in an environmental chamber (e.g thermal cycling) [47][48][49]. 

Surprisingly, no visual defects were observed on other abnormal thermal signatures and also 

modules with visible damage showed no abnormal thermal signature. It was then assumed 

that, for such observations, when cell fracture occurs, the shunt resistance becomes 

sufficiently low for the temperature of the affected cell to increase significantly. 

Tsanakas et al. reviewed the faults in PV modules in relation to the thermal and electrical 

characteristics and classified the faults according to their abnormal thermal patterns and 

electrical characteristics [50]. The effects of partial shading and short circuit failure of bypass 

diodes on thermal and electrical characteristics were analysed [51], by simulation and 

experimental lab-scale PV array. It was shown that a short circuit failure of a bypass diode 

reduces the module’s open-circuit voltage by one-third with no impact on the module’s short 

circuit current. The researchers, Tsanakas et al. and Geun Lee et al. studied the thermal and 

electrical characteristics of modules on array and string levels which were taken under typical 

and recommended testing conditions [50][51], however it is still a challenge to conclusively 

interpret TIR images. No studies have yet shown the electrical and thermal behaviour of 

modules, substrings and individual cells under different operational conditions; irradiance, 

cell shading level and load conditions. This study analyses and discuss the results obtained 

after experimental runs were conducted on crystalline silicon PV modules operating under 

real field conditions at the Outdoor Research Facility (ORF) at Nelson Mandela University, 

Eastern Cape, South Africa (34.0085ºS, 25.6652ºE).  
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1.3 Research Objectives 

The study focuses on the analysis of TIR images and current and voltage measurements to 

understand the behaviour of thermal and electrical characteristics of crystalline silicon PV 

cells and modules under dynamic operational conditions to acquire useful information to 

improve the operation and TIR imaging inspection methods on operational crystalline silicon 

PV modules.  

The main objectives of this study were to: 

• investigate the behaviour of thermal and electrical characteristics of crystalline silicon 

PV modules by carrying out different experimental runs under different operational 

conditions, and  

• analyse the obtained data for advancing the understanding and improved 

interpretation of thermal and electrical characteristics of the modules.  

Several experiments were carried out under different loads, irradiance and cell shading levels 

while capturing, simultaneously, the thermal characteristics and operational current and 

voltage of individual cells using a datalogger and a TIR camera, respectively. The 

measurements were recorded while monitoring the environmental conditions with the 

weather station at the Outdoor Research Facility (ORF). Other PV module inspection methods 

such as visual inspection, I-V curve measurements and EL imaging were carried out on the 

modules to ascertain the observed abnormal thermal signatures. The temperature 

distribution and I-V curve characteristics of the PV modules were critically analysed, with the 

aid of FLIR Research Studio (FRS) and PVSim software, respectively, for detailed insights which 

can improve the operation and TIR imaging of crystalline PV modules.  

This study focuses on the analysis of TIR images and current and voltage measurements to 

understand the behaviour of thermal and electrical characteristics of crystalline silicon PV 

cells and modules under dynamic operational conditions so as to acquire beneficial 

information to improve the operation and TIR imaging inspection method on operational 

crystalline silicon PV modules.  
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1.4 Thesis outline 

This section summarises the contents of the chapters that follow. 

Chapter 2: The chapter introduces the physics of semiconductors and gives a brief description 

of a p-n diode and the properties of solar cells. The characteristics and operation of PV cells 

and modules are discussed together with cell operation anomalies and PV module inspection 

techniques.  

Chapter 3: This section presents the experimental layout showing how the results were 

obtained. This includes the equipment used, setups and the steps followed in applying the 

testing techniques, visual inspection, I-V measurements, TIR and EL imaging, on crystalline 

silicon PV modules.  

Chapter 4: Detailed analysis and discussion of the observed results is presented in this section. 

The results show and discuss the dynamics of I-V and TIR characteristics of the crystalline 

modules under different operational conditions. 

Chapter 5: The chapter summarises and concludes the research work.  
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Chapter  2  

The Physics and characteristics of PV cells and modules 

2.1 Introduction 

A photovoltaic (PV) cell is a semiconductor device that is designed and constructed to 

efficiently absorb and convert solar radiation into electrical energy through the photovoltaic 

(PV) effect that was discovered by the French Physicist, Edmond Becquerel, in 1839 [52]. The 

amount of solar energy that is converted into electrical energy is quantified by the efficiency 

of the PV cell, which in principle, depends on the generation and recombination of the charge 

carriers when incident photons from the sun are absorbed by the p-n junction [53]. The 

performance of PV cells varies when exposed to dynamic operational conditions in the field 

which causes mismatched cells to operate abnormally [14]. Therefore, quality checks of PV 

modules through visual inspections, current-voltage (I-V) measurements, 

Electroluminescence (EL) and Thermal Infrared (TIR) imaging are applied for early detection 

of cell anomalies. This chapter provides an overview of the fundamental operational 

principles and the physics behind the functioning of the p-n junction to understand the basics 

for the PV cell operation. The basic principles of carrier generation and recombination 

mechanisms are discussed as well as semiconductor diode characteristics. The chapter also 

highlights the performance characteristics of crystalline silicon cells and methods of 

identifying mismatched cells are highlighted. 

2.2 Principles of solar cells 

Photovoltaics cells operate by producing direct electric current from photon absorption, 

based on exploiting electronic properties of a special class of materials called semiconductors. 

The conversion process is performed by solar or PV cells. Solar cells use the principle of the 

photovoltaic effect, which is the direct conversion of sunlight energy into electrical 

energy [15][54]. They are produced from semiconductor materials by doping with electron 

acceptor elements (group 3 elements on the periodic table) to obtain positive charge carriers 

called holes, making the semiconductor layer p (positive)-type. Doping the semiconductor 

with electron donor elements in group 5 on the periodic table creates negative charge carriers 

and makes the semiconductor layer n (negative)-type. Doping of intrinsic semiconductors 
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materials, usually silicon, with impurities to have extrinsic semiconductors, improves the 

electrical properties of semiconductors by changing the electron and hole carrier 

concentrations [52][55]. The imbalance of electrons and holes also affects the Fermi/energy 

level by causing it to rise towards the conduction band, in n-doped material, and to drop 

towards the valence band, in p-doped semiconductor, as indicated in Figure 2.1 

                             

                              

                                                                                

                                    Conduction band                                  Conduction band          

                      EF -- - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

 

                                                                                           EF -- - - - - - - - - - - - - - -- - - - - - - - - - - - - -  

                                          

Figure 2.1: Fermi level effect on isolated p and n materials. 

The relative shift of the Fermi level allows electrons to reach the conduction band and 

determines how easily materials conduct electricity. The closer the Fermi level is to the 

conduction band the easier it will be for the electrons in the valence band to transition into 

the conduction band. In a p-doped material, a small amount of energy is required for an 

electron to leave the valence band and occupy the acceptor energy level creating holes in the 

valence band and drift of charge carriers [55][56].   

Figure 2.2 shows electrons in their valence shells which gain thermal energy and get excited 

to the conduction band. When an electron gains a quantum of energy greater than the 

energy gap (EG) it jumps the forbidden zone to the conduction band and constitutes the 

creation of an electron-hole pair which increases the mobility of charge carriers and electrical 

properties of the material. If a neighbouring electron fills the hole in the valence band, it will 

leave a hole adjacent to it [54][55]. This process will continue and create current. Current 

generation in PV cells is described in Section 2.3.1. 

E E 

Valence band Valence band 

n-doped p-doped 
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2.3 The p-n junction 

When a semiconductor material such as silicon (Si) is doped with boron, positive charge 

carriers called holes are obtained making the semiconductor layer p (positive) type, and n 

(negative) type is created by doping with phosphorus. Joining the p-type and n-type 

semiconductors creates a p-n junction with a built-in electric field set up, in the region of the 

junction, due to the diffusion of electrons as they try to evenly distribute themselves. A 

depletion region is created between the p and n-type materials and the charge carriers can 

drift when the region is exposed to light [53][56].     

2.3.1 Current generation in a PV cell 

The photoelectric action is when PV cells directly convert sunlight energy into electrical 

power. The photons that are incident on a PV material are either reflected off the cell, pass 

through the cell or are absorbed by the semiconductor material. The absorption of the 

incident photons in the semiconductor material that forms a p-n junction results in the 

excitation of an electron, as described in Section 2.2, and the generation of charge carriers 

(electrons and holes). The charge carriers are separated, with the electrons collected in the 

n-type region and the holes are collected in the p-type region, resulting in a voltage appearing 

across the device (p-n junction). The separated charge carriers flow through an external load 

connected to the terminals of the PV cell to generate electrical current. Photons entering the 

p-n junction having energy less EG of the cell material, not contributing to the generation of 

current. Figure 2.3 illustrates this phenomenon of photovoltaic effect. The p-n junction’s 

                       T = 0 K:                                                              T  0 K: 

                  

                           Conduction band                                           Conduction band          

                                        

                  EF -       Forbidden zone     EG    

 

                                  Valence band                                              Valence band                              

Figure 2.2: Thermally excited valence electrons overcome the band gap to the conduction 

band (adapted from [6]). 
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photons 

external  
load 

electron flow 

current 

electric field provides the voltage for the PV cell which is of the order of  0.6 V for a crystalline 

silicon PV cell [52][57].  
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Figure 2.3: The photoelectric effect in a PV cell. 

The idealized equivalent circuit of a PV cell is shown in Figure 2.4, and the source current I, 

which results from the excitation of electrons by the photons, flows to the external load of 

resistance RL when the diode voltage is V.  

                                                                                              Rs          I 

                                                     ID                                          

                     

                     Iph                                          VD              Rsh               V          RL 

 

 

Figure 2.4: Simplified equivalent circuit of a PV cell showing parasitic series and shunt 

resistances, Rs and Rsh, respectively. 

A PV cell is a non-linear device that can be represented as a current source (one-diode) model 

as shown in Figure 2.4. The current source Iph represents the cell photocurrent, ID is the diode 

current, Rsh and Rs are the intrinsic shunt and series resistance of the cell, respectively. 

Usually, the value of Rsh is very large and that of Rs is very small, such that no current pass 

through Rsh, hence Rsh and Ish may be neglected to simplify the analysis. Rs is due to the 

junction 

p 

n 

_ _ 

+ + 
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resistance of the movement of current through the p-n material of the PV cells, the metal 

contacts and the busbars and it limits the current (I) generated under light conditions. The 

voltage (V) across the load is given by equation 2.1, which shows the sum of voltages 

according to Kirchhoff’s voltage law.  

𝑉 = 𝑉𝐷 − 𝐼𝑅𝑆                                                              2.1                                                      

The current I, produced by the cell is given by equation 2.2, following Kirchhoff’s current law. 
 

I = 𝐼𝑝ℎ − 𝐼𝐷                                                              2.2                                                      

 
ID is given by equation 2.3 [4], and combining equations 2.1, 2.2 and 2.3 yields equation 2.4 
which represents the one-diode model equation. 
 

𝐼𝐷 = 𝐼𝑆 (𝑒
𝑞𝑉

𝑛𝑘𝑇 –  1)                                                         2.3 

 
where: IS = the saturation current of the p-n junction 

 q = elementary charge 

 n = ideality factor of the diode 

 k = Boltzmann’s constant 

 T = absolute temperature 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑆 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1) −
(𝑉+𝐼𝑅𝑠)

𝑅𝑠ℎ
                                       2.4                                                      

 

Equation 2.4 describes the electrical behaviour of a PV cell. The electrical characteristics, 

current, voltage and resistance of the cell are described in Section 2.6. The generated direct 

current (DC) can lately be converted by inverters in a PV system to obtain an alternating 

current for suitable usage [58][59][60]. 

2.4 PV cell technologies 

PV cells are made from materials such as silicon (Si), germanium (Ge), cadmium telluride 

(CdTe), gallium arsenide (GaAs), copper indium diselenide (CIS), etc. Silicon is the most used 

because of its great abundance in the Earth’s crust [52][54]. There are two types of PV cell 

technologies that dominate in the PV industry namely crystalline silicon and thin-film. 

Crystalline silicon consists of polycrystalline (multi-crystalline) and mono-crystalline (single 
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crystalline) PV cells which are known to deliver the highest efficiency [61], under standard 

test conditions, compared to the polycrystalline and thin-film cells. The average maximum 

conversion efficiency of PV cells is around 20%. The production of thin-film cells is less 

complex, although their efficiency is less than that of crystalline silicon cells. Crystalline silicon 

PV is the most widely used PV technology [16][57][62]. A typical PV cell of polycrystalline 

silicon technology is shown in Figure 2.5 with cell fingers connected to five busbars. 

 

Figure 2.5: A typical polycrystalline silicon PV cell showing 

fingers and busbars. 

2.5 PV module construction 

PV cells generate a small amount of power, so they are often assembled and encapsulated to 

form PV modules that produce higher power at a desired current and voltage. The module 

structure differs with cell type and module application [16][26][54]. A typical crystalline PV 

module layout comprises 6 columns X 10 rows (or 6 x 12) of cells. Figure 2.6 shows a 

configuration of crystalline silicon cells and diodes in a crystalline silicon module. The cells are 

usually numbered from top left through the substrings SS1, SS2 and SS3 to top right. 

Busbar 

Cell 

fingers 

16 mm 
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Figure 2.6: Layout of cells and bypass diodes in a crystalline silicon PV module. Each 

substring (SS1, SS2 and SS3) has a bypass diode in parallel to it.   

Figure 2.7 shows the components which make up a PV module of crystalline silicon 

technology. PV cells are sandwiched between the transparent front glass and a back sheet 

using an encapsulant, for protection from mechanical damage and moisture ingress. The 

frame binds the layers to reduce flexibility and is also used for mounting purposes in the field. 

The junction box is a terminal point for electrical connections and contains bypass diodes. 

+ _ 
Bypass diodes 

SS1  SS2  SS3  
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Figure 2.7: Structure of a crystalline silicon PV module [62]. 

PV modules are interconnected in a series and/or parallel configuration to form PV strings 

and arrays which can be linked to load through inverters that have MPP tracking systems and 

ensure conversion of maximum PV power to alternating current (AC) power.  

Half-cut solar technology has the standard PV cells split in half to increase the number of cells, 

module’s voltage and maximum output power. Bifacial PV modules have a transparent back 

sheet, or glass which enables solar energy that reflects from the ground to reach the cells also 

from the backside. This increase absorption of solar energy by the cells and results in 

increased power generation from both sides of the PV cells [3][57].  

2.6 Characteristics of crystalline silicon PV cells and modules 

2.6.1 Electrical parameters of cells and modules 

The electrical performance of PV cells and modules is described by their I-V characteristic 

curves and is determined by several factors including irradiance, temperature, cell type and 

interconnection of the cells. The performance parameters of a PV source are obtained by 

measurement of their current-voltage (I-V) values using I-V curve tracer or analyzer. Figure 

2.8 shows I-V characteristics, simulated in PVSim [64], of a silicon PV cell, substrings and 

module. The module’s I-V curve is indicating key points (performance parameters) on the 

curve, open-circuit voltage (VOC), short circuit current (ISC), current and voltage at the 

Frame 

Module glass 

Encapsulant 

Solar cells 

Back sheet 

Junction box 
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maximum power point, IMP and VMP, and the maximum power (Pmax). The voltages of the 

substrings at any current value add up to give the module’s voltage at that particular current, 

e.g., at zero amps, the VOCs of the three substrings, in Figure 2.8, give the VOC of the module 

when added. The number of cells in each substring can be obtained by comparing the VOCs of 

the cell and the substring, and in this scenario (Figure 2.8) each substring contains 10 cells.    

 

Figure 2.8: I-V curves of a cell, substrings and module simulated under standard test 

conditions in PVSim. The performance parameters of the module are indicated. 

