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Abstract

:

Featured Application


Solar panel fire accident diagnosis, analysis, and prediction.




Abstract


Fires in photovoltaic modules are caused by hot spots, which are typically monitored by thermal images. This method helps visualize the hot spot, but it is affected by the environment (solar irradiance, wind, ambient temperature) and is not reproducible. Assessing the heat dissipation of the hot cell can be used for alternative assessment of the fire risk. This method was validated by comparing the value measured by the surface potential meter and the module potential measured directly by adding a bypass measurement circuit. The substantial reverse-bias voltage caused by mismatching or partial shading (depending on the operating conditions) leads to local heat consumption of the partially shaded solar cells and potentially causes fire. The fire risk can be assessed in the worst-case conditions (ex. 1380 W/m2 solar irradiance) by non-contact measurement of the reverse-bias voltage and calculating the heat dissipation and temperature rise. This work suggested that −13 V is the criterion and was close to the known value of reverse voltage for Si cells. The current technology inspects solar cells before assembly to the module, and there is no way of inspecting in the product test or detecting after degradation that can be covered by the proposed method in this work.
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1. Introduction


After experiencing the first oil crisis in 1973 and other energy crises, Japan promoted the diversification of energy sources to create a society that does not rely heavily on fossil fuels. After the first oil crisis, dependence on fossil fuels decreased from 94% to 81.2% in 2010. However, owing to the shutdown of all nuclear power plants after the Great East Japan Earthquake in 2011, the operation of thermal power plants increased, and dependence on fossil fuels rose again to 87.4% in FY2017 (statistics by the government were made by fiscal year) [1]. Based on these events, the Japanese energy industry must solve three problems: the depletion of fossil fuels, global warming, and safe and stable energy supply.



Expectations regarding renewable energy solving this problem are increasing. Renewable energy refers to energy that can be used repeatedly by utilizing phenomena that occur naturally on Earth, such as sunlight, wind power, and geothermal heat, rather than the energy generated from fossil fuels, such as oil, coal, and natural gas. Specifically, renewable energy includes photovoltaic, solar thermal, wind, geothermal, and hydraulic power generation. The share of power generation from renewable energy increased, and photovoltaic power generation is increasing.



The rapid spread of solar power generation is due to the feed-in tariff (FIT) system for renewable energy introduced in 2012 and the following excellent features of solar power generation.



	
Inexhaustible energy source






A solar cell directly converts light energy from the sun into electrical energy via the photoelectric effect of a semiconductor. If we could convert 100% of the solar energy that hits the Earth, the amount of energy would be so large that it would cover the world’s annual energy consumption in just one hour and never run out.



	2.

	
Maintenance, automation, and uncrewed operations are easy.







Unlike thermal power plants, there are no rotating machines or high-temperature, high-pressure parts; therefore, no mechanical wear occurs, and no lubricating oil is required. The operation and maintenance are simple, and the system can easily be automated or can be operated unmanned.



	3.

	
Installation locations are not limited.







Because it can be installed in unused spaces, such as roofs and walls, there is no need to prepare new land for installation.



	4.

	
Because of its modular structure, it is suitable for mass production and has a considerable scale advantage.







Because solar cells are manufactured with a compact module structure, they are highly mass-producible. Line manufacturing is complex because other equipment require large parts.



In recent years, owing to global warming caused by the depletion of fossil fuels and rising greenhouse gases, renewable energy sources, such as solar, hydroelectric, wind, and geothermal power, have attracted attention. Among these, photovoltaic power generation is desirable because it has fewer location restrictions than other methods [2,3,4,5,6,7,8]. Advances in solar cell technology require rapid and detailed performance measurement methods [9,10]. Solar cells can be used outdoors by covering multiple PV cells with fillers, glass, and backsheets. However, once a module has been processed, it cannot be disassembled. A typical method for measuring and evaluating solar cell performance involves examining the I–V characteristics of a PV module. However, after processing the module, it is only possible to measure and evaluate the performance of the PV module as a whole [11,12,13,14,15]. Detailed performance measurements and performance evaluations after processing are necessary to further improve the quality of the PV modules.



Infrared thermography, electroluminescence (EL) inspection, and photoluminescence (PL) inspection are visible performance measurement/evaluation methods other than I–V measurement techniques. Infrared thermography identifies defects such as hot spots inside PV modules by examining the heat dissipation distribution of PV modules. EL inspection applies an electric field to the PV module and captures near-infrared light when excited electrons return to the ground state. Using this infrared light, it is possible to check for claps in the cells of the PV module and disconnection/connection failure of the intercollector. Similar to the EL inspection, the PL inspection is based on imaging near-infrared light when excited electrons return to their ground state. However, PL inspection uses light irradiation, rather than an electric field, to excite electrons. These methods evaluate PV cell defects, such as the clap and forbidden band of PV cells [16]. However, quantitative infrared thermography analysis remains controversial. In addition, EL/PL inspection requires reliable equipment. Furthermore, these methods have been established as performance measurement and evaluation methods for manufacturing silicon wafers and PV cells. However, their application in PV modules remains limited.



