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Abstract

:

Featured Application


The paper proposes a new utility-scale photovoltaic plant maintenance method to evaluate the degradation of photovoltaic panels. The method takes advantage of the installed power inverters and combiner boxes of the solar photovoltaic plant to use them as a way of energising the panels as light emitters, in order to look for defects in them without the need of an expensive uninstalling and reinstalling process.




Abstract


Nowadays, photovoltaic (PV) silicon plants dominate the growth in renewable energies generation. Utility-scale photovoltaic plants (USPVPs) have increased exponentially in size and power in the last decade and, therefore, it is crucial to develop optimum maintenance techniques. One of the most promising maintenance techniques is the study of electroluminescence (EL) images as a complement of infrared thermography (IRT) analysis. However, its high cost has prevented its use regularly up to date. This paper proposes a maintenance methodology to perform on-site EL inspections as efficiently as possible. First, current USPVP characteristics and the requirements to apply EL on them are studied. Next, an increase over the automation level by means of adding automatic elements in the current PV plant design is studied. The new elements and their configuration are explained, and a control strategy for applying this technique on large photovoltaic plants is developed. With the aim of getting on-site EL images on a real plant, a PV inverter has been developed to validate the proposed methodology on a small-scale solar plant. Both the electrical parameters measured during the tests and the images taken have been analysed. Finally, the implementation cost of the solution has been calculated and optimised. The results conclude the technical viability to perform on-site EL inspections on PV plants without the need to measure and analyse the panel defects out of the PV installation.
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1. Introduction


Energy use worldwide is changing quickly due to the need to mitigate climate change. Renewable energies (RE) have a crucial role in helping the world to meet its energy needs, with the possibility to supply four-fifths of the world’s electricity by 2050, massively cutting down carbon emissions. Nowadays, new legislation is promoting the installation of RE power plants to increase their penetration level in the power generation system [1,2]. However, photovoltaic (PV) and wind power have to exploit their full potential, decreasing the installation and maintenance costs of power plants.



Currently, the proportion of electricity generation of the European Union (EU) from renewable energy sources has increased from only   12 %   in 2000 to more than   30 %   in 2020 [3]. This represents an average growth of   1.7 %   per year. Moreover, RE power installation worldwide has changed from a   20 %   of the shared electricity net in 2010, to a value over   30 %   in 2020, and the forecast is to reach the   50 %   by year 2050 [4]. In particular, wind and solar plants dominate the growth in renewable energy generation.



Nowadays, the reduction of needed investment cost for new utility-scale photovoltaic plants (USPVPs), up to 6 times in respect to one decade ago [5], has placed the PV technology in a competitive scenario regarding other generation sources, both conventional and renewable. This situation is accelerating the rate of PV power penetration into the international power system, turning solar power generation into an important actor in the transformation of the future electric market [6,7]. In addition, in order to substitute conventional power plants, the size and rated power of USPVPs have increased exponentially in the last decade, recently reaching rated powers up to   2.2   GW [8].



The area needed to place USPVPs grows linearly related to the rated power capacity [9], and therefore it is crucial to develop efficient and optimum maintenance techniques for USPVPs, which can cover huge extensions of terrain in a short time at a competitive cost.



One of the most promising maintenance techniques in the current state-of-the-art is the evaluation method of PV panels damage through the study of images. This method covers up two different technologies: the study of infrared thermography (IRT) images and the study of electroluminescence (EL) images. On the one hand, the study of IRT images analyses hot and cold spots on the PV cells while they are generating power during the daylight [10]. On the other hand, the study of EL images analyses the PV panels while they are in the direct polarisation working zone, detecting the damaged modules from the emitted spectrum in the non-visible zone [11].



The paper focus on the latter category, which will be explained in detail in the following section. The main objective of this paper is to present a new method to reduce the maintenance costs of EL testing, using the hardware provided by the PV solar inverters and a sequencing of the PV strings to polarise them accordingly. The paper analyses hardware and software used in current and future USPVPs, and points out the required changes in order to apply the developed technique conveniently. Finally, the paper provides a discussion about the expected outcomes and costs of the new method.



This paper is organised as follows. First, Section 2 describes the principles of EL technology applied to PV panels and the current maintenance procedure, as well as a comparison with the most commonly used image processing analysis: the IRT technology. After that, Section 3 describes power inverters used currently in USPVPs and how to adapt them to run EL tests. Section 4 introduces the control technique added to the power inverter to induce a direct polarisation of the PV panels, as well as how to synchronise the whole plant in order to perform the EL maintenance action in the proper way. Following this, Section 5 and Section 6 show the built prototype, the demo-plant and the results obtained from the experiments. Section 7 introduces a cost analysis of the solution in order to evaluate its feasibility. Finally, Section 8 summaries the most important conclusions of the research.




