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Abstract

:

This paper presents the main aspects of implementing a laboratory for testing qualification and approval related to crystalline silicon terrestrial photovoltaic devices. In this aspect, a simplified review-based IEC 61215 standard methodology for mechanical and electrical tests is presented from a practical-experimental view. The instrumental requirements and uncertainties are discussed. Specially focused on the nowadays high-size PV modules.
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1. Introduction


This work aims to help manufacturers understand the key concepts and standards involved in the photovoltaic (PV) module certification. In this manner, previous verifications can be made before appealing to an accredited laboratory for its final certification. All procedures and the main concepts are presented condensed in an easy-to-read and to understand guide in order to be useful for readers to quickly identify relevant information.



Throughout this paper, it is considered the reader is familiar with the electrical, mechanical, and environmental quantities required to understand the standards described.



The IEC 61215 standard [1] lays down requirements for the design qualification and type approval of terrestrial photovoltaic modules suitable for long-term operation [2]. This paper describes the procedures referred to that particular standard and does not include PV modules used with concentrated sunlight, neither bifacial nor flexible technology, making an effort to focus on typical crystalline silicon (C-Si) PV modules.



This testing guide is considered from a practical point of view. Among the several PV devices referred to in the standard, we will center on C-Si PV modules of several Watt-peak because these are the most commonly available in the actual market [3]. The method employed in each test is the easiest to implement or is typically implemented in PV modules from tens to hundreds of Watt-peak.



Thus, this paper exposed the main aspect presented in the IEC 61215-2 standard [4], where all these tests are precisely detailed, following an ordered sequence and test procedures. Here, we include advice from our practical experience getting from implementing them. We do not intend to review the different ways to perform specific tests. Otherwise, we point to re-order and re-write the concepts presented, assisted with simple graphics.



Passing these tests, we can assume the PV module can withstand prolonged weather exposure. Further, from this, reliable technical information is extracted [5]. Thanks to the implementation and application of the mentioned standard, the actual market may adopt 20 or more years of warranty in their products [6].



For further details, we highly recommend evaluating the original text.




2. Preparation


It is recommended each PV module must have a clear and unique identification and must be time perdurable—this is helpful for further references or test repetitions. The label must highlight the manufacturer’s logo or name, following the model and serial number.



The absolute maximum ratings can be labeled too (if they are known); otherwise, it must be verified before the testing starts by a sector manager in order to avoid electrical or mechanical risks.



First of all, as is indicated in the IEC 61215-2, the PV module must be submitted through a so-called “preconditioning process” (see Test 19). This process suggests the module in open circuit condition must be under solar radiation, natural or artificial, into the range of 5 kWh/m2 to 5.5 kWh/m2. In other words, if we assume a mean irradiance of 800 W/m2, we must leave the module for about 7 h to achieve the energy level recommended.



Finished the preconditioning process, the tests can start. The latest mentioned IEC standards [4] lists 21 tests that can be carried out, and several of them, to ensure good performance in its service life. The following sections describe this set of tests in detail.



Each of the modules must successfully pass the so-called test criteria. The principal aspect related to the pass criteria are:




	
The maximum power output must be in the range indicated by the manufacturer and does not present a difference higher than 8% between tests.



	
The module does not exhibit any open-circuit state or insulation deficiencies when a test is performed.



	
It must pass a visual inspection. This inspection is related to “major visual defects” [7] that can be detected by a trained operator, involving: broken, bent, misaligned cells, frame or junction boxes, defects related to glue or substrate (such as bubbles or delaminations).









3. Tests


The objectives to be achieved with each test, the hardware used for it, the methodology to be followed, and the pass condition are described below.



3.1. Test 01—Visual Inspection


This test is in the easy difficulty level and does not necessarily require complex equipment or apparatus to carry out.



Objective. Look for visible defects in the module, including cells, frame, junction box, cables, glue, encapsulating, and so on, carrying out an analysis of all constructive aspects of the PV module.



Hardware. To carry out this test PV module must be carefully observed under light with an intensity of at least 1000 lux [8].



Methodology. A close examination with the naked eye must be performed on the whole of the module surfaces. The examiner must look for defects in the manufacturing process. Although there is a large spectrum of flaws that can be found in a PV module, the so-called major defects are:




	
Misaligned, broken, bent, or not correctly ensemble frames.



	
Adhesive bonds are not correctly positioned.



	
Broken or cracked cells. Interconnection improperly implemented.



	
Junction-box defects or exposed live electrical parts, or bypass diodes improperly welding or installed.



	
Bubble detection or delamination, especially observed between frame and cells. This type of defect can point out to an electrical isolation problem.



	
Any other manufacturing defect that can affect the PV module performance.








Some of the more common defects that might be found in the PV module are presented in Figure 1. This figure shows a pair of misaligned PV cells, a cell with a bubble on it, and a broken cell.