The power at any point along the I-V curve in Figure 2.8 is a product of current and voltage, 

and the maximum power point (Pmax) is located around the “knee” of the I-V curve. 

Since P = VI, it implies that 

𝑃𝑚𝑎𝑥 = 𝐼𝑀𝑃𝑉𝑀𝑃                                                              2.7                                                      

PV modules are rated at the maximum power under standard test conditions, (STC): 25 ˚C, 

1 kW/m², and ASTM air mass of 1.5 according to the standards, American Society for Testing 

and Materials (ASTM) G173-03 and IEC 60891:2009 [65][66]. However, the output power is 

influenced by operational conditions in the field. Identifying individual modules having low 

output power usually involves visual inspection, taking I-V measurements, 

Electroluminescence (EL) or Thermal Infrared (TIR) imaging. Visual inspection forms part of 
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_ 

the maintenance procedures for PV modules in the field and can easily locate failures and 

defects in PV modules [60]. However, some defects are not visually detectable, hence the 

importance of other inspection methods. 

2.6.2 Current mismatch in crystalline silicon PV cells 

PV modules consist of several cells that are connected in series, as described in Section 2.5, 

which should ideally be electrically matched. However, cells can contribute differently to the 

overall module power when they are mismatched and operating at current and voltage 

different from their MPPs.  

When a PV module is illuminated, all cells contained in the PV module must generate equal 

current. Figure 2.9 illustrate this phenomenon diagrammatically when the cells (cell 1 to 

cell n) receive equal irradiance and generate equal current (I1). The I-V curves in Figure 2.9 

show that the operating points (OP) of the cells are matched and the cells are generating 

current (I1) at their maximum power point (MPP). 
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Figure 2.9: PV cells connected in series and producing equal current. The cells operate at 

their maximum power points (MPPs).   
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+   _   _ 

When a cell in a series connection underperforms, it produces less current than the good cells 

such that the overall current of the substring is reduced. This occurs when the cell is totally 

or partially shaded, cracked or electrically mismatched. Figure 2.10 shows a shaded cell 2, 

receiving less solar energy than other cells (cell 1 to cell n, excluding cell 2) and generating 

less current, I2, thus I2<I1. The I-V curves of the individual cells, generated in PVSim [64], are 

also shown in Figure 2.10 and indicate the operational point (OP) of each cell shifted from the 

expected maximum power point (MPP) due to partial shading. 
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Figure 2.10: Current mismatch in substring cells due to partial shading. The I-V curves show 

the operating points (OPs) of the cells differ from the maximum power points (MPPs). 

The mismatch forces the shaded cell to pass current higher than its generation capabilities 

and become reverse biased, and can even enter the breakdown state [67], which results in 

the cell dissipating power instead of generating it, thus affecting the operational temperature 

of the cell. The electrical energy lost is related to the operational electrical parameters of the 

reverse-biased cell [68][69]. The cell operating temperature is affected by the cell’s localised 

conditions mainly (i) external; direct heating by the sun and/or cooling from air movement, 
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and (ii) internal; energy absorbed or dissipated by the cell. A hot cell could thus result from 

direct heating from the sun or resistive dissipative heating from reverse bias mismatch. A cell 

that is not operating at its maximum power point (MPP) may be hotter since the sun’s incident 

energy may not be generating maximum electric energy. Section 2.6.5 describes how hot cells 

can be identified on operational modules using TIR imaging. If the mismatch is severe enough 

to cause reverse bias, then resistive heating (power loss) from the cell occurs. Any factor that 

impedes a cell’s ability to produce the same current at a matching voltage to the other cells 

in the substring causes mismatch. 

2.6.3 Operation of Bypass diodes on mismatched cells 

In general, a bypass diode allows current to pass through it when in forward bias. This 

phenomenon is applied in crystalline PV modules to reduce the destructive effects on 

mismatched cells connected in series. Ideally, there should be one bypass diode parallel 

connected on each cell, however this will be costly. Therefore, bypass diodes are connected 

in antiparallel, with reverse polarity between substrings of cells, [70][71], as shown in Figure 

2.12. Usually, the maximum number of crystalline silicon cells in a substring is 24, so as not to 

reach the junction breakdown voltage, which is about -15 V, when a cell is reverse 

biased [71][72]. A poor performing cell in a substring causes the affected substring to 

generate less power, as it delivers voltage and current different from its VMP and IMP values. 

When the cell is severely mismatched with good cells, it causes the substring’s voltage to be 

negative which in turn creates a forward bias potential difference on the respective bypass 

diode and activates the bypass diode. Without a bypass diode the reverse bias voltage of the 

underperforming cell can reach junction breakdown voltage and can cause localised excessive 

heating, damage to the module and risk of fire. The onset point for activation of the bypass 

diode changes with types of bypass diodes [73].  For conventional Schottky bypass diode, the 

forward bias voltage for activation is low and ~0.35 V [72]. Any further increase in the forward 

bias voltage, from the onset voltage, will result in more current passing through the bypass 

diode until all the maximum possible module current pass through the bypass diode, thus 

protecting the poor performing cell from reaching the reverse breakdown voltage. 
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The bypass diodes incorporated in the junction box of crystalline silicon modules function to 

divert some current around a substring containing underperforming mismatched cells, as 

shown in Figure 2.12, thus minimizing their detrimental effect and optimizing the overall 

module current and power output. Figure 2.12 shows two mismatched cells in substring SS1, 

which resulted in the module current IM not passing through substring SS1, but through the 

bypass diode parallel to substring SS1 and substrings SS2 and SS2 containing no mismatched 

cells. Substring SS1 generates current (IS) which is less than IM. Figure 2.11 shows the I-V 

curves of two substrings, SS1 and SS2, that were generated in PVSim [64]. An I-V curve 1, in 

the figure, shows a combination of the two substrings when SS2 is matched and operating as 

SS1. I-V curve 2 is a combination of the substrings when the substrings are mismatched, with 

their short circuit currents assumed to be 8 A and 7 A, respectively. The I-V curve 2 shows a 

bump which indicates that the bypass diode on SS2 is active, thus allowing current to pass 

through it, due to the forward bias voltage created across it when there is significant current 

mismatch between the substrings. 

Starting at VOC, the point where the substring’s bypass diode starts to affect the normal I-V 

curve of the module occurs at the inflection point on the I-V curve.  However, the onset 

activation voltage of the bypass diode is defined as indicated on the I-V curve 2, in Figure 2.11, 

and occurs when a significant or measurable current flows through the bypass diode on SS2. 

The current passing through the bypass diode will increase to a maximum value which is less 

than ISC with an increase in current mismatch between SS1 and SS2, resulting in all the 

module’s current passing through the bypass diode on SS2. The bypass diode conducts 

current in trying to lessen the mismatch effects but cause no significant change on the open 

circuit voltage VOCs of SS2 and I-V curve 2 as indicated on the figure. When the bypass diode 

is fully activated, most of the module’s current is diverted around substring SS2. The bypass 

diode on SS2 will ensure that the power generated by SS1 is still available. The effects of 

bypass diodes on the I-V characteristics are also highlighted in Section 2.6.4.  

 

 

 

 



24 
 

 

Figure 2.11: SS1 and SS2 show individual I-V characteristics of mismatched substrings, 

which when combined yield I-V curve 2 with a bump indicating an active bypass diode. I-

V curve 1 is a combination of the substrings when they are matched, with SS2 operating 

normally as SS1.  

Bypass diodes can fail in two modes: short circuit mode or open circuit mode. The short circuit 

mode results in the module’s power cut by one-third while the open circuit mode can force 

the underperforming cell into extreme reverse bias, causing cell breakdown, overheating and 

in the worst-case scenario a fire hazard [16][74]. The effect of partial shading and the effect 

that the bypass diodes have on the shape of I-V curves is shown in Figure 2.13 and also 

discussed in literature [75][76][77]. 
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Figure 2.12: Three substrings, SS1, SS2 and SS3, containing series-connected cells and 

illustrating mismatch which result in the module’s current (IM) passing through the bypass 

diode paralleled to SS1. The substring current (IS) is less than the module current (IM). 

2.6.4 I-V characteristics 

PV analysers such as Solmetric and Photovoltaic Engineering (PVE) I-V curve tracers are used 

for taking I-V characteristics or power measurements of PV modules in the field. An I-V curve 

tracer works by sweeping a load across the operating range of a PV source. It simultaneously 

measures the output current and voltage at different operating points between ISC and VOC. 

The I-V measurements taken using I-V curve tracer are usually translated to STC for 

comparison [66][78]. When measured I-V characteristics deviate substantially from the 

expected, then the changes in the shape of the I-V curve can highlight possible clues regarding 

the probable failure mode. The deviations typically fall into one of the categories: 

i. Different in ISC 

ii. Different in VOC 

iii. The slope near ISC differs  

IS 

IM 

IM 

+ _ 

Bypass diodes 
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iv. The slope near VOC differs 

v. Bumps on the I-V curve 

vi. Rounder or inner “knee”  

Any cell anomaly or impairment that mismatches the key points of the measured parameters 

from the expected values reduces the output power of the PV source [79][80]. Figure 2.13 

shows the effects of different forms of performance-limiting anomalies on I-V curves of a PV 

module. The I-V characteristics were simulated in PVSim [64], and changes in ISC, VOC, series 

and shunt resistances and mismatch are seen on the I-V curves. 

 

Figure 2.13: I-V curves deviate from the normal. The I-V characteristics of the PV module 

were simulated in PVSim and reflect the impact of different anomalies on the I-V curves. 

The I-V curve having reduced current from the expected (normal I-V curve) is shown in Figure 

2.13. When uniformly reduced irradiance is incident upon PV cells, the current generated is 

lower than at higher irradiance. The overall shape of the I-V curve is normal, but with a 

reduced current at each voltage. Shading on PV modules can be caused by buildings, poles, 

clouds, bird droppings and soiling. PV modules are prone to soiling just like any outdoor 

surface. Wind-blown dust can settle on PV modules resulting in (i) uniform or (ii) partial 
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shading on PV cells as shown in Figure 2.14 (a) and (b), respectively. Figure 2.14 (c) shows 

partial shading due to trees. 

 

    

a b c 

Figure 2.14: Shading on crystalline silicon PV modules. 

Partial shading creates a mismatch in electrical characteristics of PV cells [18], as explained in 

Section 2.6.2, and further causes non-uniform temperature distribution in the affected 

module when the partially shaded cells operate at elevated temperatures. The localised 

heating can be minimised when bypass diodes, incorporated in crystalline, are activated [81]. 

However, when the bypass diodes conduct current, as described in Section 2.6.3, they cause 

bumps in I-V curves of the crystalline PV modules, as seen on the I-V curve of mismatched 

substrings in Figure 2.13 and affect performance. The bumps reflect the level of mismatch in 

the affected substrings [18], thus bumps 1 and 2, on the I-V curve of mismatched substrings 

in Figure 2.13, revealing light and heavy mismatch, respectively. The bypass diodes can create 

multiple local MPPs, which can be difficult for the maximum power point tracking (MPPT) to 

find the global MPP of an array [82]. 

Cell defects, such as cracks, can lower shunt resistance and/or increase series resistance in 

affected PV modules and result in a change in slope of the I-V curve near VOC and ISC, 

respectively [83]. Shunt losses occur when the generated current passes in a path that is not 

intended and is revealed by a sloped I-V curve for voltages just above 0 V and is revealed by 

the I-V curve of reduced shunt resistance in Figure 2.13. This occurs when there is low shunt 

resistance and can degrade the efficiency of the cells [16][79]. The generated current has to 

flow with no/low series resistance, however, defective cells can have fingers disconnected 

Soiling on bottom 
row cells 

Uniform soiling Shading due to trees 
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from busbars and result in series resistance losses and steepness of the slope of the I-V curve 

near VOC. The I-V curve revealing increased series resistance is shown in Figure 2.13. Severely 

damaged cells can cause the “knee” of the I-V curve to shift inwards and a reduction in VOC, 

thus affecting the Fill Factor and performance of the affected PV source [79]. The I-V curves 

having inner knee and reduced VOC are shown in Figure 2.13.  

2.6.5 EL characteristics 

Performance limiting defects on PV modules, such as cracked cells, are usually not observable 

on visual inspection but can be detected when the cells are forward biased when the module 

is in the dark to produce light in a non-destructive reverse photovoltaic process called 

Electroluminescence (EL) imaging. EL imaging has developed into a very successful defect 

identification and module characterising technique and nowadays can be performed not only 

in the Laboratory but also on-site using special tripods or drones [84]. There are two main 

sensors that commonly used for EL imaging: the Charge Coupled Device (CCD) and the 

Complementary Metal Oxide Semiconductor (CMOS) which differ in resolution, sensitivity, 

spectral response and cost. The main key specification for EL camera systems is derived from 

the need for the camera to be sensitive to the emission spectra of the material being tested. 

For a crystalline silicon solar module the emission spectra has a peak at 1150 nm [85]. The 

CCD sensor is very popular and much used due to their relatively low cost and high resolution. 

The high pixel count of the silicon CCD combined with good optics helps enable a finer spatial 

resolution in the EL image as compared to CMOS sensors which are more susceptible to noise 

although they are faster than CCD counterparts [85][86][87][88].  

EL occurs in a PV cell when it is forward biased, receiving an electrical input and outputs an 

electromagnetic emission spectrum. An electric current of approximately equal to ISC is 

delivered to the cells then radiative recombination of carriers causes light emission. The 

emitted EL intensity is related to the cell defects since a non-defective cell has homogeneous 

bright light distribution while the defective cell or cell part appears dark [20][89]. Other cell 

defects that are identifiable on EL imaging include shunted cells, disconnected cell 

interconnects, cells affected by PID and shunted bypass diodes [16][26]. Figure 2.15 shows a 

damaged cell having cracks that caused electrical isolation of cell parts. The maximum image 

resolution and illumination level is obtained when the optical axis of the EL camera is placed 

perpendicular and as close as possible to the string, module or cell under test. 
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Figure 2.15: EL image of a PV cell showing isolated (dark) parts due to cracks. 

Cracks that run along the busbars may not disconnect the fingers from the busbars and cannot 

impact on the performance of the cracked cell. However, other cracks can completely 

disconnect the fingers and busbars, resulting in the isolation of cell parts and creating a 

significant mismatch which can affect the normal operation of the cell [90][91][92].  

It is beneficial to take EL images at high current, ~ISC (High EL image), and as well as at low 

current, 10% of ISC, (Low EL image) since some cell anomalies such as Potential Induced 

Degradation (PID) are detectable on low EL images. PID can cause shunting on p-n junction of 

crystalline PV cells and affects the fill-factor and power generation on the PID affected 

cells [16][20][93].  

2.6.6 Thermal characteristics 

2.6.6.1 Thermal Infrared imaging of PV modules 

When PV cells underperform, they can operate under reverse bias conditions and dissipate 

electrical power produced by other cells in the form of heat, leading to localized heating and 

is detectable as a hot cell on TIR imaging. All matter with non-zero temperature has their 

particles in kinetic interaction which result in a charge, (protons and electrons) acceleration 

and dipole oscillation resulting in an electromagnetic generation [57][94]. The characteristics 

of thermal radiation depend on properties of the surface/material it is emanating from, 

emissivity and temperature which are related by Kirchhoff’s law of radiation: at thermal 

equilibrium the emissivity and absorptivity of a surface at a given temperature and 

Isolated cell part 
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wavelength are equal. Additionally, according to Planck’s law, the radiated energy increases 

with the temperature of an object. This enables the temperature of objects to be known 

through TIR imaging [95]. TIR cameras make use of this property to measure the infrared 

radiation, characterised by infrared electromagnetic radiation in the wavelength range of 

8 − 12µm, emitted from a targeted object. The observed infrared radiation is used to calculate 

the temperature of an object using the Stefan-Boltzmann equation given by  

𝑄 = 𝜀𝜎𝑇4                                                                          2.8 

where Q is the radiation heat of an object, ε is the emissivity of the surface, σ is the Stefan-

Boltzmann constant (5.67×10-8 W.m-2K-4) and T is the surface temperature in Kelvin. The 

emissivity of a surface is defined as the ability to emit energy in the form of radiation under 

fixed thermal conditions [96]. 