2. Electroluminescence Technique


2.1. EL Principles Applied to PV Panels


The working principle of a PV solar cell is based on a photoreceiver diode which captures the photons doing a photoelectric conversion. According to this fact, the classic electric model of a PV panel is shown in Figure 1a [12,13].



Therefore, the current provided by the PV cell is defined by expression (1),


  I =  I L  −  I D  −  I  s h    



(1)




where   I L   is the current generated by the captured light,   I  s h    is the dissipated current by the shunt PV panel resistor and   I D   is the lost current due to the recombination. In particular,   I D   is defined by the following expression,


   I D  =  I o    e   V + I  R s    n  V T     − 1   



(2)




where   I 0   is the inverse saturation current of the diode,   V T   is the thermal voltage, n is the diode ideality factor and   R s   is the series resistance.



Consequently, the characteristic I–V curve of a PV panel is described by the dashed curve in Figure 1b [14], known as the LIV curve. It has a behaviour determined by the electric characteristics of the diode, and the vertical position is determined by the irradiation value. Besides, the dashed curve at Figure 1b has been calculated for an irradiance value of 800 W/m   2  . On the other hand, when the irradiation is equal to zero it reaches the solid curve, known as the DIV curve. Due to the physical characteristics of PV cells, they start to work as photo-emitters (4th quadrant), instead of phosphorescent (1st quadrant), when a current is supplied to them, in the same way as the light-emitting diode (LED) technology [14].



However, the light emitted in the 4th quadrant is relatively low, due to the fact that in the PV silicon panels this process is done through the carriers recombination in a forbidden indirect band of the semiconductor, by means of the recombination by defects or Auger [15]. Nevertheless, there is a small radiative recombination, which is enough to be detected by an external sensor. This phenomenon means that the EL technique could be useful as a non-destructive and fast evaluation method to get the health state of PV cells.




2.2. EL Analysis Procedure


The health state of a PV silicon panel could be determined using the EL technique by means of supplying current to the panel. Typically, the hardware needed to perform tests such as is a power supply able to provide the short-circuit current of the panel under test,   I  s c   , and at a voltage level higher than the panel open circuit value at the rated irradiance,   V  o c   .



Consequently, current injection produces near-infrared (IR) light emission in the solar panel. In an industrial solar plant scenario, this operation is performed by qualified technical staff, taking the PV panel photograph in the plant-site, and conducting the post-image process and analysis of results afterwards. The image is taken with an appropriate digital camera, and focused in the wavelength of interest, paying special attention to avoid parasitic light and camera vibrations [16].



The technical specification International Electrotechnical Commission (IEC) 60904 defines methods to capture images of PV panels by means of EL technique. It also defines postprocessing procedures to get quantitative descriptors and provide a guideline to understand the results. The standard is oriented to the measurement in a controlled scenario, forcing the current flow thanks to a voltage power supply in the panel under test terminals. In addition, captures with low signal-to-noise ratio (SNR) are provided by thermoelectric cooling of charge-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS) cameras. Relevant parameters such as the number of pixels, noise, wide length, and dynamic range are taken into account in the selection of the right detectors. Moreover, the images should have enough quality, and therefore they should be obtained in dark scenarios, by means of walls, curtains or otherwise, in order to avoid the parasitic light [16].



The EL technique is very useful in the manufacturing step of PV panels, where the controlled described test could be run easily. However, applying EL evaluation over existing USPVPs implies one of these alternatives: (i) to dismount, test and remount every single panel individually; (ii) to perform the EL images on the PV panels without dismounting them by means of an external power supply. In the first case, cell breaking due to transport is a very common issue. In the second case, it is necessary to carry an external power source to the plant site. Additionally, in both cases, the processes are invasive, so there is a potential danger of damaging facilities and workers.



If the PV solar inverter was adapted conveniently to work in a bidirectional way, it would be possible to force the panels to work in the 4th quadrant and apply EL recognition during low irradiation time slots (at night, sunrise and sunset) directly on the installed panels.




2.3. IRT Versus EL Inspections


IRT is the most extended technique in PV image processing to detect failures in panels. It is a non-destructive measurement technique, which provides fast, real-time and two-dimensional distributions of characteristic features from PV modules [17,18,19]. In addition, IRT can be performed in illuminated or dark conditions [16,20,21,22].



In the former instance, the illuminated IRT or IRT under common operating conditions of the PV system are similar to luminescence, where the current flowing through cells increases PV module temperature. In this case, it is used as a contactless method for diagnosing of common thermal and electrical defects in PV modules [23,24,25]. Typical anomalies detected by illuminated IRT arise whenever one component becomes warmer than the surrounding ones or the expected rated values, for instance: modules; bypass diodes; single cells without following any pattern, in the lower parts or closer to the frame; a part of a cell respect to the rest; or pointed heating or a bypass diode string part respect to the others when they are equally shaded [26].