Pass. The module is approved and passes the test if any defects (known as major defects) are not present.




3.2. Test 02—Maximum Power Determination


This test probably is one of the most sophisticated and complicated to carry out. It is necessarily a complex device and equipment simultaneously with a high level of personal preparation. This determination is made before and after each environmental test to determine any deviation. It is considered acceptable if the difference between the tests is less than 5%. In most cases, the translation is carried out to the Standard Test Condition (STC) (measured at 100 W/m2, Tc = 25 °C, and spectral distribution AM 1.5) [9,10], finding out the nominal power delivered for the PV module or Watt-peak.



Objective. Found the module maximum power output under standard test conditions (STC), determining its power in Watt-peak. Find deviations related to environmental exposure.



Hardware. First, a radiant source is needed. It can be natural or artificial sunlight as a class B solar simulator or better, according to IEC 60904-9 Classification of solar simulator characteristics [11].



A PV reference cell or a PV reference module for irradiance determination. Preferably it must be manufactured with the same cell technology [12] to guarantee the same spectral response. In some cases, an identical third-party calibrated module may be used.



A temperature sensor or probe must be attached to the module backside, right behind a cell, with an accuracy of ±1 °C and repeatability of ±0.5 °C to determine the cell temperature. Usually, it is attached with tape and silicone grease [13] to assure proper thermal conductivity. For example, a PT100 probe is frequently used [14].



Electronics instruments to simultaneously measure the current and the voltage with an accuracy of ±0.2% of the reading to obtain a data set suitable for its I–V curve representation. For example, a pulse train can synchronize these instruments with an external trigger input, as described by [15].



The measuring range must be suitable to register the module Isc (short-circuit current) and Voc (open-circuit voltage). Often, a calibrated shunt resistance is used for indirect current determination. The sweep time must be fast enough to obtain the entire data set so that irradiance and cell temperature can be considered changeless [16]. There are several options to do this sweep.



The sweep can mainly be implemented with a four-quadrant programmable source, a controlled electronic load, or a capacitive analog load [17,18,19].



A rack or mount to support the module under test and the reference cell.



Conveniently, the supporting structure should allow the reorientation of the entire set into the sun (or sun simulator) radiation normal to the incidence plane.



Methodology. The I–V curve must be traced between the cell temperature range of 25–50 °C, and the irradiance level range of 700–1100 W/m2. According to IEC 60904-1 “Measurement of photovoltaic current-voltage characteristics” [20], natural or artificial sunlight can be employed. To perform a comparison, the maximum power-point must be translated to the STC according to IEC 60891 [21], which indicates three different procedures for irradiance and temperature corrections of the characteristics I–V curve. The methodological setup for the maximum power determination test can be seen in Figure 2. This figure represents the PV module with the temperature probe attached to its backside and the reference cell-attached coplanar to its frame. The “IV tracer measure unit” indicates the set of instruments, control and commutation devices, and variable load required for the I–V curve data acquisition.



Among the proposed methods mentioned in the IEC standard 61215 (2016 version) [1], one is simpler to apply because it does not require correction parameters as input to carry out a linear interpolation/extrapolation. Two I–V curves are needed to adjust the constant “a” value parameter and perform the translation, given in Equations (1)–(4).


V3 = V1 + a(V2 − V1)



(1)






I3 = I1 + a(I2 − I1)



(2)






G3 = G1 + a(G2 − G1)



(3)






T3 = T1 + a(T2 − T1)



(4)







The pair (V1, I1) and (V2, I2) must be chosen that the differences between the current values be the same that the difference between the short circuit values, so I2 − I1 = Isc2 − Isc1 (see Figure 3). The subindex in these equations denotes the values measured at the same time. The parameter “a” is constant for the whole process of interpolation.



Note that G3 and T3 cannot be independently chosen because it refers to linear interpolation, and therefore we only can translate to a different environmental condition over a linear path. The problem to translate to any G y T condition can be solved by acquiring four I–V curves and translating them three times, so:




	
From Equation (3), calculate the “a” value with G3 = 1000 W/m2 from two I–V experimental curves and perform the translation applying Equations (1) and (2). Next, calculate the resulting temperature from Equation (4) for that I–V curve. Repeat the process with the other two I–V experimental curves. Thus, we have two translated I–V curves to 1000 W/m2 but different temperature values.



	
Now, we only need to translate the temperature. From the two new curves determined, apply Equation (4) to find a new “a” value doing T3 = 25 °C. Finally, using Equations (1) and (2), calculate the values for I and V.








In consequence, this is the I–V curve for the desired condition of 1000 W/m2 and 25 °C. Finally, the maximum power point at STC can be calculated. This linear interpolation procedure for a single point is shown in Figure 3, where the dashed line represents the translated I–V curve.