For in-Lab dark TIR imaging, the images are taken when the PV module under test is under 

forward bias conditions by using an external power supply. Several TIR images are taken from 

the back sheet side at predefined time intervals. When operating in the field under sun 

illumination, then Unmanned Aerial Vehicle (UAV) based or on-ground based TIR imaging is 

conducted under steady state conditions. TIR imaging is an extensively used technique 

applied to identify modules having thermal abnormalities in PV plants. Other auxiliary 

information, which is helpful in image analysis, can be obtained when TIR imaging is combined 

with geo-referencing technique. TIR imaging is ideally conducted on operational PV modules 

under steady ambient conditions, by qualified personnel. However, PV modules operate 

under dynamic climatic conditions which influence the overall operation of the cells and 

modules [20][44].  

TIR cameras acquire infrared radiation from a target object and transform it into an electric 

signal which can be imaged from the camera. The TIR camera also receives reflected radiation 

from the surroundings, therefore parameters such as emissivity, which is typically ˃ 0.85), 

atmospheric temperature and humidity should be entered into the software of the camera. 

The TIR cameras that are commonly used for PV applications are the micro-bolometer which 

have uncooled sensors and can work at ambient temperatures. The cameras with micro-

bolometer are affordable and uncomplicated to work with. The cameras with cooled sensors 
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have high sensitivity, however they are not used in PV applications since they are costly and 

complex in their cooling system [20][97]. 

TIR imaging of operational PV modules is generally misinterpreted because of the dynamic 

nature of some types of anomalies and the dynamic nature of the current-voltage (I-V) 

operating point of the strings, modules, substrings and individual cells. Unmanned Aerial 

Vehicle (UAV) based TIR imaging is a method that is often used to conduct rapid in-situ PV 

plant inspections to locate underperforming hot cells. TIR imaging is cost-effective and non-

destructive method carried out on large PV plants [16][98], unlike other testing methods. I-V 

measurements and EL testing methods are costly as they disrupt the production of electrical 

energy when being conducted. These techniques are carried out when the PV source under 

test is disconnected from the system circuit. This requires more time in disconnecting 

modules off the string and inverter, unlike TIR imaging which is conducted in situ. High-quality 

TIR images are captured under typical test conditions: a clear sky, calm airflow, with irradiance 

above 600 W.m-2 and the TIR camera positioned almost perpendicular to the module plane 

to avoid reflections [30][99]. Figure 2.16 shows the acceptable angles (green) for setting the 

TIR camera and the angles (red) which should be avoided, as recommended in the FLIR 

Systems Thermal Imaging guidebook [100] and also advised by Buerhop et al. [101]. 

 

 

Figure 2.16: Recommended positioning of a TIR camera on capturing thermal 

images of PV modules (adapted from [100]). 

TIR camera 
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One important parameter which can be derived from TIR images is the inhomogeneity in 

temperature between different parts of the module or between modules and/or strings of 

modules. Inactive areas of a module or string usually appear hotter than surrounding active 

areas because some of the radiation that is incident onto the operating PV module is 

converted to DC power, which flows to the loads. When a PV module or string is not 

functioning, this energy is not converted to DC power and therefore remains as excess heat, 

which raises the temperature of the module or string. Change in operational conditions can 

destabilise the temperature distribution in an operational PV module, therefore, thermal 

equilibrium should be considered in targeted PV modules since it can take up to 15 minutes 

for a typical PV module to thermally stabilize when there is a significant change in 

meteorological conditions [20].  

Other important properties to take into account when carrying out TIR imaging of PV 

modules, apart from the angle of view which is illustrated in Figure 2.16 include sensor 

resolution, camera distance from a PV module. A camera with higher resolution allows the 

images to be captured at a further distance and thus capturing larger scale or greater number 

of modules on one image. To detect faults in an individual PV cell, the cell area in an image 

should be at least 3 to 5 times larger than an individual pixel. Thermal cameras can be 

radiometric, which means that each pixel has a temperature value. Without radiometric 

function, a thermal camera only shows the relative differences in temperature, and accurate 

measurement of temperature is not possible [102]. TIR cameras have a resolution limit that 

depends on the camera lens and distance of the target. In principle, TIR images taken at long 

distance involve unwanted variations of the atmospheric transmission and directional 

emissivity [103]. High resolution is important as it allows identification of smaller image detail, 

hence more accuracy. More pixels and data points per target area give high-resolution TIR 

images which are more accurate in thermal interpretation [20][98]. Detailed guidelines on the 

requirements for TIR cameras used for inspecting PV plants and the conditions for taking TIR 

images are highlighted in the technical specification IEC/TS 62446-3 [104].  

Figure 2.17 shows non-uniform temperature distribution on TIR images due to shading caused 

by (a) neighbouring modules, (b) tall grass and (c) bird droppings.  
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Figure 2.17: TIR and visual images of polycrystalline PV modules having non-

uniform temperature distribution due to partial shading caused by 

(a) neighbouring modules, (b) grass and (c) bird droppings. 

A significant area of a cell has to be shaded for the whole cell to appear hot, otherwise small 

hot spots appear due to different thermal emissivity [20][101]. The bird droppings in Figure 

2.17 (c) are covering a small area and emit more radiation than the module glass, hence are 

seen as hot-spots on the TIR image. TIR images indicating patterns of thermal signatures on 

crystalline PV modules are classified in Section 2.6.5.2. 

Hot cells can cause secondary abnormalities such as module glass cracks, back sheet damage 

and risk of fire. Figure 2.18 shows a TIR image of a crystalline silicon PV module operating in 

a string and having several hot cells. The substring, in the middle, is operating at elevated 
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temperature since a bypass diode paralleled to it is active and minimizing the current that 

passes through the substring, thus avoiding excessive heating on cell X. Some of the solar 

energy incidents on the substring is not converted to power but heats the cells.   

 

 

Figure 2.18: TIR image of a crystalline PV module with abnormally hot cell and substring. 

If the module is not replaced, then the bypass diode paralleled to the affected substring will 

continue to conduct the string’s current and will eventually get damaged. This scenario poses 

the risk of fire since a high potential difference (PD) can be created on cell X as the cell handles 

the huge electrical power of the string. If cell X has broken busbars, then the high PD created 

can cause arcs which can result in fire. According to A. Pandian et al [105], a defective cell can 

have an operational temperature of more than 300 °C, in the absence of bypass diodes, which 

can cause smouldering fire [20]. Figure 2.19 shows burnt marks due to overheated cells which 

resulted in (a) module glass cracks and discoloration on a cell and (b) back sheet damage along 

the busbars. Figure 2.19 (c) shows a damaged junction box due to excessive heating of the 

bypass diodes. Therefore, early detection of cell anomalies is crucial to avoid such defects 

which deteriorate power generation and are hazardous to PV facilities.   

 

 

Cell X heats up due to resistive 

heating caused by broken 

busbars and fingers. 

Bypassed substring appears 

warmer than other 

substrings. 
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Figure 2.19: Visual images showing burnt marks due to excessive heating. 

2.6.6.2 TIR image classification 

TIR images can be classified into different categories depending on cell anomalies causing 

abnormal thermal signatures. When PV modules operate in the field, they are meant to 

receive equal solar energy to generate electrical energy at uniform temperatures. However, 

anomalies can occur in PV module operation which causes non-uniform temperature 

distribution in the module when series-connected cells are mismatched, as highlighted in 

Section 2.6.6.1. The temperature colour pattern of a PV module operating abnormally differs 

significantly from that of a good module and this forms the basis of the classification of 

different types of anomalies in this section. Table 2.1 describes different types of anomalies 

shown on TIR images and represented schematically. 
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Table 2.1: Classification of TIR images of crystalline PV modules, adapted from [16]. 

Class Schematic 

Pattern 

TIR image Description  Possible 

anomaly 

 

 

A 

  

All cells at uniform 

normal temperature. 

Good module. 

None. 

 

 

 

B 

  

Single cell at elevated 

abnormal operational 

temperature. 

The cell is 

defective, 

shaded, 

soiled, PID 

affected, or 

of poor 

quality. 

 

 

 

C 

  

Cells at elevated 

temperature in one 

substring 

Mismatched 

cells in a 

substring. 

 

 

 

D 

  

Cells at an elevated 

abnormal temperature 

in a patchwork pattern 

across all substrings. 

Shattered 

module. 
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Table 2.1 (continued): Classification of TIR images of crystalline PV modules. 

Class Schematic 

Pattern 

TIR image Description  Possible anomaly 

 

 

E 

 

 

 Cell point or part 

at elevated 

abnormal 

temperature. 

Small defective cell 

parts or 

contaminants 

(soil, bird droppings). 

 

 

 

F 

  

Hot junction box. Faulty connection in 

junction box. 

Overheated bypass 

diode/s. 

 

 

 

G 

 

 Substring or block 

of cells at 

elevated abnormal 

temperature. 

Mismatched 

substring. Bypassed 

substring. 

 

 

H 

 

  

Module at 

elevated abnormal 

temperature 

compared to rest 

of string. 

Disconnected 

module 

(Module at open 

circuit conditions). 
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Usually, a defect-free module (A) has a uniform normal temperature distributed across its 

cells. Single-cell anomalies (B) are identifiable as a small rectangular structure exhibiting a 

thermal signature, covering the whole cell, that is significantly hotter than the rest of the 

module. Abnormally hot cells in a patchwork pattern can be viewed as an extension of single-

cell defects as patchwork defects are given by multiple single-cell defects scattered randomly 

in a single substring (C) or all the substrings (D). Point cell defects (E) can occur when cell parts 

are disconnected from busbars and appear hotter than the rest of the cell. Thermal 

abnormalities on PV cells can occur externally due to several factors including sediment from 

the environment as well as bird excrement (E). When bypass diodes are active (F) for long, 

they appear hotter on TIR images. Substring defects (G) occur as multiple single-cell defects 

aligned along the substring and usually causes the substring to be hotter than normal 

substrings when the bypass diode paralleled to the affected substring is active. The whole 

module can be hotter (H) than the good ones when all the substrings in the module are 

abnormal. Additionally, the whole module can be abnormally hot when it is under open-

circuit conditions and not delivering power as expected. The pattern of the thermal signatures 

on TIR images can reveal the possible anomaly on the PV module, however, so far, no 

international standard exists for the quantitative, but only qualitative, interpretation caused 

by the abnormal thermal signatures. Additionally, thermal patterns on the TIR images can be 

influenced under dynamic operational conditions, hence the need to investigate the 

behaviour of thermal and electrical characteristics of the modules, substrings and individual 

cells. 

2.7 Summary 

The doping of semiconductor materials improves their electrical properties. The PV action 

which occurs when photons fall on p-n junction and generate electrical power was discussed. 

Crystalline silicon PV cells are mostly used and instead of working individually, several cells 

are electrically linked in series to increase the output power, of a PV module, at the desired 

voltage. It was shown that the electrical characteristics of PV cells can be affected by several 

cell anomalies caused by the operational conditions. The anomalies can cause a mismatch in 

the operation of the cells which can influence the I-V parameters and homogeneous 

temperature distribution in a PV module. The bypass diodes are incorporated in crystalline 

PV modules to lessen the mismatch effects when they allow the module current to pass after 



39 
 

a forward bias voltage of about 0.35 V, for Scottky bypass diodes, is created on them. Cell 

anomalies can be identified through visual inspection and by taking I-V, EL and/or TIR 

characteristics of the PV source. UAV based TIR imaging is a quick method to locating 

underperforming cells in an operational PV plant. The TIR images can be classified according 

to anomalies causing the abnormal thermal signatures on crystalline PV modules. 
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Chapter  3  

Experimental Details 

3.1 Experimental facility, equipment and PV modules 

The experimental data was acquired by carrying out TIR imaging on crystalline (mono and 

poly) silicon PV modules under different operational conditions and conducting other 

inspection methods such as visual inspection, EL imaging and I-V measurements, to ascertain 

any anomalies causing the observed abnormal thermal signatures. This was done to 

understand the behaviour of the thermal characteristics under dynamic operational 

conditions. Several experiments were conducted at the Outdoor Research Facility (ORF) that 

is situated at Nelson Mandela University (NMU), Eastern Cape Province, South Africa 

(34.0085°S, 25.6652°E). The experiments were conducted on arrays and individual PV 

modules which were ground-mounted and north-facing at the ORF. Some experiments 

involved the simultaneous recording of I-V and thermal characteristics, to have in-depth 

knowledge of the behaviour of cells under different operational conditions.  

TIR images were captured using a  TIR camera (FLIR-T620) while the I-V measurements of the 

operational modules were recorded using a data-logger, Agilent 34972A, that precisely 

monitors and records data through input channels [106]. The data-logger can be configured 

to directly measure DC voltage and current, among other quantities, at a specified interval 

time by channel scanning. Figure 3.1 shows the Agilent 34972A that was used for taking 

current and voltage measurements. The front side shows the controls and display for 

monitoring the measurements, while on the back of the logger are the connections for linking 

the channels to the PV module. 
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Figure 3.1: Agilent 3472A data logger. 

The TIR camera (FLIR-T620) is a professional thermal imager that has Multi-Spectral Dynamic 

(MSX) imaging capabilities with high resolution and sensitivity for accurate temperature 

measurements [107]. The typical test conditions, such as angle of capture, calm 

environmental conditions, and emissivity settings, on the TIR camera, as highlighted in 

Section 2.6.6.1 were followed when TIR imaging was carried out on modules. Figure 3.2 shows 

(a) the FLIR-T620 TIR camera and (b) when the camera is mounted in position for imaging PV 

modules at the ORF. 
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a 

 

b 

Figure 3.2: (a) FLIR-T620 TIR camera used for taking TIR images. (b) Thermal imaging 

equipment set up for PV module inspection at the Outdoor Research Facility at Nelson 

Mandela University. 

A Photovoltaic Engineering (PVE) I-V curve analyser was used for taking I-V curve 

characteristics of the modules and strings. Figure 3.3 shows the PVE PVPM1000X equipment 

set up for I-V measurements at the ORF. When taking measurements, the I-V trace points are 

obtained by sweeping the load, in the PVE analyser unit, on a PV source (module or array) 

over a range of currents and voltages. The PVE curve tracer accomplish this by loading the 

module or array, under test, at different points across its operating range between 0 V and 
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VOC. At each point, the output current and voltage are measured simultaneously and 

displayed and stored to be exported for analysis  [108]. 

 

Figure 3.3: I-V curve tracer, PVE PVPM1000X, set up at ORF. 

EL imaging for single modules was carried out using a third-generation Mobile Testing 

Laboratory, MBJ mobile-Lab 3.0, which uses a high-resolution electroluminescence test 

system to check for defects in solar cells. String EL images were recorded on-site, during the 

night using a Greateyes LumiSolar Outdoor EL system. Figure 3.4 shows (a) MBJ mobile-

Lab 3.0 and (b) the Greateyes LumiSolar camera (GE 1024 1024 BI) which uses the Charge 

Coupled Device (CCD) sensors were used for EL measurements following the guidelines 

described in Section 2.6.5.  
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a 

 

b 

Figure 3.4: (a) MBJ mobile Lab and (b) Greateyes Lumisolar camera and power unit used 

for taking EL measurements. 

Different PV modules, with and without major cell defects, were under investigation to study 

the dynamics of I-V operational points and abnormal thermal signatures in individual mono- 

and poly-crystalline modules and in arrays under different operational conditions. Table 3.1 

lists the types of the PV modules used in this study and the specifications; short circuit 

current (ISC), open-circuit voltage (VOC) and rated current (IMP), voltage (VMP) and maximum 

power (Pmax). Experimental procedures are described in the following sections of this chapter. 