However, results reveal that IRT could not detect all possible failures in PV modules. Recently research about EL shows that it can give complementary information to IRT techniques, adding value to individual findings [27,28]. Performed IRT measurements proved that not all identified defects lead to an increase in temperature [28]. It has been experimentally observed how using EL is especially interesting to detect cell cracks in PV modules, appearing as dark lines on the solar cell in the EL image, as well as interrupted contacts, or a number of process failures (e.g., shunts or defects in the anti-reflection layer) [28]. Irregular areas indicate the presence of cracks in the silicon wafers while regular rectangular dark areas can be due to broken front grid fingers. In this case, EL locating can complement outdoor IRT technique by detecting defects that does not produce a temperature increment [29].



In the latter instance, IRT in dark conditions shares some similarities with EL technique, being the module subjected to a forward voltage. In the EL test, modules operate under forwarding bias like a LED, and therefore have to be power supplied. The excitation current can be less than or equal to   I  s c    [21]. It has been observed from visual inspection of EL and IR images in the fourth quadrant that most of the defects detected in the dark IRT images under the forwarding bias condition can also be identified in the EL images, whereas not all the defects detected in the EL images can be detected with dark-IRT, as some broken cells or soldering defects over one or more buses [29]. Therefore, the high resolution of the EL images enables resolving most defects more precisely than the dark IRT images.





3. USPVPs Power Inverters


3.1. USPVPs Retrofit Requirements to Apply EL on-Site


Several automatic tools must be introduced in a USPVP in order to perform the EL image processing technique diagnosis successfully, leading the PV panels to the 4th quadrant working area sequentially, and in the right order.



Firstly, it is mandatory to have a way of getting the EL images with the required requisites, being the optical device installed in a drone, vehicle, tripod, etc. Afterwards, the images taken by the camera will be sent to a central controller site, where they will be saved, post-processed, and a final diagnosis will be obtained.



On the other hand, the power electronics inverter will have to fulfil a list of requirements to allow the direct polarisation of the PV panel strings and lead them to the 4th quadrant for the EL evaluation. Following, the characteristics that must fulfil the power converters are pointed out.




	
Working-mode as a current source: the inverter must be able to work as a power supply with the capability of producing the PV panel string   I  s c    at a voltage near the PV panel open-circuit value,   V  o c   . Therefore, the inverter must have a completely bidirectional feature.



	
Starting-up without irradiation: in order to avoid parasitic light irradiance and PV plant power losses, all tests must be carried out during sunrise, sunset or at night. Therefore, the DC-Link precharge of the inverter must be done from the alternating current (AC) grid side, instead of doing it in the usual way, from the PV panels. Consequently, the PV inverter must include a precharge mechanism from its grid side.



	
PV string sequencing: especially in the cases of large solar inverters, the number of PV string arrays in parallel can be considerable, covering a large ground area. Thus, it is desirable to apply direct polarisation to a single fraction of all panels connected to the inverter, limiting the action area, and therefore minimising the power needed to carry out the EL inspection. Therefore, it is recommended to replace isolators with several lower power automatic switches connected to one or a few strings.









3.2. USPVPs Power Inverters Topologies


Nowadays, there is a wide variety of power electronics converter topologies oriented to solar plant applications. The state-of-the-art is extensive and there is not an homogeneous answer about which is the best solution [30,31,32,33,34,35,36,37], providing very different solutions according to the needs of each specific application.



There are many possible classifications of solar inverters according to different factors: galvanic isolation or not; single-stage or multi-stage; central, multi-string, string or module inverter; bi-level or multi-level converter; voltage source inverter (VSI), current source inverter (CSI) or impedance source; grid-connected or isolated; hard or soft switching, etc. [33].



In particular, this study focuses on the application of automated EL technique to large PV plants. Therefore, we will consider grid-connected high-power inverters. In these applications, VSI non-isolated inverters are commonly used. Besides, hard-switching is usually chosen because there are no space or weight limitations in the case of solar micro-inverters for domestic applications.



According to the conversion stages inside the PV inverter, single-stage and multi-stage topologies can be found. Multi-stage topologies are suitable for direct current (DC) voltage adjustment, providing galvanic isolation through high-frequency (HF) intermediate stages if needed. However, specially in high-power plants, single-stage inverters are widely used due to the fact that strings are grouped reaching the highest possible voltage, up to 1500 V, and achieving a maximum power between 1 MW and   3.5   MW [38,39,40,41,42,43]. The objective is to reduce the DC current at the rated power and, consequently, reduce the power losses in the DC installation.