The current and voltage of the PV cells and modules are essential indicators for evaluating their performance. In addition, if the current and voltage of the element cells in a PV module can be measured, a more detailed performance evaluation is possible. Previous studies have investigated non-contact potential measurements of PV modules. This study investigated a method for identifying faulty modules in PV arrays based on non-contact potential measurements of the PV modules. Because the purpose of this study was failure diagnosis, we focused only on the potential of the PV module. However, when performing performance measurements and evaluations, it is preferable to measure the current and voltage, which directly reflect the performance.



In addition to performance, safety is also essential for PV systems. Several cases of fire caused by PV systems were reported and investigated [17,18,19]. A local temperature rise caused these fires, called hot spots, and their temperature rise was the concentration of the energy loss of the solar cells owing to current-mismatching loss [20,21,22,23,24]. Thermal images typically monitor and detect these local losses [25,26,27,28,29,30,31,32,33]. However, it is essential to detect early symptoms using non-contact and non-destructive test methods and to quantify the modeling and measurement of the degree of concentration of the mismatching loss, for example, xx W loss (xx may be obtained by measurement) in this particular solar cell. The fire risk is also known to organic photovoltaics [34].



In addition to these approaches, such diagnostic and monitoring functions can be implemented in the solar system using power optimizers. They detect it by the current balance and shut down the damaged or degraded strings. However, physical, non-destructive, and non-contact inspection approaches are demanded for detailed information about the risk.



A standard Inspection method for the fire risk assessment is temperature imaging by IR camera. This inspection evaluates the status (temperature) in a specific environment (solar irradiance, ambient temperature, and wind). The criteria may be if the hot-spot temperature is substantially high (more than the firing point). Although it visually shows the risk of the temperature rise, the inspected value varies by measurement environment and is not reproducible. The inspection method proposed in this work evaluates the potential (magnitude of heat source that raises temperature). The advantage of this method is to anticipate the worst-case temperature and judge if it is higher than the firing points. The differences between the new measurement method and the standard IR camera inspection are summarized in Table 1. The proposed method detects the reverse-bias voltage of each cell [35] and calculates the dissipated heat by multiplication of the circuit current. The conversion to the temperature from the dissipated heat of the solar cell can be calculated by multiplication of the proportional coefficient [36].



The inspection based on the endurance to the reverse-bias voltage is introduced in the component test (each solar cell). The typical criterion is less than −13 V [37,38,39]. However, the current technology inspects solar cells before assembly to the module, and there is no way of examining them in the product test (module level) or detecting the risk after degradation. These can be covered by the proposed method in this work.



One of the advantages of this non-contact and non-destructive inspection approach is the test without disconnecting the electrical circuit. If the modules are accessible by technicians on the roofs of houses or a rack of solar power plants, all they need is to approach the probe on the surface of the module. Disconnecting modules from the string for inspection is unnecessary, and onsite checking with keeping the circuit is possible. For rough detection, measured bias voltage at the non-standard solar irradiation level can be scaled and corrected by the low linear proportion. However, regarding the reproducible discrimination of the fire risk, taking a reverse-bias voltage under a given circuit current or controlled solar irradiance will be necessary.



Therefore, in this study, we verified a high-accuracy voltage detection method for the PV module and the element cells in the PV module by non-contact potential measurement in two states: the open state and the short-circuited state. To improve the quality, we also discuss a method for detecting degraded cells in PV modules and quantifying the magnitude of the local heat potentially leading to fire using the method based on the I–V characteristics.




2. Materials and Methods


2.1. Photovoltaic Modules, in General


Figure 1 shows the structure of a superstrate-type solar cell module, which is a typical solar cell module. The smallest unit in a solar battery is the cell. A crystalline Si solar cell comprises 210 mm, 182 mm, or 166 mm wafers and is half or 1/3 cut. The voltage of one solar cell is as low as around 0.7 V. Therefore, dozens of solar cells are connected in series in a solar cell module. In addition, because the PV module is installed outdoors, it has a structure in which multiple cells are covered with white tempered glass, fillers, a back sheet, and an aluminum frame. The internal cells are connected using an interconnector, the ends of which are pulled out from the rear surface and connected to a terminal output cable inside the terminal box to remove the generated power.