TIR images of interest were analysed in FLIR Research Studio (FRS) and were correlated to EL 
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and I-V characteristics to understand the behaviour of the thermal signatures that were 

observed under different operational conditions. The FRS software is for research and science 

applications that allows displaying, recording and enhancing the TIR image in detail for easy 

analysis of the thermal data, including a profile plot of Region of Interest (ROI) [109]. 

Table 3.1: Performance parameters of the Photovoltaic modules under study. 

Module Module type ISC (A) VOC (V) IMP (A) VMP (V) Pmax (W) 

A SOLARWORLD SW-175 mono 5.3 44.4 4.9 35.8 175 

B ASTROPOWER AP-6105 mono 3.8 20.5 3.4 16.4 55 

C YINGLI-SOLAR YL250P-29b poly 8.92 37.6 8.39 29.8 250 

D SOLARWORLD SW 240 poly 8.44 37.2 7.96 30.2 240 

 

3.2 TIR imaging of monocrystalline silicon PV modules under varying 

irradiance and output power 

TIR imaging was carried out on a 1.6 kW monocrystalline silicon array containing nine PV 

modules (SW-175 mono), in-situ, at the ORF to understand the dynamics of thermal 

signatures under varying irradiance and output power. The 1.6 kW array under test consisted 

of three strings ST1, ST2 and ST3 in parallel, with each string containing three modules M1, 

M2 and M3 connected in series. Each module contains 72 cells in three substrings, SS1, SS2 

and SS3, which are in a series connection and each substring has a bypass diode in parallel to 

it in the junction box. The layout of the array having nine monocrystalline silicon PV modules 

under study is shown in Figure 3.5. 
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Figure 3.5: Visual image of the monocrystalline silicon PV array at the Outdoor Research 

Facility (ORF). 

To study the effect of mismatched cells on the temperature of modules during power 

curtailment and different irradiance, TIR images were captured when the array was producing 

power of 1100 W, 900 W, and 600 W. The varied output power was achieved by varying the 

load connected to the array and thus causing the array to operate at current and voltage 

operational points that are different to the maximum power point. The plane of array 

irradiance was closely monitored by the weather station at the ORF, NMU facility and was 

always above 600 W.m-2. The I-V curve characteristics of the array, strings and individual 

modules were measured and corrected to standard testing conditions (STC), 1000 W.m-2 and 

25 °C [66]. The air mass (AM), which depends mainly on environmental conditions such as 

temperature, humidity, dust and air pollution, is expected to be AM1.5 when taking the 

measurements [110][111]. The air mass was assumed to be constant, at AM1.5, since the 

measurements were taken under almost the same stable environmental conditions. EL 

images were taken after sunset, while each string was forward biased by a power source of 

the Greateyes LumiSolar system, which supplied voltage and current of 130 V and 5.8 A to the 

modules. The results that were obtained after the experimental procedure outlined in this 

section are discussed in Section 4.3.1. 
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3.3 TIR imaging of crystalline PV modules under partial soiling conditions 

Figure 3.6 shows a 250 W polycrystalline silicon PV module (YL250P-29b poly, Module C), 

containing sixty series-connected cells in three substrings. The module was inclined on a 

support for TIR imaging and I-V measurements while receiving an irradiance of approximately    

1000 W.m-2. The effects of dynamic soiling, as experienced in the field, were simulated by 

partial (<10%) shading one cell in each substring sequentially while taking TIR images and I-V 

measurements of the module. This was done to see the effects of soiled substrings on the 

observed hot cells and I-V parameters.   

 

Figure 3.6: Soiled polycrystalline silicon PV module inclined for TIR and I-V curve 

measurements. 

After soiling each cell, a thermal equilibrium period of about 15 minutes [20] was considered 

before capturing the TIR images using the TIR camera (FLIR-T620) that was positioned at 

about 4 metres above the short-circuited module. The capturing angle was approximately 

normal to the targeted module’s front surface as generally recommended [16][100]. The I-V 

measurements were taken using the PVE I-V analyser and were corrected to STC, irradiance 

and temperature of 1000 W.m-2 and 25 °C, respectively. EL imaging was conducted using the 

MBJ mobile-Lab 3.0 to further inspect for cell damages that could not be visually detected. 

The obtained TIR images were analysed using the FLIR Research Studio (FRS) and correlated 

to the I-V measurements and EL images of the module. Artificial partial soiling was also 

Partially soiled cells  
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applied on a large scale of the 1.6 kW array containing nine monocrystalline silicon modules 

shown in Figure 3.5 to simulate the effect of partial soiling on the hot cells observed in one of 

the modules. The results on partial soiling of the module and array are discussed in 

Sections 4.2.1 and 4.3.2, respectively. 

3.4 TIR imaging of a monocrystalline PV module under varying load 

TIR imaging was conducted on a monocrystalline silicon PV module (AP-6105 mono, 

Module B) containing 36 series-connected cells in two substrings. The module was inclined 

on a support and received irradiance of approximately 1000 W.m-2. The setup is shown in 

Figure 3.7. 

The TIR camera (FLIR-T620) was positioned at approximately 4 metres above the module’s 

front surface with the capturing angle approximately 10° to the plane’s normal [30]. TIR 

images were captured when the module was generating current equivalent to ISC, 40%, 50%, 

70%, 85% of the ISC and under open circuit conditions to observe the behaviour of thermal 

signatures on varying I-V operational points. Different module generated currents were 

achieved by changing the operational load conditions of the fixed resistor, viz. 0.0%, 33.3%, 

 

 

 

 

 

 

 

 

 

Figure 3.7: Monocrystalline silicon PV module set up for power and TIR measurements on 

varying load.  
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66.7%, 83.3% and 100.0%. A period of about 15 minutes was allowed for the modules to reach 

thermal equilibrium before the TIR images were captured as recommended by 

Jahn U. et al [20]. The generated current and voltage of the PV module were measured for 

each load. To have a better understanding of the dynamics of abnormal thermal signatures in 

the module, inspection techniques such as visual inspection, I–V measurements (of the 

module and two substrings), and EL imaging were applied to the PV module. The I-V curve 

characteristics of the module were measured using the PVE I-V curve tracer and EL imaging 

was conducted when the module was in the dark, using the MBJ mobile-Lab 3.0 to locate cell 

damage and micro-cracks which could not be visually identified. The results are presented in 

Section 4.3.3. 

3.5 Performance monitoring of individual cells under dynamic operational 

conditions 

To have in-depth knowledge on the behaviour of series-connected cells in substrings, thermal 

and voltage characteristics of individual cells were monitored when a polycrystalline silicon 

PV module (SW 240 poly, Module D) was operating under varying load, irradiance and shading 

conditions. The current of the module and one substring (SS3) were concurrently measured, 

while recording the thermal images, and a 0.01 ohm (Ω) resistor was used as a current 

transducer. Figure 3.8 shows the experimental set-up for measuring the operational electrical 

and thermal characteristics of individual cells in the polycrystalline silicon PV module. The 

figure shows the backside of the module with the electrical connections on each of the 

60 cells and linked to the data logger (Agilent 34972A) that has a measurement sensitivity of 

approximately 1 µV [106]. The data logger was programmed to continuously measure the 

actual operational current and voltage values of the cells at intervals of 5 seconds (s) when 

the module was delivering electrical power to the load. The I-V measurements of individual 

cells were recorded concurrently with TIR images of the module under changing shading and 

varying load conditions. Different sizes of the opaque shading material were accurately cut 

and placed, one at a time, on the front side of the cell to shade a definite area, 4 to 100%, of 

the cell while recording the measurements.  
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Figure 3.8: Experimental set-up for monitoring I-V and Thermal characteristics of 

individual cells in a polycrystalline PV module. 

The measurements were recorded when shading was varied from 0 to 100% on one cell 

(cell 51) while the module was receiving an irradiance of > 700 W.m-2 and applying a voltage 

of 28 V, to the load. TIR images of the module were simultaneously recorded, with the 

electrical characteristics, to observe the operational temperature to the current and voltage 

values of the cells under different shading levels. The TIR camera (FLIR-T620) was positioned  

following the guidelines for capturing TIR images as highlighted in the International Energy 

Agency report [20] and the FLIR user’s manual [100]. Figure 3.9 shows a visual image of the 

p-Si PV module with the cells numbered sequentially through the substrings, SS1, SS2 and SS3, 

from top left to top right. The figure shows a shading level of 60% on cell 51 in substring SS3. 

The I-V curve characteristics of the module were measured to observe the effect of the 

shading levels, 0 to 100%, on the representative I-V parameters of the module. EL images of 

the module were taken, before and after connecting the cells to the logger, to check for any 

pre-existing cell anomalies causing an inherent cell mismatch. A High current EL (high EL) 

image was obtained when a current of 8.44 A (ISC) was applied to the module, while a low 
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Data logger 
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current EL (low EL) image was recorded when the module was forward biased with a current 

of 10% of ISC. The electrical connections at the back side of the module did not cause cracks 

on the cells, since the EL images that were taken before and after making the electrical 

connections looked the same. The EL image of the module is shown in Figure 4.8. The results 

that were obtained following this experimental procedure are discussed in Section 4.2.3.   

 

Figure 3.9: Visual image of a polycrystalline PV module with cells numbered from top left 

to top right and having 60% shading applied on cell 51. 

The current and voltage and thermal characteristics were also measured when the module 

was generating power at different operational voltages, 0 V through VMPP to VOC, which were 

achieved by adjusting the load and the results are presented in Section 4.3.4. 

The TIR imaging test was repeated under a constant load (fixed resistor) while operating 

throughout the day under varying irradiance levels with and without partial shading on one 

of the cells, and the results are discussed in Section 4.3.2. Figure 3.10 shows the front surface 

of the module with partial shading of ~5% that was applied on cell 10 in substring SS1 when 

TIR images were recorded. Partial shading is when a portion area of the cell is blocked from 

the incident sunlight. The shading level on the cell was achieved by placing an opaque shading 

material, cardboard, that was accurately cut to shade the required cell area. Thus a 5% 

shading level will only shade 5% of the cell area.  
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Figure 3.10: Polycrystalline silicon PV module with partial shading (~5%) on cell 10. 

The data acquired were analysed to understand the behaviour of cells and modules under 

dynamic operational conditions. The temperature profiles of cells of interest on selected TIR 

images were analysed in FLIR Research Studio (FRS) to see the dynamic operational 

temperature of the cells under different conditions.  

3.6 Summary 

The equipment and the experimental procedures for the study were presented in this 

Chapter. TIR imaging was conducted on a 1.6 kW array containing nine monocrystalline silicon 

PV modules which were operating under varying irradiance and output power and on 

individual crystalline (mono and poly) PV modules that were delivering electrical power under 

varying load and changing soiling conditions, respectively. The operational current of the 

module and substring, and voltage measurements of individual cells of polycrystalline silicon 

PV modules were recorded simultaneously with TIR images when one cell was under different 

shading levels of 0 to 100%. TIR images of the polycrystalline silicon PV module were also 

recorded under constant load resistor and changing irradiance, morning, afternoon and 

evening, with a shading level of ~5% on one cell. EL imaging was carried out to check for cell 

defects that could not be visually identified. FLIR Research Studio was used to analyse the TIR 

images. The data obtained using the experimental procedures are discussed in Chapter 4. 
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Chapter  4  

Results and Discussions 

4.1 Introduction 

This Chapter discusses the results obtained following the experimental procedures outlined 

in Chapter 3. Sections 4.2 and 4.3 discuss the dynamics of abnormal thermal signatures due 

to a change in operational conditions of the crystalline (mono and poly) PV modules. The 

effects of changing load and shading conditions, that are representative of real-world 

conditions and was described in Chapters 2 and 3, as well as varying irradiance and output 

power on the operational behaviour of PV cells, substrings and modules are being discussed. 

4.2 Effects of partial cell shading on operational I-V and thermal characteristics 

of crystalline PV modules 

4.2.1 Effects of partial soiling on I-V parameters and TIR images of a polycrystalline PV 

module. 

This section presents and discusses the dynamics of I-V and thermal characteristics of a 

polycrystalline silicon Module C (YL250P-29b poly) under different soiling conditions, after 

carrying out the experiment described in Section 3.3. The specifications of Module C are 

shown in Table 3.1 in Section 3.1.   

Figure 4.1 shows TIR images captured when the polycrystalline silicon PV module (YL250P-

29b poly) was operating under short circuit conditions with unsoiled cells, Figure 4.1(a), and 

with partially soiled cells, Figure 4.1(b) – (d), in different substrings. The figure also shows 

visual images of only the bottom rows of cells of the module, which are enlarged so that small 

partial soiling on the cells can be seen. The TIR images are: (a) unsoiled cells, (b) one soiled 

cell, (c) two soiled cells, and (d) three soiled cells. Also shown in the figure are line scans 

through regions of interest (ROIs) for temperature line profile analysis  
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a b c d 

Figure 4.1: Thermal images of the p-Si PV module captured in a short-circuit condition 

with different soiling conditions with the module having (a) unsoiled cells, (b) one soiled 

cell, (c) two soiled cells, (d) three soiled cells. ROIs, 1a - d and 2a - d, are shown on the 

TIR images for temperature line profile analysis. The enlarged visual images show the 

soiling conditions on the cells.  

Figure 4.1, (a) shows the non-uniform temperature distribution in the module causing several 

abnormally hot cells in a patchwork pattern in substrings SS1, SS2 and SS3. The non-uniform 

temperature distribution in the module is due to a current mismatch between good and bad 

SS1    SS2     SS3 
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cells in the module. The bad cells are operating in reverse bias and heat up as they dissipate 

electrical energy generated by good cells. 

When a good cell at the bottom row of the module in substring SS1 is shaded by partially 

(≤ 10%) soiling, it heats up and operates at an abnormal temperature while the rest of the 

substring operates at a uniform temperature, as shown in Figure 4.1(b). The hot cells in 

substring SS2 and SS3 are still visible in the TIR image but the TIR signature of the bad cells in 

substring SS1 disappears. When one good cell in substring SS2 is similarly shaded in the 

bottom row, the TIR image in Figure 4.1(c) shows that the cell is reverse biased and heats up, 

and the hot cells previously seen in the substring disappear and only the hot cells in the 

unsoiled substring SS3 remain visible. When three good cells at the bottom of each substring 

are shaded, as indicated in the TIR image Figure 4.1(d), these cells appear hot and all the other 

cells in the module appear to have a uniform temperature despite the anomalies highlighted 

on the TIR image in Figure 4.1(a). Partial soiling caused non-uniform illumination on the soiled 

cells and resulted in the soiled cells operating in reverse bias and dissipating electrical energy 

generated by good cells as heat. Thus, minimising the current generated by the crystalline 

cells in the substrings and resulting in the operational temperature of the cells being affected. 

In a real PV plant situation, the TIR image shown in Figure 4.1(d) will only lead to a decision 

of cleaning the soiled module since other anomalies are not revealed.  

The effect of partial soiling on the operational temperature of the cells is revealed by line 

profile analysis of the regions of interest (ROIs) 1a – d and 2a - d on TIR images in Figure 4.1. 

The line profiles which were generated in FLIR Research Studio (FRS) are plotted in Figure 4.2. 