Finally, as the case of study are large PV installations, only three-phase topologies will be considered. Four-leg configurations or several single-phase devices in parallel are also possible, but they are not usually used in industrial environment, and thus they will not be studied in this paper. Within this context, the most representative topologies are described below (although the state-of-the-art is not limited to these topologies).



Firstly, nowadays the bi-level three-phase inverter is the simplest and most used topology in the market. This topology, shown in Figure 2a, consists of only six full-controlled semiconductor devices (usually metal-oxide-semiconductor field-effect transistor (MOSFETs) or (insulate gate bipolar transistors (IGBTs)).



In the following, several multilevel topologies for PV inverters are presented [44,45]. These topologies can be extended in the case of 3, 5 or N levels, but, for the sake of simplicity, only the three-level cases are presented. The objective of increasing the number of levels is to add step levels in the voltage waveform, reducing the low-pass filter size and, therefore, improving the inverter response, as well as reducing its cost and size.



One of the most used multilevel topology is the neutral point clampled (NPC) topology type I. Figure 2b shows an example of 3-level NPC topology; this configuration has a floating medium point in the DC-link that allows it to modulate 0 V in addition to   +  V  D C     and   −  V  D C    . There are some variants on this configuration; Figure 2e shows one representative modification [46]. This configuration has some advantages over the previous one as lower harmonics introduction, smaller passive components, higher efficiency, and solves the leakage current problem inherent in PV panels. Besides, the new capacitor in parallel to the medium-point diodes facilitates the semi-buses balancing: the main problem in standard NPC topology.



NPC topology type T is another of the most used topologies in PV applications. Figure 2c shows the T-type topology in a three-level example. This configuration reduces the number of semiconductor elements removing the antiparallel diodes required by the I-type topology. Besides, T-type inverters have a slightly higher efficiency due to the fact that, in active mode, only one switch is conducting [47].



Another common multilevel configuration is the flying-capacitor topology, for example, Figure 2d shows a three-level flying-capacitor inverter. This topology allows low harmonics injection, and a better power control and capacitor balancing than the NPC topology. On the contrary, the DC-link bus capacity becomes larger and, for a higher number of levels, this solution becomes more complex and bulky. Moreover, this topology achieves a lower efficiency and a worse use of the effective switching frequency than others alternatives. In addition, like in the case of NPC topology, there are some variations on this configuration that provides certain advantages [44].



In conclusion, all the discussed topologies in this section allow bidirectional current flow and, therefore, they can be used for EL inspections. Consequently, the hardware available in current large PV plants can be modified in most cases to allow EL maintenance at low or zero cost.





4. USPVPs Control for Applying EL Technique


4.1. Power Inverter Controller Structure


As discussed in the previous section, industrial high-power grid-tie converters usually use a single-stage inverter topology in PV applications [48,49]. A three-level NPC type-I three-phase topology has been selected for the purposes of this study; however, nevertheless, the same techniques could be applied in the same way to other topologies.



Figure 3 shows a classical DG converter control block scheme. The controller is divided into four layers [50,51]:




	
High level controller: The highest level control is responsible for providing the right active and reactive power set-points to the lower level controllers. Its objective is to maximise the active power generation and to help the utility grid with the reactive power injection.



	
Middle level controller: The middle level controller is tasked to follow the higher level control references. Besides, it is in charge of checking the power inverter limitations due to restrictions (such as temperature and over voltages), and setting up priorities whenever necessary.



	
Low level controller: The low level controller includes both the instantaneous current controller based on a proportional-integrative-derivative (PID) controller, a direct-quadrature-zero (DQ0) transformation and the modulation control technique, which provides the switching pulse width modulation (PWM) signal to the power converter semiconductors.



	
Hardware level: Finally, the hardware level is in charge of translating the control signals to the physical pulses of the converter in order to produce the expected voltage signal behaviour by the power converter.








In particular, the EL control action is performed inside the high level controller layer. Figure 3 highlights in blue the blocks concerning EL functionality. The PV power inverter has a maximum power point tracking (MPPT) algorithm that looks for the optimum working point of the inverter in order to get the maximum output power from the PV panels [52,53,54,55].



The proposed algorithm introduces a switch that allows to change between the MPPT controller and a specific DC current controller for the EL operation. Therefore, the high-level goal, instead of being the maximum output power generation, is to establish a predefined negative DC current reference, in order to force the PV panels to work as light emitters. Consequently, the controller finds the right DC voltage reference in which the current set-point is acquired by means of, for example, a PID controller. Theoretically, the transition between the EL and the MPPT working modes could be done on the fly; however, it is necessary to stop the device in order to change the combiner box breakers state conveniently [56,57].