3.3. Test 03—Insulation


From an electrical point of view, the insulation test is helpful to find out if the module is properly isolated. Hence, it prevents the risk of electric shock during its normal operation [22]. Personnel also should avoid the risk of electric shock during its manipulation because of the voltages used during the test.



Objective. Determine if the value of its insulation resistance is higher than 400 MΩ.



Hardware. A high voltage DC power supply until 1000 V.



An instrument to measure the insulation resistance. Practically, this hardware can be replaced by an insulation meter that includes a DC source and performs the test automatically.



Methodology. First, the electrical output terminals of the PV module must be connected between them (short circuit). Next, connect one insulation meter probe to the cables and the other ends to the module metallic parts (such as the frame) and energize it. Figure 4 shows a schematic for the insulation test, highlighting the connection method.



Pass. The PV module passes if the insulation resistance exceeds the value of 400 MΩ.




3.4. Test 04—Measurement of Temperature Coefficients


This test allows finding the values of the temperature coefficients of the PV module electrical parameters as current, voltage, and peak power. These coefficients let us implement an alternative I–V curve translation methodology [23] already explained in Test 02.



Objective. Determine the temperature coefficients of current (α), voltage (β), and peak power (γ).



Hardware. This test requires the same equipment listed in Test 02. Again, with natural sunlight or class B sun simulator or better, according to IEC 60904.



A PV reference cell (or PV reference module) is required for irradiance measure. Preferably it must be manufactured with the same cell technology to guarantee the same spectral response. In some cases, an identical third-party calibrated module may be used.



Temperature probe with an accuracy of ±1 °C and repeatability of ±0.5 °C. Electronic instruments for measuring simultaneously current and voltage to an accuracy of ±0.2% of the reading.



The measuring range must be carried out from Isc (short-circuit current) until Voc (open-circuit voltage). The sweep time shall be fast enough to obtain the entire current–voltage (I–V) data set, and the irradiance and cell temperature can be considered changeless. There are several options to do this sweep. Similar to before, it can be performed by a programmable four-quadrant source, or an electronically controlled load, or a capacitive analogic load. Suitable mount or rack for supporting the hole devices.



Finally, in this case, equipment destined to control the temperature of the PV module. In most cases, it can be achieved by simple sun exposure [24].



Methodology. First, expose the PV module under natural or artificial sunlight. The irradiance level must be in the range of ±2%, and the wind speed must be below 2 m/s.



In all cases, the reference device must be coplanar with the PV module, and both be normal to the sun direction within ±5° with its temperatures stabilized. Take several I–V curves for different cell temperatures in steps of 5 °C to cover a wide operational range (according to the climate to be exposed). Thus, we will obtain a set of I–V curves from the PV module at the same irradiance levels but with different temps. To find out the coefficients α, β, and γ, plot the values of Isc, Voc, and maximum power (Pmax), respectively, as a function of the temperature and fit the data point linearly to obtain its slope by the least-squares method [25].



In this test, the angular direction could be changed between the limits to keep the irradiance changeless. Further, this test must be performed on a clear sunny day.




3.5. Test 05—Measurement of Nominal Operating Cell Temperature (NOCT)


This test allows determining the value of the nominal operating cell temperature (NOCT). The NOCT is the temperature that reaches the module in open circuit under an in-plane irradiance of 800 W/m2, ambient temperature of 20 °C, and wind speed of 1 m/s. These parameters are known as standard reference environments (SRE). NOCT is helpful to understand how the module behaves environmentally [26].



Objective. Determine the temperature NOCT.



Hardware. A PV module supporting an open rack with low heat conduction that can be positioned at 45 ± 5°.



A reference cell installed coplanar at the module (or pyranometer).



An instrument to measure wind speed, and its direction, installed 0.7 m over the top of the module. The lower PV module edge must be at least 0.6 m above ground level. Further, it must have 0.6 m free space for surrounding objects and avoid reflectance from near objects.



An instrument to measure ambient temperature and a temp probe for the cell temperature, both with an accuracy of ±1 °C.



Methodology. Figure 5 shows a diagram of the arrangement employed to measure the nominal operating cell temperature (NOCT).



From a clear day recorded data set, extract only those corresponding to irradiance values higher than 400 W/m2, with 10 min irradiance variation under 10%, wind speed within 0.75–1.0 m/s, wind direction into ±70° of north or south, and finally, with the ambient temperature in the range of 5–35 °C.



At least 10 data points must be extracted and must include morning and afternoon information.



Plot cell temperature (Tc) minus the ambient temperature (Ta) as a function of irradiance (G), so (Tc − Ta) = f(G) and fit the data by linear regression analysis. From there, determine (Tc − Ta) at 800 W/m2 and add 20 °C, finding the so-called preliminary NOCT’ value. Calculate the mean for ambient temperature and wind speed to carry out the wind correction. Next, with these two values, extract the temperature correction factor from the diagram presented in Figure 6.