Figure 4.2(a) and (b) show the temperature distribution across the length of each ROI, in pixel 

scale, 1a – d and 2a – d, respectively. Line profile LP 1a reflects temperature fluctuation on 

thermal signatures across bad cells on ROI 1a while LP 2a represents homogeneous 

temperature distribution of ROI 2a with good cells. The effect of dynamic partial soiling on 

the operational temperature of the cells on the ROIs 1b – d and 2b – d is shown by line profiles 

LP 1b – d and 2b – d, respectively. The soiled cells operated at around 60 °C with the soiled 

cell in substring SS3 having the highest operating temperature of about 64 °C probably due to 

a slightly more shaded part than the soiled cells in substrings SS1 and SS2. 
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a 

b 

Figure 4.2: Line profiles of Regions of Interests (ROIs), (a) 1a – d and (b) 2a – d, showing 

dynamics of the operational temperature of bad and good cells when partial soiling was 

applied on three cells. 

Figure 4.3 shows the effect of partially soiled cells on the I-V curves of the p-Si PV module. 

The I-V curve of the unsoiled module deviated from the expected (reference) I-V curve which 

was generated in PVSim [64], and shows no clear activated bypass diode steps due to an 

insignificant current mismatch between the substrings. The steps in the I-V curves when one 

and two cells were soiled reveal active bypass diodes across the affected substrings. The 

bypass diodes conduct current and bypass substrings SS1 and SS2 to lessen the heating effect 
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on the soiled cells in these substrings. However, when three cells, one in each substring, were 

partially soiled, the substrings become matched and generated equal currents of ~8.1 A. This 

resulted in a drop of 0.7 A in the module’s ISC (~8.8 A) with no bypass diode active, but while 

soiled cells remained abnormally hot. 

 

Figure 4.3: I-V characteristics of the polycrystalline silicon module under different soiling 

conditions. The reference I-V curve created in PVSIM is shown. 

The cell anomalies and partial soiling forced the maximum power point (MPP) to be at a 

different operational voltage, as shown by MPPs 1 – 5 in Figure 4.3 and resulted in the 

reduction of the module’s generated power as shown in Table 4.1. Considering the power 

uncertainty in Table 4.1, there is a significant difference between the PMPP of the reference 

(original specifications) and the unsoiled I-V curves due to the bad cells that are shown on EL 

image in Figure 4.5(b). An additional, but insignificant drop in power, is realised with one, two 

and three soiled cells. The partial soiling on the cells mainly affected the module’s MPP. 
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Table 4.1: Performance parameters of the module. 

I-V curve MPP 

number 

VMPP (V) 

±0.9% 

IMPP (A) 

±2.8% 

PMPP (W) 

±4.8% 

Reference 1 29.3 8.4 246 

Unsoiled 2 27.9 8.1 226 

One    soiled cell 3 28.8 7.8 225 

Two   soiled cells 4 29.0 7.7 223 

Three soiled cells 5 29.5 7.5 221 

 

The I-V parameters of the module were modelled in PVSim when the module was assumed 

to operate under unsoiled conditions, and when the substrings were generating less current 

due to the underperforming cells. Figure 4.4 shows the I-V curves obtained after the 

simulations. The I-V curves of the normal module, one, two and three underperforming 

substrings in Figure 4.4 are similar to the I-V curves unsoiled, one soiled cell, two soiled cells 

and three soiled cells, respectively which are shown in Figure 4.3. Thus, the soiling scenarios 

which influence the MPP and shift the bump towards ISC, due to the number of activated 

bypass diodes, can be modelled in PVSim. Similar results were also discussed in other 

publications [18][112]. 
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Figure 4.4: I-V curves modelled in PVSim and simulating different soiling scenarios on the 

polycrystalline module. 

In a real PV power plant situation, the shift in the MPP of a module string can impact the 

efficiency of the PV system as the MPP trackers in inverters continuously track the MPP for 

optimum delivery of electrical energy to the load. Although the I-V parameters and TIR 

imaging can reveal some information regarding the operation and performance of the cells 

and modules, the actual cause of the thermal signatures in Figure 4.1(a) was only revealed 

through EL imaging and is shown in Figure 4.5. 

The EL image of the module, Figure 4.5(b), shows that some hot cells in Figure 4.5(a) 

correspond to damaged cells in substrings SS1 and SS2 and other hot cells (uncracked cells) 

were possibly due to PID affected or poor-quality cells. The affected cells are coded according 

to the type of anomaly in Figure 4.5(c). These defects could not be identified in a visual 

inspection. The affected cells operated normally when the module was soiled, therefore in-

depth knowledge on the state of the cells can be obtained by incorporating EL imaging.  
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a b c 

Figure 4.5: (a) TIR and (b) EL images of the polycrystalline silicon PV module. (c) EL 

image of the module with classified cell anomalies. 

Abnormalities in crystalline solar cells which cause reverse biasing when operating in a series 

connected string can result in significant current mismatch and resistive heating. 

Incorporation of other testing techniques such as EL imaging, I-V measurements and visual 

inspection may give additional information on the state and performance of the PV modules 

so that informed decisions can be made during PV module inspections to avoid poor 

performance, accelerated module degradation and safety hazards.   

4.2.2 Dynamics of hot cells on a large scale (array) due to partial soiling on a cell 

The dynamics of thermal signatures due to partial shading, as observed in Section 4.3.1, can 

be seen on one of the nine monocrystalline modules in the 1.6 kW array (discussed in 

Section 4.3.1) was partially soiled. The results in this section were obtained following an 

experiment that is described in the last part of Section 3.3. The specifications of the modules 

(SW-175 mono, Module A) are given in Table 3.1 (Section 3.1). Figure 4.6 shows the effect of 

partial soiling on the thermal signatures in substring ST3-M2-SS3, which were detected when 

the array was unsoiled, Figure 4.6(a). The TIR image in Figure 4.6(b) was taken when the plane 
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of the array was receiving high irradiance of 1 sun (1000 W.m-2) and with one good cell in the 

substring, ST3-M2-SS3, partially soiled (≤ 10%). 

 

 

Figure 4.6: Thermal images of the 1.6 kW array under 1 sun and output power of 1100 W, 

(a) unsoiled and (b) with a partially soiled cell. 

The soiled cell heats up and operates at an abnormal temperature while the rest of the cells 

in the substring, ST3-M2-SS3, operate at a uniform temperature. The whole-cell is abnormally 

hot mainly due to current mismatch and resistive heating when the cell was partially shaded 

and operating in reverse bias.  It is unlikely that the heating is caused by the different thermal 

emissivity of the module glass and soiling. Differences in thermal emissivity of the module 

glass and soiling can cause only the contaminated part of the cell to be at an elevated 

temperature as the unsoiled part [113]. The scenario where only the shading material gets 
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abnormally hot, is discussed in Sections 4.2.3 and 4.3.2. Partial soiling caused non-uniform 

illumination on the soiled cell which forced the soiled cell to operate in reverse bias and 

dissipate the substring’s electrical energy as heat, thus minimising the current generated by 

the substring. This lower current reduced the level of current mismatch in the bad cells and 

resulted in the cells not showing their abnormal thermal signature as seen in the original TIR 

image Figure 4.6(a). A smaller current mismatch causes the operational temperature of bad 

cells to be low enough such that they appear as good cells on TIR images. Partial soiling, 

therefore, influences the tolerable current mismatch in operational crystalline modules and 

thus affects the results on TIR images. A TIR image that indicates only soiling mismatch can 

thus be misinterpreted since other anomalies are hidden. Mismatch caused by soiling or 

shading can be a dynamic phenomenon thus, causing TIR images to show features that are 

dynamic in nature. This array is discussed further in Section 4.3.1 where the effects of the 

defects associated with the substring ST3-M2-SS3 on I-V characteristics and EL image of the 

string containing the module are investigated. 

Other studies on this topic, [114-118] confirmed that shading on PV modules can cause 

abnormal thermal signatures which impact on performance. However, this study further 

shows that partial soiling affects the non-uniform temperature distribution in the soiled 

module, such that the bad or cracked cells cannot show their abnormal signature on TIR 

images. Therefore, not only cleaning the modules will help for effective judgement of the TIR 

images, but also incorporating other inspection methods such as EL imaging. It is also 

important to note the conditions under which the TIR images are taken since different 

operational conditions such as change in irradiance and load conditions influence the TIR 

images, as discussed in the following Sections.  

4.2.3 Effects of partial cell shading on electrical and thermal characteristics of polycrystalline 

silicon cells, substrings and module and associated power 

To acquire an in-depth knowledge on the behaviour of cells under partial shading, the 

performance characteristics of the polycrystalline silicon PV module (SW 240 poly) and 

individual cells were monitored and recorded under different levels of cell shading following 

the experimental description in Section 3.5. The manufacturer’s performance parameters of 

the module (SW 240 poly, Module D) are indicated in Table 3.1 in Section 3.1. Thermal images 

of the cells were recorded concurrently with voltage and current measurements of the cells, 
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substring and the module as described in Section 3.5. The numbering of the cells in the 

module is indicated in Figure 3.5. The current generated by the module and a substring, SS3, 

and voltages of the individual cells were recorded when the module was unshaded and 

connected to a constant resistive load. Figure 4.7 shows the current and voltage 

measurements when the module was operating under steady environmental conditions: low 

wind velocity, constant ambient temperature and clear sky with an irradiance of > 700 W.m-2 

incidents on the cells. The graphs show that the generated currents and the individual cell 

voltages varied with prevailing meteorological conditions.  The differences in the generated 

currents, of the module and substring, SS3, and individual cell voltages show evidence of 

mismatch and variations in the power generated by each cell. The module’s current is 

0.1 A (1.5%) more than the substring’s generated current. The voltage difference between 

the highest and lowest cell voltages, cells 58 and 21 respectively, is almost 0.024 V, thus a 

~4% difference in cell-cell voltage. Figure 4.7 also shows that none of the cells is operating in 

reverse bias.  

 

Figure 4.7: Mismatch in cell voltages recorded under steady conditions. The solid lines show 

the voltages of the cells. The red and blue broken lines represent currents produced by the 

module and substring 3 (SS3), respectively. 

Module current SS3 current Cell 58 voltage 

Cell 21 voltage Cell 58 voltage Module current SS3 current 

Cell 21 voltage 
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To investigate if any pre-existing cracks or Potential Induced Degradation (PID) are present in 

the cells that may impact the overall performance of the module, Electroluminescence (EL) 

imaging of the module was performed. A module having PID stressed cells will show a 

checkerboard pattern of black/dark and white cells. The black or dark cells can be observed 

mostly on EL images taken at a current corresponding to 10% of ISC and can appear on the 

edge regions close to the module frame [16][20][119]. Figure 4.8 shows EL images of the 

module taken at (a) 110% (High current EL image) and (b) 10% (Low current EL image) of the 

ISC. There are minor cracks on the highlighted cells, 1, 20, 47 and 52 which run diagonally 

across the cell but did not impact the performance of the module since all the fingers are 

connected to the busbars, thus no cell part is isolated as none of the cells appear dark. Cells 

1, 20, 47 and 52 are enlarged in Figure 4.8(c), (d), (e) and (f) respectively so that the cracks in 

the cells can be noticeable. Cell 21 delivered the lowest voltage, yet it is not cracked, thus the 

minor cracks on cells 1, 20, 47 and 52 did not affect the individual voltages of the cells. There 

are no dark cells on the Low EL image, hence no shunt paths or PID are present on the cells. 

It is beneficial that EL imaging can detect minor cracks as they can develop into critical defects 

due to harsh environmental conditions which can be experienced when the module operates 

in the field and can affect the performance and longevity of the module. 
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                    High EL image                                   Low EL image 

 

a b 

  

c d 

  

e f 

Figure 4.8: (a) High and (b) low current EL images of the multi-crystalline 

silicon photovoltaic module recorded at (a) 110% and (b) 10% of the ISC. 

Cells 1, 20, 47 and 52 are enlarged in (c), (d), (e) and (f) respectively. 
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Figure 4.9 shows the current and voltage measurements as well as thermal characteristics of 

the individual cells that were recorded simultaneously while shading cell 51 between 

0 to 100%. The graphs show the change in the currents generated by the substring, SS3, and 

module, and operational voltages of the 60 cells in the module when cell 51 was shaded. All 

the cells operate normally as shown in the figure when the module was unshaded (0%), 

however, when cell 51 is shaded 4%, its operational voltage is reduced to 0.31 V signifying the 

expected mismatch while the voltages of unshaded cells and currents of the substring, SS3, 

and the module are marginally affected. The operational temperature of the whole-cell 51 is 

not influenced by the small 4% shading, but a hot strip is seen on cell 51, on the respective 

TIR image, due to the difference in emissivity of the module glass (0.92) and the shading 

material (paper: cardboard 0.81) [120]. The shading material radiates higher thermal energy 

than the module glass and hence appears hotter on the TIR image. When the shading area is 

increased (8 to 100%) on cell 51, it significantly affects the generated currents and marginally 

affects the operational voltages of the unshaded cells. At an 8% shading level, the voltage of 

cell 51 becomes negative (reverse bias) and the cell starts dissipating the module’s generated 

electrical energy. When the cell becomes reverse biased, the temperature of the whole-

cell 51 increases. The temperature increases up to a shading level of 40%. As the shading level 

increases to 40%, the currents of the module and substring, SS3, and voltage of the shaded 

cell 51 reduces significantly while the voltages of unshaded cells rise slightly.  
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Figure 4.9: Module and substring, SS3, currents and cell voltage measurements together 

with TIR images taken when cell 51 was under different shading levels, of cardboard 

covering a portion of the cell. The voltages of the unshaded cells are indistinguishable from 

each other and show a small increase when cell 51 is shaded. 

Progressively smaller changes in module current and voltage of cell 51 occur from a shading 

level of 50% and above, while the current generated by substring, SS3 continues to drop 

significantly. The operational temperature of the shaded cell increased with the shaded area 

between 8- to 40% reaching a peak between 40 and 50%. The cell’s temperature decreased 

for increased shading levels 50 to 100% when the bypass diode of the substring containing 

cell 51 appears to be activated. The bypass diode diverts the module current around the 

Cell 51 
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shaded substring, SS3, as evidenced by an increase in the junction box temperature 

containing the bypass diodes and a small increase in the temperature of the whole 

substring SS3. 

The effect of shading on voltages of the unshaded cells is shown in Figure 4.10. The shading 

applied to cell 51 forced the unshaded cells to operate at higher voltages than when cell 51 

was unshaded, as indicated in the figure. The rise in voltage of all unshaded cells depends on 

the shaded area and is seen in Figure 4.10 for shading levels 4 to 40%. At a shading of 50% 

and above, the voltages of cells in the shaded substring split from the unshaded substring 

revealing activation of the bypass diode paralleled to the shaded substring, SS3. Shading of 

50 to 100% results in the voltages of cells (e.g cell 60) in the shaded substring SS3, continuing 

to rise while the voltages of cells (e.g cells 1 and 40) in the unshaded substrings, SS1 and SS2 

remain unchanged. The change in the operational voltage of unshaded cells is due to the shift 

in the operational point (current and voltage) of the module when different shading levels are 

applied on cell 51. 

 

Figure 4.10: Effect of shading on operational voltages of unshaded cells. 

Shading of a cell causes a reduced current generation, as illustrated in Figure 4.9, such that 

the operational voltages of the remaining unshaded cells in the substring are shifted towards 

VOC. The effect of partial shading of cell 51 on the representative I-V curves of the module is 
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shown in Figure 4.11 with the well-known bumps appearing due to the activation of one 

bypass diode paralleled to substring SS3. As expected, the depth of the bumps is related to 

the level of shading of cell 51 and the reduced amount of current generated by the substring. 

Deep bumps reflect heavy mismatch and shallow bumps indicate light mismatch [18]. Figure 

4.11 shows the trends of the operational points (current and voltage) of the module, 

substring SS3 (not including the bypass diode current), and cell 51 when shading levels of 0 to 

100% were applied and while the module was connected to a constant external resistive load. 

The operational points of the module (circles), substring SS3 (diamonds) and cell 51 (triangles) 

shift with the shading level and follow linear trends for shading levels of 0 to 40% up to the 

onset of bypass diode activation. The maximum power points (squares) of the I-V curve 

characteristics are also shown on the respective I-V curves. 