4.2. Complete System Control Architecture


In order to perform the EL inspection in USPVPs, a higher automatisation control level should be achieved. On the one hand, it is mandatory to have a system that is capable of taking the images automatically. Nowadays, due to its autonomy and profitability, unmanned aerial vehicles are the most studied inspection system [58,59], and several studies are focused on the applications of drones to the autonomous monitoring of large-scale PV plants [60]. On the other hand, the direct polarisation of a full USPVP has an energetic consumption so high that it is economically unfeasible. The solution to this problem is to divide the full plant into smaller areas, composed of one or several PV strings whose polarisation power requirements were viable, so that a single area is energised at the same time. To get this, it will be necessary to replace the isolators, located in the combiner boxes, with lower power remote controlled switches.



The automatisation level discussed above requires a real-time control to be able to complete the inspections as efficiently as possible. Automatic inspections require a control node capable of synchronising the image capture with the sequencing of the strings. The control node needs a communication system to receive images and telemetry from the camera, send the activation and deactivation signals to the breakers and send the current set-point to the inverter, as Figure 4 shows.



The whole inspection process diagram carried out by the control node to analyse the full plant is shown in Figure 5. First, the inspection order is received, and the control node requests the camera to be in the right position and location. If the camera is near to an un-inspected area, the control node determines the inverter connected to these panels. Second, the selected inverter is stopped, set in EL mode, and all the switches are opened in order to isolate the PV strings from the inverter. In a third place, the camera position is determined accurately and, therefore, the panels that appears in the image. Then, it is possible to close the switch connected to this string and send the current set-point to the inverter. When the camera obtains the images of the entire area connected to the close breaker, the inverter stops the current injection and the switch is opened again, a new string is chosen and the process is repeated. If all the panels connected to this inverter are inspected, every switch is closed and the inverter is restarted in solar inverter mode. When the entire plant is analysed the inspection finishes; otherwise, the camera moves to a new inverter area and the process runs again.



The hardware plant modifications proposed here, like the AC grid pre-charge system, add on the possibility of new functionalities in the PV plant, for example, reactive power injection at night [61,62,63].





5. Prototype Design and Installation on the Demo Site


In order to test the proposed inspection procedure, a small pilot plant is available. The pilot, shown in Figure 6a, consists of 11 PV panels with several damaged cells. The datasheet contains the main specifications of the panels: every panel has a maximum peak power of 175 W, a   V  o c    of 44.35 V and a   I  s c    of 5.45 A. Summarising, the full plant achieves a maximum power point (MPP) of 2.1 kW, with 488 V   V  o c    and 5.45 A   I  s c   . It is important to emphasise that these characteristics are provided by the manufacturer for the newly manufactured panels, but the pilot plant have several defects, and therefore the showed values may vary significantly.



A three-level NPC I-type converter, which is prepared to allow the bidirectional current flow, has been developed for the purpose of performing an EL inspection on the pilot plant. The inverter, shown in Figure 7, achieves a maximum power of 3 kW. As Figure 6b shows, the inverter AC side has been connected to the 400 V three-phase grid, whereas the PV side can set its voltage between 330 and 550 Vdc. During the EL test execution, this voltage range is enough to allow the current control between   10 %     I  s c    and   100 %     I  s c   . Besides, the DC-link pre-charge allows the panels direct polarisation in night time conditions.




6. Simulation and Experimental Results


6.1. Simulation


Previously to the inverter assembly, the full system behaviour has been analysed in the PSCAD simulation environment. A model of the bidirectional converter and its controller has been simulated connected to a PV array. In this way, the PV array has been modelled according to the pilot plant characteristics, so that the obtained results can be extrapolated to the experimental set-up.



Current EL legislation [64] establishes that two tests must be completed in order to detect defects of different nature. A current equal to   10 %   and   100 %   of   I  s c    must be injected during the first and second test, respectively. Starting from a scenario where the PV panels are connected to the inverter without current flowing between them, the current controller has been tested under different irradiance levels and current set-points, always within the limits set in legislation.



Figure 8 shows the PID controller response to a reference in the form of 200 ms pulse. Thus, voltage, current and power results are summarised in Table 1 for the analysed cases, allowing the calculation of power consumption required during the inspection.



On the one hand, the simulations conclude that irradiance is not strongly related with voltage and power levels required to achieve the current reference. On the other hand, a slight increase in voltage produces an important current variation. Consequently, if current set-point is increased, the voltage increases slightly also, and therefore the needed power variations are approximately linear with current. In conclusion, power consumption and, consequently, inspection cost, depends strongly on the current level necessary to achieve the light emission required to the defect detection.




6.2. Field Test


The developed inverter installed in the pilot plant has been tested in current source working mode in order to compare the simulation results with the experimental ones. The current controller allows different set-points levels according to the requirements of the inspection. Tests has been performed at four current levels:   10 %  ,   25 %  ,   50 %   and   100 %   of   I  s c   . Table 2 shows the voltage and power measurements obtained from the pilot tests. These results confirm the simulation conclusions: power mainly depends on current and is practically independent of irradiance. On the other hand, small variations in voltage produce substantial changes in current. This conclusion ensures that the necessary voltage to carry out the inspection is around the   V  o c    in the inverter, values within the inverter working range.