Next, add the temperature correction factor to the preliminary NOCT’ value resulting in the estimated NOCT value corrected for temperature of 20 °C and wind speed of 1 m/s.



The final NOCT value will be determined by the average of those obtained in three consecutive tests.




3.6. Test 06—Performance at STC and NOCT


This test is helpful to figure out the behavior of the PV module under the Standard Test Condition (STC) (measured at 1000 W/m2, Tc = 25 °C, and spectral distribution AM 1.5), and into Nominal Operating Cell Temperature NOCT (SRE: determined at 800 W/m2, ambient temperature Ta = 20 °C, and wind speed Ws = 1 m/s).



Objective. Determine the module performance (I–V characteristic curve) at STC and SRE-NOCT.



Hardware. Sun source (natural or artificial).



Set of instruments to measure irradiance (G), cell temperature (Tc), and to register current (I)–voltage (V) simultaneously. Moreover, a variable load to obtain the I–V curve (such as in Test 02).



Methodology. STC: Trace the I–V characteristic curve when the irradiance is 1000 W/m2, and the cell temperature is 25 °C (or translate them).



NOCT: Trace the I–V characteristic curve when the irradiance is 800 W/m2, the cell temperature is the NOCT, and the wind speed of 1 m/s.



These tests are hard to carry out over natural sunlight due to the difficulty in keeping the temperature constant. Thus, some translation methods frequently are used as described in Test 02 [27]; therefore, it is preferable to use a solar simulator.




3.7. Test 07—Performance at Low Irradiance


This test allows evaluating the performance of a PV module in low irradiance conditions (G = 200 W/m2) and cell temperature (Tc = 25 °C).



Objective. Determine the module performance (I–V characteristic curve) at 200 W/m2 and cell temperature of 25 °C.



Hardware. Sun source (natural or artificial).



Set of instruments to measure irradiance (G), cell temperature (Tc), and to register current (I)–voltage (V) simultaneously. Moreover, a variable load to obtain the I–V curve (as in the previous Test 02).



Methodology. Trace the module I–V curve at Tc = 25 ± 2 °C with and G = 200 W/m2. The irradiance level could be dismissed using suitable filters above the PV module without altering the sun spectrum. The result expected is the I–V curve and its maximum power point at that irradiance level.




3.8. Test 08—Outdoor Exposure


The purpose of this test is to know if the module withstands ambient exposure and determine degradation effects that may occur.



Objective. Estimate if the module can withstand environmental conditions.



Hardware. A device to register the irradiance values (as a reference cell connected to a datalogger). The irradiance must be measured within ±5%.



A resistive load to polarize the module near its maximum power point at the STC conditions.



A suitable structure or mount to hold the PV module.



Methodology. The PV module should have passed the visual inspection and insulation tests and have a known maximum power value (Test 01—Visual inspection, Test 02—Maximum power determination, and Test 03—Insulation). Then, connect the module to the resistive load and expose it outdoors in ambient conditions to natural sunlight until the module reaches 60 kWh/m2. Make sure the irradiance device is coplanar. Finally, repeat Tests 01, 02, and 03.



Pass. The module will pass the test if there is no evidence of major defects (pass the visual test), its maximum power does not drop by more than 5%, and its insulation resistance remains higher than 400 MΩ (pass insulation test) after exposure.




3.9. Test 09—Hot-Spot Endurance


This test seeks to check if the PV module withstands prolonged periods with a hot spot in a cell. The hot spot may occur by partial shadows, soiling, cracked cells, electrical mismatch effects, and so on. When the module cells try to force current into one with less capacity, the excess of energy is dissipated similar to heat [28].



This section only discusses testing on modules with all its cells being electrically series-connected. In our own experience, Series modules are the more widely available modules used nowadays. The IEC reference standard [4] should be consulted for further details of other kinds of PV modules.



Objective. Determine if the PV module can withstand excessive heating from a cell without suffering visual or measurable deterioration.



Hardware. For this test, two different steady-state sun sources are needed. These can be natural or artificial. One of them with an irradiance higher than 700 W/m2 ± 2%, with a temporal stability ± 5%, and the other with an irradiance of 1000 W/m2 ± 10%.



An I–V curve tracer device.



Single-cell covers for blocking the light in 5% steps.



A temperature IR camera is recommended.



An instrument to measure short-circuit current.



Methodology. Put the module under sunlight with 700 W/m2 or higher irradiance level, and trace one I–V curve to determine its current at the maximum power (Im). Then, put the module in short circuit and locate, with the IR camera, which is the hottest cell, and cover it. A simplified schematic for the hot-spot endurance test is shown in Figure 7, with one of its cells is conveniently covered.



Trace a new I–V curve and extract the shaded short-circuit current (Isc’).