 

Figure 4.11: Representative I-V curve characteristics of the module when cell 51 was under 

different shading levels. The operational points of the module (circles), substring SS3 

(diamonds), and cell 51 (triangles) are indicated for different shading levels, 0 to 100%. 
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From 50 to 100% the operational points (circles) of the module remain relatively unchanged, 

as SS3’s bypass diode becomes activated, diverting the module’s current around the substring 

to reduce the reverse bias heating effects on cell 51. The activation of the bypass diode, 

therefore, causes the operational current and voltage of the substring SS3 (diamonds) and 

cell 51 (triangles) to drop drastically as shown in Figure 4.11. 

The required voltage range for the bypass diodes to activate and begin to bypass the module 

current around an affected substring can be observed as “bumps” or a sharp rise in current 

on the family of I-V curves shown in Figure 4.11. The operational current and voltage of the 

module, substring and cells are therefore influenced by the shading level and the current-

voltage profile of the load. In this case, a simple linear resistive load was chosen to simplify 

the analysis. The onset and full activation of a bypass diode for a particular resistive load will 

occur over a small range of voltages and corresponding shading levels. As an illustration, 

consider load lines A, B and C in Figure 4.11. For load line A, small shading level of 25% can 

cause the onset of full activation of the bypass diode while for load line B and C the bypass 

diode has not been activated at the same 25% shading level (grey I-V curve). For load line C, 

the onset of activation only occurs at a 60% shading level. It is important to note that for load 

lines A, B and C, the bypass diode never becomes fully activated at any shading level. The load 

lines A, B and C also do not represent the more complex I-V characteristics of MPP trackers. 

The load points for a MPP tracker are shown by the red line for shading levels of 0 to 100% 

and do not follow a predictable linear pattern as is the case with a constant resistive load.  

The operational points of a PV source translate to the power it generates or 

dissipates [68][69]. Figure 4.12 shows the relationship between the power and shading level 

when the module is connected to a constant resistive load as indicated by load line B in Figure 

4.11. The power generated (positive) or dissipated (negative) by the module, substring SS3 

and shaded cell 51 for each shading level is indicated together with the respective operational 

temperature of the shaded cell 51. 
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The power generated by the module and substring SS3 decrease from about 190 W and 60 W 

to 100 W and 0 W respectively for shading levels of 0 to 40% and remains unchanged for 

shading levels 50 to 100%. The shaded cell 51 appears to be generating a small amount of 

power between 0-4% shading levels but switches to dissipating power between 4-8% shading 

when the cell becomes reverse biased. The temperature of the shaded cell is strongly related 

to the power generated or dissipated (due to resistive heating) by the shaded cell. The most 

significant temperature increase occurs when the shading increased from 4 to 40% when the 

cell dissipates power but starts to decrease when the bypass diode of SS3 became activated 

for shading levels of 50 to 100%. Substring SS3 generates continuously less current with an 

increase in shading level as shown in Figure 4.9, even when the bypass diode is activated, 

therefore the shaded cell will in turn dissipate less energy after activation of the bypass diode. 

bypass diode. 

 

Figure 4.12: Power and operational temperature trends under different shading levels of 

cell 51. 

The point when the bypass diode is fully activated is crucial for optimum power generation as 

well as avoiding excessive heating on the shaded cell which can result in cell discolouration, 

back sheet damage, module glass cracks and risk of fire in worse scenarios. Figure 4.13 shows 
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power scenarios at different cell shading levels when the external load resistance is constant 

(Load lines A, B and C) or at maximum power (MPP). The point where the bypass diode of the 

substring containing the shaded cell is fully activated is also the point when the module power 

starts to flatten. The MPP line shows the maximum power that can be generated by the 

module at each shading level. The activation point of the bypass diode for the MPP load is at 

40% shading, which is equal to the activation shading of load line B. The resistance for load 

line B was chosen to be close to the maximum power point. The forward bias voltage, which 

is around 0.35 V for Schottky bypass diodes, as mentioned in Section 2.6.3, is not affected by 

the change in the load conditions. However, the change in load conditions influences the 

operational point of the module and cells such that the shading level point at which the 

forward bias voltage is created to activate the bypass diode is different. 

 

Figure 4.13: Trends of power generated by the module at different load lines. 

When a module operates with a smaller constant external resistance, as in the case with load 

line A in Figure 4.11, the forward bias voltage to activate its bypass diodes   occurs at smaller 

shading levels (25%). Although there is an associated power loss, the activation of the bypass 

diode reduces the risk of overheated cells. The module power output stabilises at 110 W at 

the onset of the bypass diode activation.  At a higher constant resistance load as in the case 

with load line B (Figure 4.11), the forward bias voltage required to activate the bypass diodes 

0

20

40

60

80

100

120

140

160

180

200

0 20 40 60 80 100 120

P
o

w
er

 (
W

)

Shaded area (%)

MPP

Load Line A

Load Line B

Load Line C

Bypass diode 
activation 
shading level 
point

40%

25%

40%

60%



73 
 

occurs at higher shading levels (40%), associated with the onset in power loss, stabilising at a 

lower module power of 100 W. When the external resistive load is higher as shown with load 

line C in Figure 4.11, the forward bias voltage for activation of bypass diodes occurs at even 

higher shading levels (60%), stabilising at a lower module power of 80 W. This scenario could 

lead to accelerated module degradation due to continued overheating on the shaded cell. As 

expected, when a MPP module load is used, the power output is maximised throughout all 

shading levels and the bypass diode is fully activated at a cell shading level of 40%.  

Similar results as shown in Figure 4.9 were obtained when the experiment was repeated on 

different days with the module under similar operational conditions and when shading was 

applied on different cells. When an equal shade, e.g shading level of 8%, was applied to the 

cell in different orientations such as along the fingers, along the busbars and diagonally, there 

was no significant change in the operational voltage of the shaded cell and the currents of SS3 

and the module. The cell voltage and current of the module and SS3 were almost the same as 

seen in Figure 4.9, that is -1.8 V, 6.3 A and 6.4 A respectively, regardless of shade orientation. 

However, changes in the operational conditions such as irradiance and load conditions 

influenced the operation of the individual cells, substrings and the module, as well as the 

shading level point causing the forward bias voltage and activation of the bypass diode. Under 

low irradiance of 400 – 500 W.m-2 the currents generated by the module and SS3 were lower 

at each shading level than at high irradiance, 700 – 1000 W.m-2. The low current generation 

in SS3 resulted in the operational temperature of the shaded cell being lower at shading levels 

8- to 100% than under high irradiance due to minimal current mismatch between the shaded 

and unshaded cells in substring SS3. Similar trends in currents, voltages and operational 

temperature, as seen in Figure 4.9, were followed under low irradiance. The ambient 

temperature was around 20 °C on colder days and around 30 °C on hotter days and there was 

no significant change in the observations. 

This study of the effects of partial soiling on PV modules is important since soiling of field 

mounted modules is unavoidable, as mentioned earlier. The study provides in-depth 

information on the operation of the modules, substrings and cells and can improve the 

interpretation and understanding of thermal images of PV modules operating under varying 

shading conditions. Other studies [17][18][21][121][122], analysed I-V measurements of PV 

strings and modules under different operational conditions, mainly shading conditions, and 
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also in the publications [51][117][123], the I-V measurements were correlated to TIR images 

to analyse the effects of thermal signatures on the performance of the strings and modules. 

4.3 Influence of varying the load, irradiance and output power on abnormal 

thermal signatures 

4.3.1 Effects of changing irradiance and output power on abnormal thermal signatures of 

operational monocrystalline silicon PV modules 

The influence of changing irradiance and output power on the behaviour of abnormal thermal 

signatures of a 1.6 kW monocrystalline silicon array is discussed in this section. The results in 

this section were obtained after carrying out an experiment that is described in Section 3.2. 

The array contains nine monocrystalline PV modules of type SW-175 mono (Module B) and 

the visual image in Figure 3.1 shows the arrangement of the modules. The specifications of 

Module B are indicated in Table 3.1 in Section 3.1.  

Figure 4.14 shows TIR images of the 1.6 kW array that were recorded when irradiance 

dropped in the order (a) 1000 W.m-2, (b) 800 W.m-2 and (c) 650 W.m-2, when the array was 

generating power of approximately 1100 W, 900 W and 600 W, respectively. Figure 4.14(a) 

shows the non-uniform temperature distribution in the plane of array that was caused by 

several abnormally hot cells in string 3, module 2, substring 3 (ST3-M2-SS3). The bad cells 

were underperforming and created a current mismatch with good operating cells, forcing the 

bad cells to operate at elevated temperatures compared to the good cells. The bad cells in 

the substring ST3-M2-SS3 and also ageing of the modules, as they have been operating in the 

field for years, resulted in the array not performing to the nominal power when under 

irradiance of 1000 W.m-2. 
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Figure 4.14: TIR images of the 1.6 kW array captured under different irradiance and 

output power, (a) Irradiance of 1000 W.m-2 and output power of 1100 W, (b) Irradiance 

of 800 W.m-2 and output power of 900 W and (c) Irradiance of 650 W.m-2 and output 

power of 600 W. 
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When the operational conditions changed from high irradiance (1000 W.m-2) and output 

power (1100 W) to lower irradiance (800 W.m-2 and 650 W.m-2) and output power (900 W 

and 600 W), the number of the abnormally hot cells in the underperforming substring ST3-

M2-SS3 is reduced. The TIR images in Figure 4.14(a), (b) and (c) are presented on the same 

temperature scale and it can be seen, from the TIR images, that the operational temperature 

of bad cells in substring ST3-M2-SS3 drops with a decrease in irradiance and output power. 

The temperature of all the modules in the array also drops with a decrease in irradiance and 

output power. At lower irradiance, the lower current that is produced by the solar cells, 

resulted in a lower current mismatch with an associated reduction in the number of abnormal 

hot cells. The lower current mismatch resulted in the bad cells dissipating less electrical 

energy as heat and operating at lower temperatures. 

Figure 4.15 shows the TIR image of the array when it was switched off and received high 

irradiance of 1000 W.m-2. 

 

Figure 4.15: Thermal image of the 1.6 kW array when it was in open circuit conditions and 

receiving 1 sun. 

Almost all cells in the modules of the array appeared equally warm since the cells are heated 

by sunlight absorption and do not generate electrical energy. However, it is different in 

substring ST3-M2-SS3 as some abnormally warm cells and a hot junction box are seen in the 

TIR image. The hot junction box (circled in the TIR image in Figure 4.15) is due to an 

overheating bypass diode that conducts the current generated by the substring ST3-M2-SS3 

when the array operates under no load. The bypass diode is faulty, acting as a resistor, and 
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forcing the respective substring to produce current by completing the substring’s series cell 

circuit, thus creating a looped current path, even when the array/string was disconnected 

from the load and in open circuit. The bypass diode does not appear to be abnormally hot on 

TIR images in Figure 4.14 while operating normally, since it is acting as a current resistor 

limiting the amount of current to pass through it. The faulty bypass diode acting as a resistor 

will force the substring containing the bad cells to contribute some of the current it produced 

to the module. If the bypass diode operated normally with an increasing mismatch, the 

substring would tend to become more open-circuited, with a reduction in substring current, 

as described in Figure 4.9. 

This scenario of the damaged bypass diode acting as a resistor is also discussed by 

S. W. Ko et. al, when the researchers showed that a faulty bypass diode can be at an 

extremely high temperature when the module is delivering power to load, and when the 

module is generating energy the temperature of the bypass diode drops [124]. To advance 

the understanding of TIR images and the operation of bypass diodes (normal and faulty) under 

different operational conditions, further studies will be carried out with the currents of the 

module, substrings and bypass diodes being monitored and recorded.  

Figure 4.16 shows the I-V measurements of the strings and selected modules of the array 

while Figure 4.18 shows the EL image of the array. The I-V characteristics in Figure 4.16 and 

the EL image, Figure 4.18, show that the substring ST3-M2-SS3  was not operating normally.  
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Figure 4.16: I-V curve characteristics of the strings and modules in the 1.6 kW array. 

The I-V parameters of good performing strings, ST1 and ST2, match each other but differ from 

the I-V parameters of ST3 which was underperforming because of the damaged bypass diode 

of substring ST3-M2-SS3. The I-V characteristics of the module ST3-M2 show that the module 

is underperforming when compared to modules ST2-M1 and ST3-M3 due to different VOCs and 

MPPs. The substring caused a drop in VOC of approximately 12 V (~VOC of one substring) 

between good and bad operating strings, and modules. The I-V parameters of the strings and 

modules in the 1.6 kW array were modelled in PVSim [64], to simulate the I-V characteristics 

of a good string, bad string, good module and bad module in the array, respectively. The 

simulations, References 1, 2, 3 and 4 shown in Figure 4.17 are similar to the I-V curves of ST1, 

ST3, ST3-M1 and ST3-M2 in Figure 4.16, respectively with insignificant voltage differences per 

each corresponding current value. Thus, the experimental results shown in Figure 4.16 follow 

the simulations obtained in PVSim.   
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Figure 4.17: I-V curves of strings and modules in the 1.6 kW array compared to references 

that were simulated in PVSim. 

Table 4.2 shows the I-V parameters of the strings and modules shown in Figure 4.16. 

Table 4.2: Performance parameters of the strings and modules in the 1.6 kW array. 

String / Module ISC (A) 

±1.2% 

VOC (V) 

±0.8% 

IMP (A) 

±1.4% 

VMP (V) 

±0.9% 

Pmax (W) 

±4.2% 

ST2-M1 5.3 38.7 4.7 29.9 139.3 

ST3-M2 5.3 27.1 5.2 22.0 114.4 

ST2 5.3 117.6 4.9 86.6 424.3 

ST3 5.3 105.9 4.7 82.1 385.9 

The abnormalities in substring ST3-M2-SS3 shifted the MPP of string ST3 and module ST3-M2 

and resulted in a power loss of 18% on module level which translates to 9% on a string level. 

The shift in MPP will require a high MPP tracking efficiency to quickly optimise power delivery 

to the load [24][125][126]. A bypass diode across an underperforming substring will be 

activated and cause a bump in I-V curve if the substrings are significantly mismatched [78], as 

highlighted in Section 2.6.1. However, no bump is seen on the I-V curves of the 

underperforming string ST3 and module ST3-M2 since the bypass diode across the substring 

0

1

2

3

4

5

6

0 20 40 60 80 100 120 140

C
u

rr
e

n
t 

(A
)

Voltage (V)

ST1

Reference 1

ST3

Reference 2

ST3-M1

Reference 3

ST3-M2

Reference 4



80 
 

is faulty and operating as a resistor. The EL image of the array confirmed that the bypass diode 

is damaged as shown in Figure 4.18. The good cells luminesce when forward biased and the 

intensity of photoemission from the good cells is bright and almost uniform. However, bad 

cells have dark areas, EL features, as shown in the EL image in Figure 4.18. 

 

 

Figure 4.18: EL image of the 1.6 kW array showing a bypassed substring and other EL features. 

The substring ST3-M2-SS3 appears complete dark since it was bypassed de when the substring 

was forward biased for EL imaging. If the bypass diode was not damaged, then the applied 

current would have forward biased the individual cells in the substring ST3-M2-SS3 and 

revealed the problematic cells. Figure 4.18 reveals other problematic cells showing EL 

features such as busbar disconnects. The anomalies on these cells do not cause a significant 

current mismatch for them to appear as hot spots on TIR images. I-V and EL inspection 

techniques identified the substring ST3-M2-SS3 to be problematic as a whole but not all the 

cells in the affected substring are poor performers, as revealed by the TIR imaging inspection 

method. TIR imaging located the individual cells which were underperforming under different 

operational conditions within the affected substring ST3-M2-SS3. 