The controller implemented in the inverter allows to follow a current reference externally set. Figure 9 shows a transitory measurement when the current set-point, injected to the panels, change from 5 A to   0.5   A. The response time and over oscillation strongly depends on the implemented controller, in this case a PID controller.



In order to corroborate the validity of the techniques used in the pilot plant, both in the inverter, and in the capture of images with the use of unmanned vehicles, EL measurements were made in the pilot plant. Figure 10 shows the EL image of a PV panel, obtained in the experimental plant with an injected current of   10 %   of   I  s c    (approximately   0.5   A). Figure 11 shows the image obtained from the same PV panel in the plant with the injection of the   I  s c    (approximately 5 A). The EL image of the same PV panel, but obtained previously to be mounted in the plant, in darkness (inside the laboratory), using a power supply, at   I  s c   , is shown in Figure 12.



Some assessments can be made from the previous figures. It could be observed the existence of fractures in many of the cells of Figure 10 and Figure 11 that are not seen in Figure 12. Such fractures are the result of blows during transport or in the installation of the PV panels. For example, highlighted in red, the three figures show a pair of adjacent cells that present a diagonal fracture in the pilot plant, but that did not appear in the PV panel previous to its installation. The same type of fractures can be detected in other cells throughout the PV panel, especially at the edges and less sharply in the centre. These fractures were not carried out consciously, nor was the PV panel hit during its transfer or installation. However, this fact reinforces the need to carry out on-site inspections, without having to disassemble the PV panels and take them to a dark chamber to perform EL.



Regardless of possible damage done in transport and installation, it is confirmed that the device designed for the injection of current into the PV panels is capable of working properly to obtain EL images, both at very low currents (10% of   I  s c    ) and at the working currents of the PV panels (  I  s c   ). The images obtained indicate that photographs can be obtained with the appropriate quality, and that they obtained photographs highlight the behaviour of the cells. This step is indispensable for the viability of the subsequent capture of EL images with the use of a mobile camera.



Moreover, the proposed procedure using bidirectional inverter allows us to easily perform EL image capture at different currents. A localisable defect with low current intensity is that of potential-induced degradation. This type of panel failure is evidenced by the presence of cells that have a markedly lower brightness than other existing cells. However, at high currents, they have a brightness similar to the rest, so it is not possible to distinguish them. Several examples of this phenomenon can be seen in Figure 10, which are not seen in Figure 11 or Figure 12. Two of these cells have been highlighted in orange in the three previous images.





7. Economic Analysis of Solution Cost


7.1. Solution Cost


This section analyses the extra installation cost of upgrading a new USPVP to allow for the proposed EL maintenance technique. In addition, installation costs will be compared to current plant costs in order to evaluate the additional needed investment. As Section 3 shows, power inverters allow bidirectional power flow; therefore, only some minor additional features have to be added.



Firstly, an inspection control is required in order to perform the new features. Due to the low computational requirements of the needed software, hardware upgrades are not required by the control system. Besides, software development costs will be amortised for all manufactured inverters worldwide, so its impact on the final price will be negligible.



Secondly, the AC pre-charge system is required to apply EL inspections. The device is implemented in the inverter and allows to raise the DC-link voltage from the grid side. Pre-charge is carried out by means of the following components; an auxiliary power transformer to level-up the input voltage, a breaker to activate the pre-charge process, a resistor to limit the peak current and a diode-based bridge to rectify the AC voltage. These components must be chosen for each case, but their cost will not differ significantly. For instance, a grid-tied inverter with an output grid voltage of 400 V, pre-charge system cost would be zero if the PV plant had a functionality that requires it, for example, reactive power injection at night feature; otherwise, it would be approximately   135 €   according to up to date market values [65,66,67].



Finally, string sequencing requires several breakers in order to energise a small panel area and to minimise the energy consumption. Thus, the number of breakers is not predefined, and its estimation is carried out in the following section.



On the other hand, plant power generation will not be affected as the best accuracy for the EL technique is obtained at night, sunrise or sunset. Thus, the inspection will be carried out during non-productive hours, and therefore there will not be any power production losses and the operational costs of the solution will not increase.




7.2. Economic Optimisation of the Solution


Obviously, choosing the optimal number and size of breakers is an important task, but it is not an easy one. On the one hand, if too many breakers are installed, the initial investment cost will raise significantly. On the other hand, a high number of breakers divide the full plant in smaller areas with a lower energy consumption per test. Moreover, although a higher number of breakers would be required, dividing the plant into smaller sectors will lead to breakers with less power cutting capability and, therefore, cheaper ones. Expression (3) gives a relationship between power and price of the required breakers:


   C  B r k r   = α  P N  + β  



(3)




where   C  B r k r    is the unitary cost in €,   P N   the rated power in   k W   and  α  and  β  are two parameters to establish a linear regression about the cost of breakers in the working range of the selected scenario.