A bypass diode was installed inside the solar cell module. Figure 2 shows a schematic diagram of the operation of the solar-cell module. When the solar cell that constitutes a solar cell module does not generate power in the shade, the resistance of the cell increases, hindering the flow of current and generating heat owing to resistance loss. To prevent this, a bypass diode is connected in parallel to the solar-cell module as a current path that bypasses the shaded portion. Bypass diodes are typically placed in each string of the solar modules, corresponding to 20 or fewer solar cells. Bypass diodes can reduce the impact (decrease in current) on the remaining strings when some cells stop generating power owing to shadows or failures.




2.2. Photovoltaic Module Used in This Work


Figure 3 shows a single-crystal Si solar-cell module manufactured by KIS Co., Ltd., Osaka, Japan. This photovoltaic module uses 36 single-crystal Si cells (four vertical × nine horizontal cells) connected in series. The dimensions of the solar cells are 125 mm × 125 mm. Table 2 lists the module ratings.



Single-crystal Si solar cells are the most common type of solar cells and are used in several applications. In addition, they have a simple structure in which solar cells are connected in series, making it easy to distinguish between individual cells. Therefore, a single-crystal Si solar cell was used in the experiment.



Figure 4 shows a schematic diagram of the back side of the photovoltaic module. This module was used for the experiments, and the connections between the cells inside could be switched freely. Moreover, because all the electrodes are directed to the outside, the current and voltage can be measured for each internal cell.




2.3. Testbed


To conduct the experiment indoors, we prepared a stand to install solar cells using an aluminum frame. An LED bulb was used as the light source. Figure 5 shows an LED bulb after processing. Because the irradiance of light from the LED light bulb is low in the commercially available state, the spherical plastic cover was cut in half. In addition, the directivity was improved by attaching aluminum tape to the plastic cover. Table 3 shows the relationship between the processing state of the LED bulb and irradiance. The irradiance of one LED bulb after processing increased by approximately 60 W/m2 compared with the state without processing.



The type of LED is a white-light light source with a color rendering index of 83. The range of the wavelength is 400 to 780 nm.



Figure 6 shows the layout of the LED bulb on the solar cell module. Six vertical and 11 horizontal LED bulbs were arranged so that the light-receiving surface of the solar cell module had as uniform an illuminance distribution as possible. The distance between the LED bulbs was set at 12.5 cm, and the length of one side of each cell was such that only one LED bulb was placed directly above each cell.



Figure 7 shows the illuminance distribution on the glass surface of the solar-cell module. The sheer numbers (1 to 4) and horizontal numbers (1 to 9) in Figure 7 indicate the positions of the cells in the module. The average irradiance distribution on the glass surface was 401.8 W/m2, the maximum irradiance was 418.6 W/m2, and the minimum irradiance was 385.6 W/m2. The LED bulb processing and multiple bulbs ensured a minimum outdoor irradiance of 200 W/m2 in the MPPT system.




2.4. Surface Potential Meter


In this experiment, a surface potential meter (TREK JAPAN Co., Ltd. Currently acquired by Advanced Energy Industries, Inc.) was used to measure the potential of the solar cell module [34]. A surface potential meter measured the potential from the reference potential on the surface. In general, when the surface of a substance is charged, it is challenging to measure the potential by contacting the tester because the amount of charge is small. However, because a surface potential meter converts the potential from the amount of charge induced on the detection electrode by the electric field, it is possible to measure the potential of the surface of the material without directly touching the object to be measured. Figure 8a shows the main body of the surface potential meter and Figure 8b shows the probe part. The surface potential meter is divided into a main body and a probe; the measured value is displayed on the main body, and the electrodes of the probe detect the electric field.



The measurement principle of the surface potential meter is explained here. Figure 9 shows a schematic diagram of the measurement principle of the surface potential meter. The principle of the non-contact potential measurement is based on electrostatic induction. For example, in Figure 9, because the charged object is negatively charged, positive charges gather near the charged object owing to the electric field of the detection electrode, and negative charges are driven away. At this time, a current flows through the resistor inside the surface potential meter according to the reference potential, generating a voltage across the resistor. The surface potential of the charged substance was determined using this voltage. Alternating this electric field with a mechanical chopper induced an AC-modulated signal in the electrodes. This alternating current signal was amplified and synchronously detected to reduce noise.




2.5. Pyranometer


A pyranometer (Eiko Seiki Co., Ltd., Tokyo, Japan) was used to measure the irradiance of the LED bulbs. Table 4 shows the ratings, and Figure 10 shows the pyranometer. The light-receiving part has no wavelength dependence and is coated with a unique black paint with absorption. Furthermore, the double glass structure renders it less susceptible to factors other than sunlight, such as wind and temperature changes.