Only if Isc’ > Im, remove step by step the cover until reaching Im = Isc’. In this situation, the same power is dissipated.



Finally, put the module under an irradiance of 1000 W/m2 for five hours, and keep the value of Isc adjusting the cover over the cell. In these conditions, the module temperature should be within 50 ± 10 °C.



Next, similar to in the previous test, repeat Tests 01, 02, and 03.



Pass. The module will pass if there is no evidence of major defects (pass the visual test), its maximum power does not drop by more than 5%, and its insulation resistance is higher than 400 MΩ (pass insulation test).




3.10. Test 10—UV Preconditioning


This test studies the plausible degradation that may present the PV module under UV radiation. It includes its electrical behavior and integrity, such as cables, junction boxes, adhesive joints, encapsulation, and module parts.



Objective. Put the PV module under UV radiation over a defined time for evaluating if the module presents some electrical or mechanical alteration or degradation.



Hardware. A device to keep the module warm within 60 ± 5 °C, such as a controlled air current flow [29].



An instrument to measure cell temperature with a ±2 °C precision installed in the center of the module back surface.



A device to measure the UV radiation incident over the module surface from 280–385 nm.



Ultra-violet (UV) source to obtain on-plane irradiation of 250 W/m2 with uniformity less than 15% for the same wavelength range.



A pyranometer for irradiance determination.



Protective eye goggles.



A schematic for the UV preconditioning test bench inside a controlled thermal chamber with a UV light source is shown in Figure 8.



Methodology. With the pyranometer, verify that the UV source irradiance intensity is about 250 W/m2, and its uniformity is less than 15% in the wavelengths range of 280–385 nm. Verify that the module is in open-circuit and its temperature is between 55–65 °C. Put the PV module under UV radiation until reaching 15 kW/m2 over the entire wavelength range, with at least 5 kW/m2 over the 280–320 nm. Keep the module temperature constant during the whole test.



Finally, to detect any difference and pass, repeat Tests 01, 02, and 03.




3.11. Test 11—Thermal Cycling


This test submits the PV module over a repetitive thermal cycle to detect any electrical or mechanical problems that may occur, such as mechanical fatigue or stress.



Objective. Determine if the PV module may withstand periodic thermal cycling over its lifespan.



Hardware. A controlled thermal chamber (between −40 °C to +85 °C and ±2 °C), with enough room to hold the PV module inside, allowing air circulation all around it to assure uniformity and avoid condensation.



The module must be installed thermally isolated from the mount.



An instrument to measure the module temperature and register it, with an accuracy of ±1 °C.



A DC power source to inject the standard peak power current (Im) into the module.



An amp-meter.



A simplified schematic for the thermal cycling test with the module inside a thermally controlled chamber is shown in Figure 9.



Methodology. Secure the PV module into the thermal chamber [30]. Connect the temperature probe, set the DC source in current-source mode to Im, and connect it beside the amp-meter to control its current between ±2%.



The thermal chamber controller must be set to stay 10 min (minimum) in the lower temp of (−40 °C), then another 10 min in the higher temp (+85 °C) with a transition rate of no more than 100 °C/h (within a cycle time under 6 h), as is shown in Figure 10.



Hence, two tests may be performed: the thermal 50 cycle test and the 200 cycles test. The 50 cycles test is executed without any current injection. In the 200 cycles test, the current only is applied when the module temp is higher than 25 °C. The current must be equal to the current at the maximum power point (Im).



The temp and the current must be recorded and monitored throughout the whole process. When the entire process is completed, let the PV module reach room temperature (approximately one hour) and repeat Tests 01, 02, and 03 to compare with previous results looking for any deviation.




3.12. Test 12—Humidity-Freeze


This test is conducted to estimate if the module appropriately withstands humidity and freezing weather.



Objective. Determine if the PV module can withstand a large humidity cycle with extreme temperature changes.



Hardware. A controlled thermal chamber [31] but now, with humidity control (working between −40 °C to +85 °C and ±2 °C, with 85 ± 5% RH) with enough room to hold the PV module inside, allowing air circulation all around it to assure uniformity and avoid condensation. The module must be installed thermally isolated from the mount.



An instrument to measure the module temperature and register it, with an accuracy of ±1 °C. A Schematic for the humidity-freeze test bench is shown in Figure 11.



Methodology. Put the PV module in open-circuit at room temp over a suitable mount. Attach the temperature probe over its front or back surface. Start the test when the humidity reaches 80–90% RH, then heat the module and keep it for 10 min at 85 °C. Next, keep it for 10 min at −40 °C. Below room temperature, humidity control is no longer required. To avoid heat stress, the thermal variation rate must be below 100 °C/h for temps over room temperature and up to 200 °C/h for temps below. All cycles must be under a maximum permitted cycle time of 4 h. The test finalizes when ten complete cycles are performed.