In order to calculate the optimal amount of breakers, an optimisation analysis is going to be carry out in a selected application. For a typical USPVP application using power solar inverters of 1 MW,  α  and  β  have been estimated according to current market prices [68,69,70,71,72,73,74] as   1.475   and 325, respectively. Additionally, several costs could be taken into account, but only the exposed above are relevant to this study. These costs are represented by the initial investment and the energy consumption during the inspection process. The investment in breakers (  C 0  ) can be formulated as


   C 0  =  C  B r k r    N  B r k r    



(4)




where   N  B r k r    is the amount of breakers, the variable to optimise.



Regarding electricity power consumption, current legislation specifies that two inspections must be performed at   10 %   and   100 %   of   I  s c   . This cost can be calculated by means of expression (5),


   C  I n s p   =    C  E n e r g y    (  P  10 %  I  s c     +  P  100 %  I  s c     )  t   N  B r k r     



(5)




where the inspection energy cost per MWp of PV panels installed (  C  I n s p   ) depends on the energy price (  C  E n e r g y   ), the power consumed during both tests (  P  10 %  I  s c      and   P  100 %  I  s c     ) and the time required to inspect 1 MWp-equivalent-area; moreover, it is inversely proportional to the number of breakers used. Electricity cost is ~10 cent €/kWh [75,76], the energy consumption has been taken from Table 2, and the inspection time using unmanned vehicle techniques is estimated to be ~13 min/MWp.



These costs have been calculated for a one-year period, assuming a plant expected life of 25 years. Furthermore, increasing plant automatisation would improve the capacity to carry out the maintenance tasks, being able to perform inspections more frequently. In this case, it is assumed that an inspection is completed monthly. In order to show the costs on an annual basis, the initial investment (  C 0  ) has been divided for the 25 years of expected plant life; inspection energy cost (  C  I n s p   ) has been multiplied by 12 annual inspections; and finally, total costs are the sum of both of them. Selected costs are represented in Figure 13, where the minimum cost is found installing 4 or 5 breakers per PV-panel-  M W p  , which, according to expressions (3) and (4), it represents an investment of 2775 €.



Accordingly to these estimations, the price to adapt a new USPVP to EL inspection can be calculated as the addition of pre-charge cost (135 €) and breaker cost (2775 €), which gives a result of 2910 €. On the other hand, it should be noted that inverters already have a switch to disconnect the panels; so the extra cost will be 2910 € minus the cost of 1-MW-breaker (1800 €), which is an extra cost of 1110 € per MWp. Major studies assert that the average installation cost of a large PV plant is 1112 €/kW [5]. Based on this information, it can be concluded that an increase of   0.10 %   on the initial investment would allow the on-site EL maintenance of the PV plant.





8. Discussion


Section 2 compares EL and IRT technology from the point of view of both technique performances. Later, a solution to apply on-site EL maintenance is developed. The technical feasibility of the proposed method is analysed in Section 6. Moreover, Section 7 concludes that the extra cost required to include the direct polarisation feature in a USPVP is no relevant to the cost of these plants. An analysis showing economic viability and the increment over productivity produced by early detection of damaged panels can be carried out in detail, but it is not relevant to reach the main objectives of the study and, therefore, it is out of the paper’s scope.



Finally, Table 3 summarise the comparison between the most important image processing USPVP maintenance methods. As can be seen, IRT and EL could be both used at a low cost, and without incurring in power plant production losses. EL tests require more time to perform the test because it needs a higher image resolution than IRT but, on the other hand, it gives also more information than IRT techniques.




9. Conclusions


The size and rated power of USPVPs have been increasing exponentially in the last decade, increasing the need for optimisation and automation of maintenance processes. Currently, one of the most extended practices in the maintenance of PV panels is the analysis of IRT images. However, as has been explained through the text, IRT technique has some limitations in the detection of defects in PV panels.



One of the most promising techniques to complement the results of IRT tests is the study of EL images. Unfortunately, EL procedures involves dismantling the modules or to use external power supplies and, therefore, they have a high cost and require qualified staff and special equipment.



In this context, the paper has presented a novel USPVP maintenance technique based on on-site EL image acquisition by means of the bidirectional inverters usually installed in USPVPs. The proposed procedure retains the high capability to characterise defects inherent in EL technique, achieving a high automatisation level and, as a consequence, a time and cost reduction.