2.6. Datalogger


In this experiment, a data logger was used to record the voltage, which was measured using a surface potential meter. Figure 11 shows the data logger, and Table 5 lists the functions of the data logger. In addition to freely setting the recording interval, multiple channels can simultaneously measure the voltage, temperature, and resistance.




2.7. Calculation Method of Potential Difference by Surface Potential Meter


This paper describes a method for calculating the potential difference of a solar cell module using a surface potential meter. When measuring the potential from the glass surface, we set the reference potential to the +terminal and set it to the −terminal when measuring the potential from the backsheet surface. The potential was measured from the backsheet surface during light reception and during light shielding. The potential difference owing to the presence or absence of light reception was calculated. Figure 12 shows the potential difference calculation method for each measurement surface. The number of cells inside the PV module from the terminal was set to the reference potential. Figure 12 shows the potential measurements of No. 2 cells on both surfaces. The potential difference calculated for the No. 2 cell was the integrated potential difference between the No. 1 and No. 2 cells when the internal cells were connected in series. Furthermore, the potential difference per No. 2 cell was obtained by subtracting the potential difference in the No. 1 cell from the potential difference in the No. 2 cell.




2.8. Experimental Method—General Procedure


We measured the potential of the PV module in three states: the open state, electronic load operating state, and short-circuited state, and we calculated the potential difference between the light receiving and light blocking in each cell. The potential difference and integrated voltage in each cell and the potential difference and voltage per cell were compared.




2.9. Experimental Method—Open Circuit Condition


Potential measurements were performed on both sides of the backsheet to verify the dependence on the measurement plane. Figure 13 shows the order of the potential measurements from the backsheet surface. The cells in the PV module were numbered in order from the negative terminal, which was used as the reference potential, and the potential was measured according to the order of the numbers. Subsequently, the potential difference and integrated voltage in each cell and the potential difference and voltage per cell were compared.




2.10. Experimental Method—Short Circuit Condition


The potential was measured by short-circuiting the PV module’s positive and negative terminals. Figure 14 shows the sequence of the potential measurements. Additionally, potential measurements were performed for each cell from the backsheet surface of the PV module, and the potential difference was calculated. Furthermore, the potential difference and integrated voltage of each cell and the potential difference and voltage per cell were compared. Figure 15 shows a schematic diagram of the current measurements. All the cells in the PV module were disconnected, and the current of each cell was measured. Short-circuiting PV modules may experience voltage drops in low-current cells. Therefore, we verified whether the cell in which the voltage drop occurred matched the low-current cell.



Next, based on the results of the above current measurement, the cell with the largest current was shielded, and the potential difference, voltage, and current per cell were measured. Thus, the relationship between the current value and the cell in which the voltage drop occurred and the relationship between the shielding area and the magnitude of the voltage drop were verified. Figure 16 shows a schematic of the shielding process. The shielded area was changed 10 times (1–10%) with respect to the area of the cell.




2.11. Procedure for the Risk Assessment of Fire Hazards


This method measures the reverse-bias voltage caused by the current mismatch. The flowchart of the assessment of the fire risk is shown in Figure 17. The fire risk caused by the reverse-bias voltage was well researched to the typical crystalline Si solar cells, and the criterion was known as −13 V [37,38,39]. Otherwise, the quantified estimation of the fire risk will be assessed by estimating the maximum temperature of the worst-case environment. First, the heat dissipation of the reverse-biased solar cell is calculated by the product of the reverse-bias voltage and worst-case cell current. With the value of heat dissipation, the maximum temperature will be estimated considering the worst case. It is proportional to the heat dissipation, and the Si cells’ coefficient is 280 Kcm2/W [38]. If the maximum temperature exceeds the firing point, it will be assessed as the risk of fire.





3. Results


3.1. Photovoltaic Module in the Open-Circuit Condition


Figure 18 shows the potential difference and integrated voltage in each cell measured from the backsheet surface. Figure 19 shows the potential difference and voltage per cell measured from the backsheet surface. The potential difference and integrated voltage measured in each cell increased with the number of cells. The potential difference in the No. 36 cell, which was the reference potential and furthest from the negative terminal, agreed with the open-circuit voltage Voc of the PV module with a small error. The change in the potential difference between the cells was calculated. Compared with the voltage of each cell measured by the tester, it matched with a slight error of 0.1 V. The potential difference in the cell farthest from the terminal, used as the reference potential, corresponded to the voltage of the entire PV module, and the potential difference per cell corresponded to the voltage of each cell.