Finally, wait until the module reaches room temperature and repeat Tests 01, 02, and 03 for comparison with previous results.




3.13. Test 13—Damp-Heat


This test, relatively easy to carry out but time-consuming, is designed for studying if the module may present any filtration or leak in its edges or junction box.



Objective. Determine if the module can withstand without any damp filtration after prolonged exposure to a hot-humidity ambient.



Hardware. A controlled thermal chamber, with humidity control (working at 85 ± 2 °C, and 85 ± 5% RH) with enough room to hold the PV module inside, allowing air circulation all around it to assure uniformity and avoid condensation. The module must be installed thermally isolated from the mount. An instrument to measure the module temperature and register it, with an accuracy of ±1 °C. The chamber for this test is similar to the humidity-freeze test, but now, no temps below ambient are required.



Methodology. Set the PV module in open-circuit at room temp over a suitable mount. Attach the temperature probe over its front or back surface. Start the test when the humidity reaches the range of 80–90% RH, then heat the module at 85 °C, and keep it for 1000 h.



Finally, wait until the module reaches room temperature and repeat Test 03, and perform test 15—“Wet leakage current”.




3.14. Test 14—Robustness of Terminations


The following test is carried out to determine if the module power connections may support a mechanical load such as tensile and bending. That may appear in hand installation. Principally, the following description is orientated to modern PV modules, which are widely used nowadays. Usually, they have circular section wires with MC4 type connectors at their ends.



Objective. Determine if the module power cables can hold up a mechanical load.



Hardware. A balance with a precision of ±10% or better.



A set of different weights. In most cases, a water-filled device can be helpful to perform all tests.



Chronometer.



Methodology. After a module visual inspection, a tensile test must be performed, applying a force lower than the module weight and a bending test, carrying out between 1 and 10 repetitions. The tests are performed as follows:



Tensile test: with the module upward, a force is chosen as is indicated in Table 1 must be applied, pulled away progressively in its usual axial direction, and maintained for about 10 ± 1 s (see Figure 12a). Next, the module must be visually, electrically, and mechanically inspected.



Bending test: with the module upward, a force chosen as indicated in Table 1 must be applied and rotate progressively to an angle of 90° and return to its usual position. Next, the module must be visually, electrically, and mechanically inspected, as is shown in Figure 12b.



For further details, or considerations specific to these tests, see the standard IEC 60068-2-21 [32].




3.15. Test 15—Wet Leakage Current


This test is performed to analyze if the PV module can withstand prolonged environmental exposure, such as rain, fog, snow, etc. Here we are looking for insulation problems or electrical malfunction symptoms.



Objective. Determine if the PV module exposed through prolonged wet conditions present signs of mechanical or electrical problems.



Hardware. A suitable tank to put on the PV module in the flat horizontal position. This tank must contain a solution of water and additives to achieve a maximum resistivity of 3500 Ωcm, surface tension of 0.03 N/m, and a temperature of 22 ± 3 °C.



Spray equipment filled with the same solution.



500 V DC power source and an instrument to measure insulation resistance. For convenience, these may be replaced with an automatic digital insulation tester.



Methodology. Immerse the PV module into the solution up to its junction box, or totally if the junction box is designed for that (see Figure 13). The cables must be sprayed with the water solution [33]. Connect the module terminals in short circuit and connect them to the positive terminal of the DC source and the negative to the frame or a metallic part immersed in the solution. Apply voltage with the DC source and increment it to a rate under 500 V/s up to 500 V and keep it for 2 min, then measure the insulation resistance.



Pass. The test is satisfactory if the insulation resistance exceeds 400 MΩ for modules under 0.1 m2 and higher than 40 MΩm2 for bigger ones.




3.16. Test 16—Mechanical Load


This test is performed to analyze if the PV module can withstand prolonged environmental exposure, such as rain, wind, snow, etc., from a mechanical point of view.



Objective. Determine if the module can appropriately withstand load on its surfaces.



Hardware. A flat solid surface to lie down the PV module face up, with a small notch to keep out its cables.



A DC voltage power source and an amp-meter to detect any loss of electrical continuity.



Weights to apply uniformly and gradually load over the PV module. From a practical point of view, the load must be performed by a device such as a PVC pool, which ensures a uniform load distribution over the module surface and easy control by the water column. Further, the load can be applied by pneumatic flow over the module.



Methodology. Put the PV module face up over the flat surface and connect the source and the amp-meter. Set the DC source to deliver a current easily detected. Gradually, apply load up to 2400 Pa (N/m2), and keep it for 1 h. Then, perform the same procedure to the module back surface. The test finished after completing three cycles. (If a water column device is used, considering a water density of 997 kg/m3 and a gravity acceleration constant of 9.81 m/s2, the water high must reach up to 0.245 m). A schematic for the mechanical load test with a water column is shown in Figure 14.