The behaviour of the system has been calculated by simulation, and has been validated with experimental results in a small-scale PV plant successfully, afterwards. The results confirm the technical feasibility of performing this technique on a USPVP, without the need to uninstall and reinstall the panels for their evaluation. Consequently, on the one hand, the presented technique allows a full evaluation of the plant at a low operational cost, due to the low energy consumption performing the test. Moreover, on the other hand, the technique could be applied to both new and existing plants at a low installation cost, due to the fact that only minor hardware and software changes are needed. In particular, hardware costs of the installation for a real scenario have been calculated, representing a neglecting increment in the plant installation cost per megawatt, and the cost of software modifications is almost zero too, because it is very simple, with low computational requirements, and easy to implement algorithm in any commercial inverter control unit.



In conclusion, the paper has provided a new cheap and valuable solution to improve the maintenance of USPVPs; a method that could be used as an alternative or complementary with IRT technique. Indeed, some resources such as the unmanned vehicle could be shared between the two methods, reducing the overall installation cost for both of them.



Following the evaluation in the pilot-site with successful results, future work will test the solution in a real USPVP, in order to evaluate the solution in an industrial environment.
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Figure 1. Classic electric model of photovoltaic (PV) panel (a) and light I–V (LIV) and dark I–V (DIV) curves of a standard 36 PV cell module according to the work in [14] (b). 
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Figure 2. Representative power inverter topologies for utility-scale photovoltaic plants (USPVPs) applications: (a) two-level three-phase inverter, (b) three-level three-phase NPC I-type inverter, (c) three-level three-phase neutral point clampled (NPC) T-type inverter, (d) three-level three-phase flying capacitor inverter and (e) three-level three-phase NPC I-type modified inverter. 
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Figure 3. Main control diagram of a photovoltaic (PV) inverter controller: in blue are marked the high-level control blocks related to the maximum power point tracking (MPPT) and electroluminescence (EL) evaluation working modes. 
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Figure 4. Proposed communication scheme for the implementation of EL maintenance technique in USPVPs. 
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Figure 5. Complete system flow diagram for the maintenance of USPVPs. 
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Figure 6. Panels with several defects used in the pilot plant (a), and connection diagram between panels and the inverter (b). 
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Figure 7. Bidirectional inverter developed for the direct polarization of the panels (a), and inverter installed in the demo site facilities (b). 
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Figure 8. Controller response to a pulse of 200 ms under different irradiance conditions—DIV (1 W/m   2  ) and LIV (800 W/m   2  )—and for several current references scenarios. 
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Figure 9. Experimental results: current set-point changed from   5 A   to   0.5 A  . 
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Figure 10. EL image of the   0.5 A   PV panel (  10 %     I  s c   ) in the pilot plant. Capture made with the camera fixed on a tripod. 
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Figure 11. EL image of the   5 A   PV panel (  100 %     I  s c   ) in the pilot plant. Capture made with the camera fixed on a tripod. 
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Figure 12. EL image of a the same PV panel, to at   I  s c   , previous to be installed in the plant (indoors and with the use of a power supply). Capture made with the camera fixed on a tripod. 
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Figure 13. Annual prorated costs resulting from the EL maintenance application for installed MWp for the selected use case. 
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Table 1. Behaviour of PV panels under different conditions during direct polarisation: Daytime (800 W/m   2  ) and Night-time (1 W/m   2  ).
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Irradiance

	
Daytime

	
Nighttime






	
Current (A)

	
0.5

	
1

	
2.5

	
5

	
0.5

	
1

	
2.5

	
5




	
Voltage (V)

	
461

	
464

	
475

	
490

	
401

	
418

	
446

	
472




	
Avg. power (W)

	
231

	
465

	
1186

	
2445

	
200

	
419

	
1114

	
2359











[image: Table] 





Table 2. Behaviour of PV panels under different conditions during direct polarisation: Daytime (800 W/m   2  ), Night-time (1 W/m   2  ).
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Irradiance

	
Daytime

	
Nighttime






	
Current (A)

	
0.5

	
1

	
2.5

	
5

	
0.5

	
1

	
2.5

	
5




	
Voltage (V)

	
462

	
468

	
486

	
512

	
439

	
460

	
498

	
528




	
Power (W)

	
231

	
468

	
1215

	
2560

	
220

	
460

	
1245

	
2640
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Table 3. Features and costs comparison between state of the art and proposed USPVP image processing methods.
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Technology

	
Illuminated IRT

	
Dark IRT

	
Off-site EL

	
On-site EL




	
Feature

	






	
Implementation test cost

	
+

	
+

	
++++

	
+




	
Plant production losses

	
-

	
-

	
+++

	
-




	
Results accuracy

	
++

	
+

	
+++

	
+++




	
Time per test

	
+

	
+

	
+++

	
++








-: null, +: low, ++: moderate, +++: high, ++++: very high.
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