The total voltage read by Figure 18 was 20.9 V, and the rated open-circuit voltage was 22.4 V (10% error). The lower measured voltage was due to illumination irradiance (400 W/m2) being less than the standard testing condition. After correction by the irradiance, the calculated rated voltage will be (22.4 V) + (0.027 V) × ln (0.4) × 36 = 21.5 V, and it is close to the measured value of 20.9 V within 10% of the measurement error.



The direct voltage measurement validated the measurement error (Figure 18 and Figure 19), which was as small as we expected, as specified in Section 2.4. Note that the contact distance is substantially smaller than the solar cells’ size, and the electrical field is almost vertical to the module surface, so the detected voltage can be estimated by 1D arithmetic calculation in Section 2.4. The measurement error and reproducibility are also discussed in Section 4.1. The error range found in Figure 19 was in the order of 0.01 V, but the one in Figure 20 was in the order of 0.1 V. These errors corresponded to the resolution of the instruments varied by the range of the voltage, namely, 0.1 V in the 100 V range and 0.01 V in the 10 V range.




3.2. Photovoltaic Module in the Short-Circuited Condition


Figure 20 shows the potential difference and voltage for each cell. Significant voltage drops occurred in the No. 8 and 29 cells. Figure 21 shows the current in each cell. The current values of the No. 8 and 29 cells tended to be lower than those of the surrounding cells. In addition, this cell coincided with the cell in which the voltage drop occurred, as shown in Figure 20. In a short-circuited PV module, the voltage of each cell is consumed within the module. The internal cells of the PV module used in this experiment were connected in series. Therefore, it is considered that the low-current cells inside the PV module act as a resistance, causing a voltage drop.



For the difference of cells No. 8 and No. 29 from other cells in the module, we believe it was due to imperfection. We did not give any intentional damage. However, it was known that the PERC cell or other single-crystalline solar cells sometimes show a conchoidal EL pattern after applying a substantial reverse-bias voltage. This suggests that significant mismatching conditions and reverse voltage stress would damage the solar cells. Therefore, we cannot deny that the stress damaged the solar cells in that module during our experiments.



Figure 22 shows the voltage before shielding, and Figure 23 shows the current value. As shown in Figure 23, the No. 15 cell exhibited a higher current value than the other cells. Therefore, the No. 15 cell was shielded, and the current and voltage per cell were measured in each shielded area (1–10%). Figure 24 shows the voltage per cell for each shaded area (1–10%). Figure 24 shows that no voltage drop occurred when the No. 8 cell was not shielded. However, a voltage drop occurred when the shielded area was 9–10%. In addition, by shielding the No. 15 cell, the voltage drop in the No. 8 cell decreased. Figure 24 shows the voltage per cell for the No. 8 and No. 15 cells in each shielding area, and Figure 25 shows the current. From Figure 24, when the shielded area is 9% or more of the area of one cell, a voltage drop of −4 V or more occurs.



Figure 26 shows the current values of the No. 8 and No. 15 cells in each shielding area. Because the light-receiving area of the cell and the current have a proportional relationship, the current decreased as the shielding area increased in the No. 15 cell. In addition, when the current value of the shielded No. 15 cell fell below the current value of the No. 8 degraded cell, a voltage drop occurred in the No. 8 cell. Thus, among the cells connected in series inside the PV module, a voltage drop occurred in the low-current cell, and the magnitude of the voltage drop was determined by the difference in the current value from the other cells.



Cells with degraded performance showed a slight current drop but a significant voltage drop.



It is known that the high absolute value of the reverse-bias voltage of each cell causes hot-spot failure and leads to local temperature rise, and its criterion is also known as minus 13 V [37,38,39]. Our examination of demonstration in the detection and reproducibility of reverse-bias voltage was carried out using a commercial photovoltaic module (thus, the quality of each solar cell was assumed to be good) without degradation. Even the worst reverse-bias voltage by the worst solar cell was −4.3 V (average irradiance: 401.8 W/m2 and assumed −10.8 V under 1000 W/m2 irradiance before surrendering to the reverse-bias voltage). However, the detection capability and voltage reproducibility were validated. We believe this non-contact inspection method helps assess fire risk for the modules assumed to be degraded.





4. Discussion


4.1. Reverse-Bias Voltage Measurement


In this study, we verified a highly accurate voltage calculation method for PV modules and element cells in PV modules based on non-contact potential measurements using surface voltmeters. Using this method, we investigated a method for detecting degraded cells in PV modules.