The bypass diode paralleled to the substring ST3-M2-SS3 was confirmed to be faulty by using 

a digital multimeter (DMM). EL images of the module ST3-M2 were taken with the bypass 

diode paralleled to substring ST3-M2-SS3 disconnected from the module. Figure 4.19 shows 

(a) high and (b) low EL images of the module without the bypass diode on substring ST3-M2-
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SS3. The cells which appeared abnormally hot on TIR images in Figure 4.14 are indicated in 

Figure 4.19(a). The highlighted cells are not cracked and do not appear dark on the Low EL 

image in Figure 4.19(b). Therefore, these are poor quality cells that caused a current mismatch 

when connected to good cells in the same series string. 

 

Cells that appeared abnormally hot on TIR images 

a – High EL image 

 

b – Low EL image 

Figure 4.19: (a) High and (b) Low EL images of the 

monocrystalline silicon module taken with bypass diode 

on substring ST3-M2-SS3 disconnected. 

4.3.2 Dynamics of thermal signatures on operational polycrystalline silicon PV module under 

varying irradiance 

Figure 4.20 reveals the behaviour of hot cells when a polycrystalline silicon PV module 

(SW 240 poly) was operating under changing irradiance for a day, following the experimental 

description in the last part of Section 3.5. The manufacturer’s specifications of the module 

(SW 240 poly, Module D) are shown in Section 3.1, Table 3.1.  Figure 4.20 shows TIR images 

(a), (c), and (e) that were captured when the module was unshaded and operating under 

irradiance of500 W.m-2, 1100 W.m-2 and 550 W.m-2, respectively. TIR images (b), (d), and (f) 
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were recorded under irradiance of 500 W.m-2, 1100 W.m-2 and 550 W.m-2, respectively, with 

one cell partially shaded, ~5%. 

  

 

  

 

  
 

 Shaded cell   Shaded cell   Shaded cell  

 
Figure 4.20: TIR images of the polycrystalline PV module captured under varying 

irradiance, with partial shading on one cell [TIR images (b), (d) and (f)] and with unshaded 

cells [TIR images (a), (c) and (e)]. The TIR images were recorded under irradiance of 

500 W.m-2 [(a), (b)], 1100 W.m-2 [(c), (d)] and 550 W.m-2 [(e), (f)].  

The TIR image (a) shows abnormally hot cells when the module is unshaded and operating 

under low irradiance of 500 W.m-2. When partial shading is applied to one cell, TIR image (b), 

the whole-cell appears abnormally hot as the shaded cell operates in reverse bias (negative 

voltage). Similar effects are shown on TIR images (e) and (f) when the irradiance incident on 

the module is about 550 W.m-2. However, when the irradiance is of the order 1000 W.m-2, 

there is no significant mismatch to cause abnormal hot cells. All the cells appear to operate 

normally with uniform temperature as seen on TIR images (c) and (d). TIR image (d) shows a 

hot strip due to the shading material, paper: cardboard. The shading material appears hot 
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since its thermal emissivity is higher than that of the module glass [113][100]. Although the 

shaded cell is reverse biased and abnormally hot on TIR images (b) and (f), the small shading 

applied to the cell could not cause activation of the bypass diode, hence the abnormally hot 

cells are still visible on TIR images as there is still a significant current mismatch between bad 

and good cells. This is different to the scenarios shown in Figures 4.1 and 4.5, in Section 4.2.1, 

when partial soiling was applied to a cell. Additionally, the current mismatch is not only 

influenced by the shaded cell area, but also by the operational conditions such as irradiance 

and load conditions as highlighted in Sections 4.3.1 and 4.3.4, respectively. The change in the 

operational current and voltage of the module due to varying irradiance influences mismatch 

and results in the dynamics of the abnormal thermal signatures or hot cells.  

Figure 4.21 shows the I-V curve characteristics of the module that were recorded when the 

module was receiving high and low irradiance of 1000 W.m-2 and 500 W.m-2, respectively. The 

effect of a change in irradiance on the operational points of the module, which resulted in the 

dynamics of the thermal signatures, is illustrated in Figure 4.21. The drop in irradiance, from 

higher irradiance (1000 W.m-2) to lower irradiance (500 W.m-2), caused a reduction in the 

generated current, as expected, and results in a shift of the maximum power point, MPP1 to 

MPP2. The load line represents constant load conditions and shows that the module operates 

at MPP1 under higher irradiance and when the irradiance is lower (500 W.m-2), the module 

delivers less current and its operational voltage shifts towards 0 V along the I-V curve, as 

shown by the operational points in Figure 4.21. When the operational point is closer to 0 V 

the module generates a high current such that cell mismatch can easily occur, unlike when 

the module’s operational point is closer to VOC, when current generation is low and hence 

minimal or insignificant cell mismatch occurs. Sections 4.3.3 and 4.3.4 discuss the scenario 

and the TIR images in Figure 4.22 and 4.25 reflect this scenario causing the dynamics of 

abnormal thermal signatures. This causes the bad cells (or poor-quality cells) to appear 

abnormally hot on the TIR image when the module operates under low irradiance, in the 

mornings, evenings and under cloud cover, but appears normal under high irradiance.  It is 

generally recommended to carry out TIR imaging on-field mounted modules when the 

irradiance is above 600 W.m-2, when the cells operate at maximum performance. Under such 

conditions, any abnormally hot cells which appear on TIR images will indicate severely 

mismatched cells which can impact on performance and longevity of the affected module.  
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Figure 4.21: I-V curves of a crystalline PV module operating under constant load conditions 

and different irradiance levels. 

Mismatched cells can operate at elevated temperatures when the current of good operating 

cells is passed through the underperforming cells resulting in localised resistive heating when 

mismatched cells dissipate electrical energy. When the module’s operational voltage is closer 

to VOC, it generates a low current (considering the I-V curve) and delivers less power than 

expected, but the cells will operate with a low chance of being mismatched than when the 

operational voltage is below VMP. This avoids mismatch effects which can cause abnormal 

heating on mismatched cells. Continued abnormal heating on PV cells can result in damage 

to the back sheet, cell cracks, risk of fire and quick module degradation. The behaviour of PV 

cells under different operational conditions, discussed in this paper, can improve the 

operation and maintenance of PV systems. 

4.3.3 Dynamics of abnormal thermal signatures on operational monocrystalline silicon PV 

module under varying load 

The results presented in this section were obtained after carrying out an experiment 

described in Section 3.4. The effects of varying load on the abnormal thermal signatures of a 

monocrystalline silicon PV module are discussed in this section. The module specifications 

(AP-6105 mono, Module B) are shown in Table 3.1, Section 3.1. 
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Figure 4.22 shows TIR images of the monocrystalline silicon PV module that were recorded 

when the module was operating under constant high irradiance (1000 W.m-2) and changing 

load conditions. The TIR images, A-F, shown in the figure were recorded when the module 

was short-circuited (load = 0.0 Ω), connected to loads of 4.0, 8.0, 10.0 and 12.0 Ω and when 

the module was open-circuited, respectively. When the module was under load conditions of 

4.0, 8.0, 10.0 and 12.0 Ω it generated a current of approximately 85%, 70%, 50% and 40% of 

the ISC, respectively. The I-V curves of the module and two substrings, SS 1 and SS 2, are also 

shown in the figure. 

The TIR images in Figure 4.22 show abnormally hot cells which decrease in number from TIR 

images A to E. It can be seen that as the load/resistance increases, 0.0 to 12.0 Ω, some hot 

cells disappear until all cells in the module appear to operate normally at uniform 

temperature when the load reached 12.0 Ω on TIR image E. The temperature difference, ∆T, 

between the abnormally hottest cell, with a peak temperature of 74.6 °C at ISC, and the 

reference cell, operating at 40.7 °C at ISC, decreases with an increase in load. The effects follow 

the decrease in the amount of current generated but are contrary to the increase in voltage 

supplied by the module and are indicated by the operating point or position of each TIR image 

along the I-V curve of the module. This is summarised in Table 4.3.  
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Figure 4.22: Thermal infrared images of the monocrystalline module captured under 

varying loads and the current-voltage plots of the module and substrings. 

Figure 4.23 shows the I-V curves, with similar trends as shown in Figure 4.22, which were 

generated in PVSim after modelling the operation of the monocrystalline module and the 

substrings.  
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Figure 4.23: I-V curves of the module and substrings, modelled in PVSim, simulating the 

operation of the monocrystalline module. 

 

Table 4.3: Values of voltage, current and ∆T observed when resistance was varied. 

TIR image Resistance (Ω) Voltage (V) Current (A) ∆T (°C) 

A 0.0 0.00 3.4 33.9 

B 4.0 10.8 2.9 26.6 

C 8.0 16.7 2.4 14.4    

D 10.0 17.9 1.8 4.7 

E 12.0 18.5 1.4 0.3 

F ꝏ 20.1 0.0 0.5 

TIR = Thermal infrared, ∆T = temperature difference  

 

The I-V characteristics of substring SS 2, show that the substring is underperforming when 

compared to substring SS 1, since substring SS 2 produced less current than SS 1 for 

voltages 0-10 V due to more underperforming cells contained in substring SS 2 than in 

substring SS 1 and these are then observed as being abnormally hot. The current mismatch 

between substring SS 1 and substring SS 2 is more significant for voltages less than 8 V and 

the open circuit voltages of substring SS 1 and substring SS 2 are slightly different since 

substring SS 2 contains more defective cells than substring SS 1, as discussed below. The 

current mismatch between the substrings caused a step in the I-V curve of the module, 

thus indicating an active bypass diode across substring SS 2 that was forced into a forward 
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bias to lessen the effect of mismatch, and hence the heating effect of poorer performing 

cells in substring SS 2. TIR image C in Figure 4.22 corresponds to the MPP of the module 

and when shifting towards ISC along the I-V plot of the module, more abnormally hot cells 

appear in TIR images A and B which were captured when the module was generating 3.4 A 

and 2.9 A, respectively. When the module’s operational point was adjusted to a lower 

voltage and larger current of 3.4 A, many underperforming cells dissipated more heat 

causing a higher operational temperature due to a significant/large current mismatch 

between bad and good cells. Contrary to this, the current mismatch is minimal when 

shifting towards VOC from the MPP along the I-V curve of the module with fewer 

underperforming cells as shown on TIR images D and E. These cells were also not as 

abnormally hot as when imaged close to ISC. When the cells are generating equal currents, 

the bad and good cells appear to operate at uniform temperature as shown on TIR image E 

when all the cells were producing 1.4 A, operating at about 39 °C. TIR image F in Figure 4.22 

was taken when the module was open-circuited and it shows almost all the cells appearing 

to be warm, at around 44 °C, since more incident radiation was absorbed and no electrical 

energy was delivered. 

Figure 4.24 shows the visual and TIR images together with the EL image of the module. It is 

clear that the underperforming cells were damaged, as revealed by the EL image of the 

module, and the visual image shows no optical impediment on the affected cells. 

 

  

Visual image TIR image at short circuit     EL image 

Figure 4.24: Visual, thermal infrared and electroluminescence images of the 
monocrystalline photovoltaic module. TIR = Thermal Infrared, EL = 
Electroluminescence, SS = substring 
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The abnormally hot cells in the TIR image, in Figure 4.24, correspond to the damaged cells 

which are judged by the following criteria, critical (> 20% cell area disconnected), major 

(10 ≤ 20% cell area disconnected) and minor (< 10% cell area disconnected). The critically 

cracked cell corresponds to the hottest cell that operated at 74.6 °C, at ISC. The operating 

temperature of the defective cells abnormally increases with the cell area affected and is due 

to an increase in current mismatch caused by reverse biasing and resistive heating when more 

cell fingers are disconnected from the busbars. This is reflected by the selected cells, cells of 

interest, with critical, major and minor damages having operational temperatures of 74.6, 

62.4 and 58.9 °C, respectively, at ISC. The critically damaged cell still shows its abnormal 

thermal signature on TIR image D in Figure 4.22, even at minimal current mismatch when the 

module was generating 1.8 A, thus also revealing the severity of cell part disconnections 

which impact on generation and flow of current. Uncritically cracked cells having major and 

minor damages were abnormally hot when the module was generating a large current of 3.4 A 

(close to ISC) and was forced to operate as good cells, due to minimal current mismatch, when 

the module was producing 1.8 A and appeared as normal cells under TIR imaging. 

Cracks can cause a current mismatch but if the cell fingers or busbars are not interrupted then 

the cell will perform normally [16][127], otherwise, the cracked cells will be forced to 

abnormally heat up if a significant current mismatch is created. If the module is in the field, 

the cracks can develop due to harsh environmental conditions and the continual thermal 

cycling of the hot cells will force the module to degrade quickly. Therefore, a clear picture of 

the intrinsic operations of PV cells when generating electrical power in the field is crucial to 

making informed decisions during the maintenance of the PV modules. 

 

4.3.4 Dynamics of thermal signatures on operational polycrystalline silicon PV module under 

varying load 

The influence of changing load conditions on electrical and thermal measurements of the 

polycrystalline silicon PV module (SW 240 poly) is discussed in this section. The results were 

obtained after following an experimental procedure in Section 3.5, when the operational 

voltage of the module was changed by varying the load resistor. The module’s specifications 

(SW 240 poly, Module D) are shown in Table 3.1, Section 3.1. The dynamics of abnormal 

thermal signatures as seen in Figure 4.22 in Section 4.3.3 were similarly observed when the 

module (SW 240 poly, Module D) was TIR imaged at different operational load conditions. 
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The TIR images were recorded concurrently with module current and voltage measurements 

of 60 individual cells. Figure 4.25 shows the module current and cell voltages as well as the 

thermal characteristics of the polycrystalline module that were recorded when the module’s 

operational voltage was varied from close to VOC to zero volts by changing the resistive load. 

When the module operated between voltages that are close to VOC (33.5 V) and VMP (27 V) 

each module cell operated at almost equal voltages and all the cells operate at nearly uniform 

temperatures as shown in TIR images (a) and (b) in Figure 4.25. As the module’s operational 

voltage is further reduced to 24 V, 18 V and 0 V, the module’s current increases marginally to 

the short circuit current (ISC) of 7.8 A. Since the same current passes through each cell in a 

substring, some mismatched cells are forced to operate at lower voltages or in reverse bias. 

In doing so, some cells change from producing (positive voltage) to dissipating (negative 

voltage) power. The reverse-biased cells dissipate power and appear abnormally hot as shown 

on TIR images (c), (d) and (e). Figure 4.25 shows the cell voltages being almost equal 

(matched) between VOC and VMP to being very unequal (mismatched) as the module voltage 

drops to zero (ISC). At the same time, the number of the hot cells increases on TIR images (c) 

to (e) and corresponds to the number of the reverse-biased cells with negative operational 

(reverse bias) voltages shown in Figure 4.25. The TIR images (c) to (e) also show an increase 

in the operating temperature of the mismatched cells, thus indicating that severe mismatch 

is occurring when the module operates close to short circuit conditions. A change in load 

conditions from big resistive loads of ˃ 10 Ω to small resistive loads of ˂ 5 Ω, caused the 

operational current and voltage points of the module and individual cells to change, resulting 

in severe mismatch which influenced the dynamics of the abnormal thermal signatures. The 

EL images of the module are shown in Figure 4.8 and reveal minorly cracked cells 1, 20, 47 

and 52 without disconnected cell parts, thus the EL features are insignificant to cause the 

abnormal thermal signatures. 
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Figure 4.25: Module current, cell voltages and thermal characteristics of a polycrystalline 

PV module recorded under different operational voltages. 

Figure 4.26 shows the thermal images of the polycrystalline PV module that were recorded at 

different operational current and voltage points, with and without partial shading on cell 30. 