Finally, repeat the Tests 01, 02, and 03 to compare.



Pass. The test is satisfactory if no loss of continuity were detected and passed the tests 01, 02 Pm within 5%, and 03 insulation over 400 MΩ.




3.17. Test 17—Hail


The test is designed to determine if the PV module can withstand hail impacts successfully.



Objective. Determine if the PV module can withstand repetitive hail impacts over its surface.



Hardware. Ice cube tray, to make 25 mm ± 5% spherical ice balls with a mass of 7.53 g ± 5%. The trays can be made of two symmetrical parts with a single water entry. A tray material with low thermal conductivity is preferable to avoid rapid volume changes when unmolding.



A digital thermometer.



A suitable module rack.



A freezer, working in the range of −5 to −15 °C.



A suitable container to keep the balls within −4 ± 2 °C.



A low thermal conductivity air cannon to launch the balls at the velocity of 23 m/s ± 2%. The ball velocity may be measured by optical barriers installed in holes or notches on the sides of the cannon. The distance between the module and the velocity measure must have a maximum of 1 m (as is indicated in Figure 15).



A balance to measure the ball mass to an accuracy of ±2%.



Other ice balls sizes can be utilized. For additional information, see the standard IEC 61215.



Methodology. Put the balls for at least 1 h for acclimatization in the container before starting the test. Then, put the module vertically over the mount and horizontally hit the module with an ice ball shot and visually inspect the impact area, looking for any issues [34].



Perform a total of eleven impacts within a time lower than 60 s. The impacts must include different module zones, such as corners, center, frame proximity, and other points considered vulnerable.



Finally, repeat the Tests 01, 02, and 03 and look for deviations.




3.18. Test 18—Bypass Diode Thermal Test


This test is designed to estimate if the bypass diodes can withstand thermal effects associated with prolonged activation, such as may be present in cases of electrical mismatch, shadows, etc. [35].



Objective. Determine if the bypass diode can adequately support 1.25 times the short-circuit current (Isc) in a hot module.



Hardware. A heating chamber or controlled airflow for heating the module to 75 ± 5 °C.



An instrument to measure the diode case temperature with an accuracy of ±1 °C. Using an infrared or thermographic camera is preferable and practical to avoid altering the diode temp.



A DC power source to inject a current of 1.25 times the Isc module at STC.



An amp-meter.



A diode checker.



Methodology. Heat the module to 75 ± 5 °C and inject the Isc current ±2% for 1 h (Figure 16). Measure the case diode temp (Td), the diode voltage (Vd), and the diode current (Id). Calculate the junction temperature (Tj) as a function of its diode thermal junction-case resistance (RTHjc) extracted from the manufacturer datasheet, Equation (5).


Tj = Td + RTHjc × Vd × Id



(5)







Next, increase the current module to 1.25 × Isc for another 1 h, and verify the diode is correctly working.



Finally, repeat the Tests 01, 02, and 03 and look for deviations.



Pass. The test is satisfactory if the diode is correctly working and the calculated Tj is lower than the maximum recommended in its datasheet. Further, if passed the Tests 01, 02 Pm within 5%, and 03 insulation over 400 MΩ.




3.19. Test 19—Stabilization


The purpose of this test is to achieve the electrical stabilization of the PV module, performing cycles of solar exposure until the variation of the peak power stands under certain limits.



Objective. Submit the PV module to a series of sunlight exposure until reaching its electrical stabilization. This test must be performed before any testing procedure starts.



Hardware. A solar simulator (or natural sunlight) CCC, according to IEC 60904-9 [11] able to reach an irradiation value between 800 W/m2 and 1000 W/m2.



A pyranometer (or reference PV cell) in order to measure incident solar radiation.



A suitable mount to keep the module and the irradiation measure device coplanar.



A thermometer with an accuracy of ±2 °C and repeatability of ±0.5 °C.



A resistive load to polarize the PV module in its maximum power point (this also can be achieved by connecting a device with the maximum power point tracker available).



Methodology. Find the maximum output power Pm by applying Test 02—“Maximum power determination”.



Place the PV module under test connected to its maximum load at an irradiance in the desired range. If the exposure is under natural sunlight, check the irradiance levels be above 500 W/m2.



Check the coplanarity with the irradiance meter and check the module temp is between 40 °C and 60 °C.



The specific normative set an energy level to expose the PV module. As indicated in the preconditioning process, for C-Si the range of 5 kWh/m2 to 5.5 kWh/m2 is used. After the exposure, a new value of Pm’ must be measured.



At least three consecutive exposures must be carried out, and the test finalizes when the inequation (6) is true (valid for C-Si) [36].