The open-circuit voltage Voc of the PV module in the open state, the potential difference of the No. 36 cell, and the potential difference and voltage per element cell were compared. Thus, from both the glass surface and the backsheet surface, the potential difference and open-circuit voltage Voc of the No. 36 cell and the potential difference and voltage per cell matched with a small error. In addition, the potential difference and voltage per cell agreed at ±0.1 V. Therefore, it is effective for monitoring the operating conditions of each solar cell in the PV modules without contact.



The PV modules under short-circuited conditions experienced voltage drops in the internal low-current cells. Although the difference in the current value between the low-current cell and the other cells was minimal, a clear difference appeared in the voltage per cell. Therefore, when the potential difference per cell and voltage match, it is possible to identify low-performance cells in the PV module. However, the maximum error increased to 0.3 V due of the decreased irradiance of the LED bulb used as the light source. Therefore, if the potentials of all the cells can be measured simultaneously in a uniform illuminance distribution, a more precise detection of performance differences can be expected.



One of the interests in applying this method for inspecting the module outside (on the roof of houses or the rack of the solar power plants) is that solar irradiance is not always 1000 W/m2. A question arose: How to correct the measured reverse-bias voltage corresponding to the solar irradiance level in the field? The reverse-bias voltage is the Vpm − (Ipm0 − Ipm)Rsh, or Voc − (Isc0 − Isc)Rsh, depending on the load resistance, and before the junction does not reach (partial) breakdown. The correction of the Vpm and Voc are approximated as adding the equivalent voltage of ln(ratio of the solar irradiance to the standard value of 1000 W/m2) × (0.027 V). The correction of all the current parameters is proportional to the solar irradiance to the standard value of 1000 W/m2.



Another practical question is the impact of the bypass diodes. The number of diodes in the module is usually three and includes 20 or 24 solar cells (depending on the module with 60 or 72 cells). There are also three diodes in the half-cut cell modules, but three series strings comprise two groups of parallel half-cut cells. A question is if a difference in configuration affects the measurement.



The function of this Inspection is to estimate a reverse-bias voltage caused by current mismatching of the module. The reverse-bias voltage is the Vpm − (Ipm0 − Ipm)Rsh, or Voc − (Isc0 − Isc)Rsh, depending on the load resistance, and before the junction does not reach (partial) breakdown. We measured it under short-circuit conditions so that the second formula will be applied. Ipm0 and Isc0 are normal Ipm and Isc. The function of the bypass diodes to the circuit behavior is to clip the Isc to Isc0. Nevertheless, the number of bypass diodes is the detected reverse-bias voltage of the degraded solar cell, and the current mismatching will be the same.




4.2. Accuracy and Reproducibility of Reverse-Bias Voltage


The distance from the probe needle to the solar cell surface should be controlled for accurate and reproducible measurements. The non-contact distance is crucial to the measurement. With an increase in the distance, the detected voltage drops. The maximum distance can be estimated by electromagnetics calculation. First, the surface of the module’s cover glass (3.3 mm thick) with a relative permittivity of 5.4, and lamination resin (EVA, 0.45 mm thick) with a relative permittivity of 2.6, gives a distance of 3.75 mm. The weighted harmonic average can calculate the measured voltage drop per unit length, and it is 4.78 (=((3.75 mm)/((3.3 mm)/5.4 + (0.45 mm)/2.6))). Namely, if 0.2 V of the error by the difference of the distance is accepted (average voltage was 0.58 V as shown in Figure 18), the acceptable distance from the surface of the glass is (0.2 V)/(0.58 V) × (3.75 mm)/4.78 = 0.27 mm. In this experiment, we set the total distance as 4 mm (=3.75 mm + 0.27 mm = 4.02 mm).



Another crucial parameter is the resolution of the voltage, namely sensitivity to the number of electrical carriers that move during the measurements. The instrument we used specifies 0.1 V of resolution. It is a considerably small value for the detection of fire risk. Since the typical hot-spot power dissipation is 0.53 W/cm2 for the temperature of 220 °C, and for 250 cm2 (156 mm × 156 mm) solar cells with 9 A output current solar cells (40 mA/cm2 current density), the corresponding voltage of the solar cell with fire risk will be 0.53 W/cm2/32 mA/cm2 = 13.3 V, which is substantial enough to the specified resolution of 0.1 V. Also note that −13 V is known as the maximum reverse-bias voltage for Si solar cells that may lead to hot-spot problems [37,38,39].




4.3. Calculation on Temperature Rise to Assess Fire Risk


The above non-contact method is also helpful in anticipating how much local loss in specific solar cells under given operating conditions leads to a local temperature rise, which is responsible for fires. It is also helpful to detect symptoms of infant degradation, potentially leading to fires caused by partial shading (leading to hot spots) and whether this local temperature rise exceeds the firing point. The magnitude of the local heat source is calculated using the following equation:


(local heat source) = −(current at the string) × (surface potential voltage)











Note that the surface potential varies according to the operating conditions, such as the degree of partial shading and solar irradiance. The standard surface potential value is positive, typically 0.6 V for Si solar cells. However, the cell creates a hot spot, resulting in a negative and much more significant absolute surface potential value.