The TIR images are linked to the I-V curve of the module which was taken under no shading 

conditions. The operational voltages were changed by varying the load resistor to observe the 

effect of changing the module’s operational points on the abnormal thermal signatures when 

cell 30 was unshaded and when the cell was under a shading level of 4 %. Figure 4.26(a) shows 

several abnormal hot cells, in a patchwork pattern, on the TIR image taken when the module 

was unshaded and operating close to ISC, 0.2 V, 7.1 A. When a shading level of 4% was applied 

on cell 30, the shaded cell become abnormally hot while the rest of the cells in the substring 

containing cell 30 appeared normal on the TIR image (g). The number of the hot cells reduce 

when the module’s operational voltage increased to ~ VOC, along the I-V curve, as shown on 
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TIR images (b), (c), (d), (e) and (f) when the module is unshaded and their corresponding TIR 

images (h), (i), (j), (k) and (l) when cell 30 is partially shaded. The reduction in the number of 

hot cells is due to minimal current mismatch when the module’s operational voltage is ˃ VMP 

and closer to VOC, as explained earlier. The operational temperature of cell 30 decreased with 

an increase in the module’s operational voltage due to a reduction in current mismatch, as 

explained in Section 4.2. When there is no current mismatch, the cells operate with uniform 

temperature as shown in TIR images (e), (f) and (l), thus no cell is reverse biased. TIR image (l) 

shows a hot strip on cell 30 due to the different emissivity of the module glass and the opaque 

shading material. Thus, as previously discussed, a current mismatch between good and bad 

cells can easily occur when the module’s operational voltage is less than VMP and closer to 0 V 

than when the voltage is greater than VMP and closer to VOC.  
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Figure 4.26: Thermal images of the crystalline PV module captured when cell 30 was 

unshaded (a-f) and shaded (g-l) at different operational current and voltage points of the 

module. 
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Figure 4.27 shows the behaviour of voltages of three representative cells (1, 8 and 34) when 

the cells operate with voltages lesser than VMP. The cells are highlighted on TIR image (e) in 

the figure. The operational voltage of cell 1 is positive and almost constant as it produces and 

contributes power while operating at normal temperature. The voltage of cell 8 fluctuates 

around zero volts and changes randomly between positive and negative voltages. It randomly 

changes from producing to dissipating power and appears warm on TIR image (e) in Figure 

4.25. The operational voltage of cell 34 fluctuates in the negative and appears abnormally hot 

on TIR image (e) in Figure 4.25. Cell 1 operates at normal temperature while cell 8 is slightly 

warmer and cell 34 is at abnormally elevated temperature. 
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Figure 4.27: Three cells having different operational voltages: (a) positive voltage and 

generating power, (b) random change between positive and negative as the cell produce 

and dissipate power (c) negative voltage and dissipating power. 
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The random and relatively large voltage fluctuations of the cell voltages can be linked to very 

small variations in the I-V characteristics of the individual cells caused by amongst other 

factors, small variations in irradiance. Figure 4.28 illustrates the change in cell operational 

points as the module current varies. The representative I-V curves of cells 1, 8 and 34 are I-V 

curves A, B and C, respectively, shown in Figure 4.28. 

4.3.5 Effects of varying irradiance on operational current and voltage of cells 

This section illustrates and discusses the behaviour of operational current and voltage points 

of the polycrystalline silicon module (SW 240 poly, Module D) under constant load conditions 

and changing irradiance. The trends of voltages of cells 1, 8 and 34 shown in Figure 4.27 are 

explained.  

The module current and I-V characteristics of the cells change non-uniformly with varying 

irradiance. The relative change of the module current to the I-V curves of individual cells is 

small. When the module current change, due to a change in irradiance, the operational points 

of cells A, B and C shift as indicated in Figure 4.28. The shift in the operational point of cell A 

results in a marginal change in the operational voltage of the cell. However, the operational 

voltages of cells B and C change significantly with changes in their operational points. The 

operational voltage of cell B changes between positive and negative with the change in 

operational point. The operational voltage of cell C shifts significantly and stays negative when 

the operational point shifts. 
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Figure 4.28: I-V curves of three mismatched cells A, B and C indicating a shift in operational 

voltages when module current changes. 

Figure 4.29 illustrates the shift in operational voltage of a PV module due to a change in the 

resistive load (load lines A and B) and irradiance.  When the resistive load is reduced, the 

operational voltage shifts towards ISC and the module operates on the horizontal section of 

the I-V curve, load line A. Under this load condition, fluctuations in irradiance will manifest in 

larger voltage fluctuations, VA1 to VA2, compared to, VB1 to VB2, when the load is large and the 

module operates on the vertical section of the I-V curve, load line B.    
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Figure 4.29: I-V curves of a PV module under changing load conditions (load lines A and B) 

and varying irradiance. The effect of change in irradiance on the operational voltages when 

the module operates on load lines A and B is indicated. 

Cell mismatch is usually caused by defective cells or external cell anomalies such as partial 

shading [16][18][127], however, the cell mismatch causing the random fluctuations in cell 

voltages could be due to non-homogeneity in the cell material. Non-homogeneous cell 

material can be caused by intrinsic manufacturing deformities and impurities which can result 

in the affected cells having different I-V parameters even when subjected to the same 

operational conditions. 

Other studies focus on the classification of TIR images [16][41][128][129] for a better 

understanding of the abnormal thermal signatures to gather information which can be useful 

in quantification of power loss associated with the abnormal thermal signatures. The 

quantification of the power loss due to mismatched cells has been under study as back as 

1995 [130], and is still ongoing [131][132] for improved maintenance and longevity of PV 

modules. However, as highlighted earlier, the interpretation of the TIR images is still not a 

straightforward thing. Therefore, this study adds valuable insights into the operation of 

crystalline silicon PV modules, and substrings down to the cell level for advancing the 
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thermal signatures and can improve the operation and maintenance systems of the PV 

modules. The results of this study show that changing the operational conditions influence 

the current-voltage operating point of modules, substrings and individual cells, such that cells 

that underperform show their abnormal thermal signature, on TIR images, under certain 

operational conditions. The bad cells easily show their abnormal thermal signatures when the 

operational voltage is ˂ VMP and closer to ISC, that is when a significant current mismatch is 

created between good and bad cells, unlike when the operational voltage is ˃  VMP, when there 

is minimal current mismatch. The conditions under which TIR images are taken have to be 

noted for better decisions on the TIR measurements. In addition to the standard guidelines 

for TIR imaging of PV modules such as calm environmental conditions, clear sky with 

irradiance level of more than 600 W.m-2, emissivity and angle of capture listed in 

Section 2.6.6.1, it is beneficial to capture the TIR images when the operational voltage is ˂  VMP 

and when the modules deliver current close to ISC so that even minor cell abnormalities will 

show their abnormal thermal signature and be identified on TIR images.  

4.4 Summary 

The effects of different operational conditions on I-V and thermal characteristics of crystalline 

PV modules were presented and discussed. The abnormal thermal signatures are classified 

according to cell anomalies in Section 4.1, while Sections 4.2, 4.3, and 4.4 discuss the 

dynamics of the thermal signatures in crystalline PV modules under different operational 

conditions. The partial shading of cells influences the current mismatch in substring cells as it 

causes the affected substring to produce less current than a normal operating substring in the 

module when the whole cell operates at an elevated temperature due to reverse biasing and 

abnormal resistive heating. The bad cells contained in the affected/shaded substring will not 

show the abnormal thermal signature and are seen as good cells on TIR images due to minimal 

current mismatch. The dynamics of thermal signatures seen on TIR images of crystalline PV 

modules operating under partial shading, including soiling, can be misinterpreted and mislead 

PV plant operators about the real cause of underperforming modules. The operational 

conditions of modules influence the reverse bias voltage of an underperforming cell which in 

turn affects the activation of the bypass diode, which is crucial in the operation of crystalline 

modules. The operational conditions which result in the small/light cell shading activating a 

bypass diode will cause significant power loss (about one-third of a module’s power) as the 
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bypass diode minimises the heating effects on the shaded cell. If the conditions result in 

large/heavy cell shading to activate the bypass diode, then the continued localised 

overheating on the shaded cell can further damage the module and causes a risk of fire.  

Varying irradiance, output power and load conditions can also influence the electrical and 

thermal characteristics of the crystalline silicon PV cells. The operational conditions which 

cause the module’s operating point to be on the horizontal section of the I-V curve (closer 

to ISC) will result in the bad cells being heavily mismatched and appearing abnormally hot on 

TIR images. When the operational point is on the vertical section of the I-V curve (closer to 

VOC), there will be a minimal mismatch and the module can operate and appear normally, 

with uniform temperature distribution, on TIR images. TIR images that are taken on clean 

modules delivering current close to ISC will show the abnormal thermal signatures caused by 

minor cell anomalies due to significant current mismatch created, unlike when the module is 

delivering lower current. This can be implemented when carrying out TIR imaging so that all 

cells with abnormalities can be identified on TIR images. 
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Chapter  5  

Conclusions 

This study investigated the dynamics of abnormal thermal signatures and electrical 

characteristics of crystalline silicon photovoltaic (PV) cells and modules under different 

operational conditions. The investigation includes an analysis of the effects of varying 

shading, irradiance and output power at different load conditions, as may be experienced in 

the field, on the thermal and electrical characteristics of the cells and modules. PV cells can 

underperform and appear abnormally hot on TIR images due to (i) inherent mismatch due to 

manufacturing faults of the cells and (ii) external cell mismatch due to environmental 

conditions. The in-field operational conditions of the modules, such as a change in load 

conditions, varying irradiance and partial soiling and shading, can cause a current mismatch 

between series-connected cells and modules, thus influencing the operating current and 

voltage of the individual cells and modules. The variation in operating voltage and current 

may result in the dynamic behaviour of abnormal thermal signatures where their distribution 

and appearance change. Thermal Infrared imaging (TIR) is widely applied, especially in large 

PV plants, as a metric for identifying mismatched cells. However, the accurate judgement and 

interpretation of TIR images is still a major challenge. The main focus of this study was, to 

understand the behaviour of mismatched cells under different operational conditions and 

their influence on the thermal and electrical characteristics. The expectation is that this study 

will add value to operation and maintenance practitioners to correctly interpret TIR results to 

accurately identify potential problems in the crystalline Si PV plants under their control.  

TIR images of crystalline (mono and poly) silicon PV modules that were studied were recorded 

together with current and voltage measurements of cells and modules at a latitude tilt angle 

at the Outdoor Research Facility (ORF) at Nelson Mandela University, Port Elizabeth in 

South Africa while generating power under different cell shading levels, load conditions, 

irradiance levels and output power. All the relevant meteorological data, such as irradiance 

was monitored by the weather station at the ORF. Visual inspections, current-voltage (I-V) 

curve characteristics and Electroluminescence (EL) imaging were also carried out on the 
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PV modules to check for any inherent performance and cell irregularities causing the 

abnormal thermal signatures that were observed. 

It was observed that when a polycrystalline PV module (YL250P-29b poly) was shaded 

partially by (˂10%) soiling of one good cell in each substring, the bad cells that were cracked, 

PID affected or of poor quality does not appear as abnormally hot cells on TIR images. These 

bad cells could therefore easily be missed since they operated and appeared as normal cells 

on the TIR images while the partially shaded cells heated up and operated at elevated 

temperatures. On this module, and also on a monocrystalline PV module (AP-6105 mono), it 

was also observed that a cracked cell with a large electrically isolated cell area, will cause a 

significant current mismatch and operate at a higher temperature than a cell with a small, 

isolated cell area. 

The dynamics of the abnormal thermal signatures were also observed on a module string 

when TIR images of a 1.6 kW array, containing nine series and parallel connected 

monocrystalline silicon PV modules (SW-175 mono), were recorded when one good cell in 

one of the modules was partially soiled. Again, it was shown that the TIR images of a partially 

soiled module can be misleading during PV module inspections in the field since certain non-

shading related cell anomalies did not appear. Therefore, TIR imaging should be carried out 

on unsoiled and unshaded PV modules to avoid misleading decisions. 

Partial cell shading of between 4% to 100%, affected the normal operation of a polycrystalline 

silicon PV module (SW 240 poly) with three cell substrings, by influencing the current 

generation and operating voltages of the cells in the module. The operational voltages of the 

individual cells showed an inherent mismatch with an approximately 4% difference in the 

highest and lowest cell voltages when the cells were operating under similar, normal 

conditions. A shading level of 4% on one cell resulted in the shaded cell operating at a reduced 

positive voltage. Increasing the shading levels from 8% up to 100% caused the cell to operate 

at negative (reverse) voltages while the whole cell appeared abnormally hot on the TIR 

images. The cell’s operational temperature increased for shading levels from 8% to 40% and 

decreased for shading levels from 50% to 100% when the bypass diode of the substring 

containing the shaded cell gets activated, allowing the module’s current to bypass the 

substring. The shading level which causes the activation of the bypass diode is crucial for 

understanding the operation of the crystalline PV module since, its onset results in about one-
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third of the module’s power being lost but at the same time, also reducing the overheating of 

the shaded cell by minimising the current through the shaded cell. The bypass diode requires 

a certain forward bias voltage to be activated. The external load determines the current and 

voltage operating point of a module which in turn affects the bias voltage across the bypass 

diode. The external load thus also determines the onset of the bypass diode activation and 

thus also the level of protection against overheating of mismatched cells.  

The distribution and appearance of hot areas (including hot cells and junction boxes) in TIR 

images are affected by the change in the individual cells and module’s current and voltage 

operating point.  

When the operational voltage is ˂ VMP and closer to 0 V (or ISC), along the I-V curve, there is a 

greater likelihood for the voltage of the underperforming and mismatched cells and 

substrings to get reduced and even become reverse biased and appear as hot cells on TIR 

images. When the operational voltage is ˃ VMP and closer to VOC, the current mismatch from 

underperforming cells and substrings is minimal and the voltage of the cells and substrings 

remains similar. Therefore, it is beneficial for PV modules that may have underperforming 

cells or substrings to operate at voltages that are higher than VMP where minimal current 

mismatch occurs. When the modules operate at ˂ VMP, abnormal thermal signatures will 

always appear on modules containing underperforming cells and substrings. Abnormal hot 

areas can impact power generation and also quickly degrade the encapsulation materials or 

junction boxes in modules.  

In addition to the typical guidelines for carrying out TIR imaging inspections, taking TIR images 

on crystalline silicon PV modules operating closer to short circuit conditions is beneficial as 

underperforming cells and substrings can certainly be identified. In this study, the operational 

current and voltage points of the modules and cells were varied by changing the resistance of 

a load. The operational point of module strings in PV plants is determined by the maximum 

power point trackers of the invertors. As a recommendation to aid the identification of 

underperforming modules, substrings and cells in TIR imaging inverters can be designed to 

incorporate a trigger which can be activated, to force the operational voltage of the modules 

to be ˂ VMP, while TIR imaging is carried out.  
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The study investigated the relative changes in the operational electrical and thermal 

characteristics of crystalline modules and shows additional insights into the dynamic nature 

of abnormal thermal signatures. This study also contributes to the improvement of the 

identification of underperforming cells and substrings through TIR imaging and I-V curve 

measurements as well as the correct interpretation of the results of the measurements. 

Summary of recommendations 

This study advances the understanding of the dynamics of the operational points on the 

current-voltage curve and the resulting thermal signatures. This will improve the 

interpretation TIR imaging of PV plant inspections using crystalline PV modules. In this study 

it is shown that the crystalline cells having anomalies can easily be identified on TIR images 

when the modules are clean and when the operational voltage is reduced (closer to Isc on the 

I-V curve), therefore inverters can be designed to incorporate a function which can reduce 

the operational voltage of the module string to highlight inherent anomalies on TIR images. 

When cells in PV modules are mismatched, the overheating of individual cells may be 

minimised by operating closer to VOC. Inevitably, this will lead to a reduction in power but can 

reduce the detrimental effects of overheating. 
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