It is also helpful for non-destructively evaluating the performance variation of solar cells in a PV module. Given uniform illumination by an artificial light source and measurement of the surface potential in each solar cell, the surface potential variation corresponds to the variation in the output current potential (short-circuit current of the solar cell when independently measured). Specifically, the detected reverse voltage indicates that the solar cell has a lower short-circuit current than the cells of the other modules.



Since it detects electrical fields from individual cells, it can only be applied to the modules with explicitly separate cells and not used like amorphas modules. Although the principle of the fire risk is the same given the temperature rise of the solar cells induced by the reverse-bias voltage, the impact of the hot-spot creation leading to the fire hazards varies by the type of modules [36,40,41,42,43], including even the difference of the cell structure in single-crystalline solar cell family [36]. This work investigated the non-contact and non-destruction inspection of the reverse current voltage of each cell in the module, and it is common to every type. However, the criteria may vary among types of solar cells and modules. For example, that of the Perovskite solar cells may be −9 V [43]. The impact of efficiency difference also affects the criterion through the term of the operating temperature of the solar cell under the worst-case solar irradiance.




4.4. Variation by the Type of Solar Cells and Module Configuration


The acceptable reverse-bias voltage for crystalline Si solar cells was studied intensively and agreed upon −13 V [37,38,39]. However, it may not be consistent with other types of solar cells, like −9 V in Perovskite solar cells [42]. However, some back-contact solar cell (IBC cell) claims that the lower hot-spot temperature was also reported due to lower reverse-bias voltage [36,44]. We think a parasitic Zener diode caused it to act like a bypass diode in the islanded junctions at the back contact. We also observed the same types of behavior at MWT back contact solar cells. Also, it was reported that the reverse-bias voltage tended to slightly increase by the solar cells with higher efficiency [36]. Therefore, relying on a single criterion of −13 V may be more dangerous for back-contact solar cells and other types of cells than crystalline Si cells.



Also, it is not applied to the bifacial modules, since the output current in mismatching conditions may be expanded to 1.35 times [40]. Still, the measurement of the reverse-bias voltage (non-contact and non-destructive measurement in this work) is effective for assessing the fire risk by calculating the local heat dissipation in the solar cell and the maximum temperature.





5. Conclusions


We proposed a non-contact diagnostic method for the local reverse voltage caused by partial shading and mismatch loss using surface potential meters. We expect this method to help prevent fires from PV modules and detect degraded or underperforming solar cells inside the PV module using non-contact and non-destructive methods.



For the assessment of the fire risk, the following contributions were made by this work.



	♦

	
We developed a non-contact measurement method by detecting the carrier movement by the electrical field generated by the surface potential of the solar cell inside the module (in between the cover glass and the back sheet). The heat dissipation of the solar cell leading to a fire hazard is quantitatively calculated by the product of the circuit current and the detected reverse-bias voltage.




	♦

	
The above method was validated by measuring each cell’s reverse-bias voltage without cutting the circuit in the module. The error range was sufficiently small for the fire risk assessment.




	♦

	
Demonstration of the fire-risk assessment by the non-contact measurement by the following steps:



	
Non-contact measurement of the reverse-bias voltage under the controlled operating condition.



	
Calculate each solar cell’s heat dissipation per area (W/cm2) by multiplying the reverse-bias voltage and output current by the load resistance.



	
Estimation of the maximum temperature of each cell under a given condition. The worst-case solar irradiance may be 1400 W/m2, and the maximum temperature is proportional to the solar irradiance level. The typical calculation of the worst-case temperature with typical values follows:



(261 °C: Worst-case temperature)



= (13 V: Reverse-bias voltage tested at 1000 W/m2)



× (38 mA/cm2: Short-circuit current density of the cells per area, under standard testing condition, 1000 W/m2)



× (280 Kcm2/W: Temperature rise per unit heat dissipation)



× (1.38: Current correction on solar irradiance correction for the worst-case)



+ (70 °C: Operating temperature of the solar cell under worst-case solar irradiance)



> (250 °C: Firing point of woods)










In this case, the photovoltaic module under inspection is categorized as “Risk of fire”.



In other words, a typical criterion of the maximum reverse-current voltage in the photovoltaic module to avoid fire risk is “−13 V,” which is almost the same level as the maximum acceptable reverse-bias voltage of silicon solar cells, which are typically known as “−13 V” [37,38,39] given the international standards of IEC61215 [45] and IEC6173 [46]. In the current technology, the screening of the solar cells in the maximum reverse-bias voltage was inspected at the cell level before assembling the photovoltaic module. The reverse-bias voltage of each cell is not monitored or inspected after the module assembly due to the lack of non-contacting technology of the reverse-bias voltages, even when some cells are degraded. The innovative approach to this work is the inspection applicable after the assembly of the module and after installation and operation.



Note that we have not intensively examined the reproducibility as the fire assessment but only show the possibility of an innovative non-contact and non-destructive assessment of the fire risk. We believe this method will be a standard method after intensive examination of the reproducibility, like blind tests by testing laboratories.
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Figure 1. Typical structure of photovoltaic modules. 
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Figure 2. Schematic diagram of a solar cell module: (a) Normal power generation; (b) Bypass diode operation. 






Figure 2. Schematic diagram of a solar cell module: (a) Normal power generation; (b) Bypass diode operation.



[image: Applsci 13 10391 g002]







[image: Applsci 13 10391 g003] 





Figure 3. The photovoltaic module used in this work. 
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Figure 4. Schematic diagram of the backside of the photovoltaic module used for this work. 
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Figure 5. LED bulb (after processing). 
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Figure 6. Layout of LED bulbs on solar modules. 
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Figure 7. Irradiance distribution on the glass surface of the photovoltaic module. 
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Figure 8. Surface potential meter: (a) Instrument body and (b) probe. 
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Figure 9. Schematic diagram of the measurement principle of a surface potential meter. 
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Figure 10. A pyranometer used for this work. 
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Figure 11. Data logger used for this work. 
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Figure 12. Measurement method for each measurement surface. 
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Figure 13. Order of potential measurements—Open circuit condition. 
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Figure 14. Order of potential measurements—short circuit condition. 
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Figure 15. Schematic diagram of the current measurement. 
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Figure 16. Schematic diagram of the shielding situation. 
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Figure 17. Proposed flowchart of detection of the fire risk in this work. 
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Figure 18. Potential difference and integrated voltage in each cell (backsheet surface). 
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Figure 19. Potential difference and voltage per cell (backsheet surface). 
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Figure 20. Potential difference and voltage per cell (short circuit). 
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Figure 21. The current of each cell (short-circuited, and each cell was disconnected from a series connection circuit). 
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Figure 22. The voltage of each cell before shielding. 
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Figure 23. The current of each cell before shielding. 
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Figure 24. Voltage per cell at each shaded area (1–10%). 
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Figure 25. Current per cell at each shaded area (1–10%). 
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Figure 26. The current of the No. 8 and No. 15 cells in each shaded area. 
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Table 1. Differences between the new measurement method and the standard IR camera inspection.
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	Item
	IR Camera
	This Method





	Visual presentation
	Yes
	No



	Indicator
	Temperature
	Heat



	Sensing
	IR radiation
	Electric field



	Scaling to the worst-case
	Not applicable
	Applicable



	Measurement error
	1 °C
	1% of the fire risk threshold










 





Table 2. List of the rated values of the photovoltaic module used for this study.
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	Item
	Output Value
	Performance





	Nominal maximum power (Pm)
	90 (W)
	>90%



	Nominal maximum output operating current (Ipm)
	5.06 (A)
	



	Nominal maximum output operating voltage (Vpm)
	17.8 (V)
	



	Nominal short-circuit current (Isc)
	5.4 (A)
	>90%



	Nominal open-circuit voltage (Voc)
	22.4 (V)
	±10%










 





Table 3. Relationship between processing state and irradiance of the LED light bulb.
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	Condition
	Irradiance (W/m2)





	No processing
	152.4



	Cover cut
	185.7



	+Aluminum tape attached
	218.5










 





Table 4. Ratings of the pyranometer.
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	Condition
	Irradiance (W/m2)





	Response time
	about 17 s



	Viewing angle
	2π (sr)



	Operating temperature range
	10 to +50 °C (accuracy guaranteed range)

−40 to +80 °C (operating temperature range)



	Temperature characteristics
	±2% or less (rate of response change when ambient temperature changes by 50 °C)










 





Table 5. Ratings of the data logger.






Table 5. Ratings of the data logger.





	Condition
	Values





	Voltage measurement range
	±1 mV to ±100 V 1–5 V



	Resolution
	500 nV



	Recording interval
	10 ms to 50 ms, 100 ms to 1 h



	Dimensions
	272 W × 182.4 H × 66.5 D mm



	Functions
	Real-time saving to USB memory, Numerical value/waveform calculation, etc.
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