(Pmaximum − Pminimum)/Paverage < 0.01



(6)








3.20. Test 20—Dynamic Cyclic Mechanical Load Test


The finality of this test is to determine if the PV module can withstand low levels of dynamic mechanical load, mainly focusing on the more fragile parts such as the cells.



Objective. This test was designed to identify possible parts susceptible to failure under dynamic tensile loads. Performing this test, we can consider PV module effectively can withstand ambient dynamic stress conditions.



Hardware. To carry out the present test is required expensive and complex devices.



Suitable rack or mount to hold the PV module under test and a pneumatic array to perform a bidirectional tensile load test.



A set de pneumatic pistons with suction plumbers end to apply a total pressure of 1000 Pa ± 10% over the PV surface (adding all the pistons). The system must achieve a cycle rate of 3 to 7 cycles per minute. The distance between pistons cannot exceed 20 cm, including the border frame.



A (or several) DC power source to inject around 1% of module Isc until two times its Im.



An amp-meter to detect any loss of electrical continuity.



A thermometer with an accuracy of ±2 °C and repeatability of ±0.5 °C.



An infrared (IR) camera or thermographic camera (to be used after test).



An Electroluminescence (EL) camera (to be used after test).



A balance to adjust the piston force.



Methodology. Previous to this test, Test 01 must be completed—“Visual inspection”, and Test 15—“Wet leakage current”, in order to compare its results.



Hold the PV module over a suitable rack and attach (sucking) the plumber pistons over its surface.



Connect the DC current source to inject around 1% of the module Isc to check the electrical continuity.



Check the module temp range is between its operating temperature.



Activate the pneumatic array to apply pressure in both directions of 1000 Pa ± 10%. To set the force of each piston, may be used the Equation (7). Where F is the force in N, P is the desired pressure, A is the module area, and n is the number of pistons. Then 1000 cycles [36,37] must be performed with a rate of 3 to 7 cycles per minute. For further details see IEC TS 62782 [38].


F = PA/n



(7)







Figure 17 shows a simplified schematic of the system. This system also may be used to perform test 16—“Mechanical load”.



Optionally, check the module EL performing a scan over its surface when a current is applied through it between 0.1 to 1 time its Isc, looking for cracked cells or changes.



Finally, perform an IR scan with a current between 1 to 2 times its Im, looking for overheated cells or changes. A guideline to carry out these checks can be found in the standard IEC TS 60904-9.



Pass. The test is satisfactory if no loss of continuity were detected, and Tests 01 and 15 are satisfactory.




3.21. Test 21—Potential Induced Degradation Test


This test is designed to know if the PV module may withstand electrical degradation induced due to high voltage, known as Potential Induced Degradation (PID).



Objective. Force an elevated electric field over the PV module connecting a high voltage DC source into its terminals with the module surface and frame to detect any potential degradation PID risk.



Hardware. A DC voltage source for reaching the module maximum system voltage in both polarities, between ±5%.



An amp-meter to detect any leaking current to the ground (or a volt-meter with a shunt resistance).



Datalogger to register the environmental parameters, such as relative humidity and temperature (± 1 °C).



A thermal chamber to maintain a constant temp.



A conductive flat plate to be in contact with the module surface (glass). This plate can be aluminum or copper foil.



A set of wires with proper isolation to be used.



Methodology. Determine reading the PV module information (or datasheet) the maximum module voltage to ground that can withstand when it is connected in strings. Here, two cases can be differentiated: (1) PV modules without ground connection must be tested in two reverse polarities; (2) if the module has a ground connection (one terminal connected to the ground), it must only be tested in the indicated polarity.



Further, there are two ways to perform the present test. We focus only on the easiest to implement (without employing a climate chamber) with single glass PV modules. See IEC TS 62804-1 for further details or other kinds of modules.



First, the following tests must be carried out: Test 01—“Visual inspection”, and 15—“Wet leakage current”.



Next, check the module temp between 25 ± 1 °C with relative humidity less than 60%.



Attach the plate or foil over the module surface and connect it with the frame to the DC voltage source in 1 end and the PV connectors together on the other end. If the module has a ground terminal, also connect it.



Set the source to 2 times the maximum system voltage and apply it for 168 h (7 full days) [39] in order to submit the module in an intense electric field. Figure 18 shows a diagram indicating the connections. Finally, the criterion involved in the PID detection is to compare by repeating after a prudent time (8 h) Test 01 and 15, looking for issues [40].





4. Conclusions


Throughout this work, every test presented in the IEC 61215-2:2021 standard is explained from a pragmatic point of view. Further, we have provided details concerning our experience to make it easy to implement.



As we refer to in the introduction, the document aims to help manufacturers carry out some of them before resorting to expensive accredited laboratories for its final revision according to their interest. Thus, they can identify and correct any issues that could be detected in the assembly process.



Performing some of these tests is possible to conduct to reliable PV products because they are designed to examine the conditions possible to be found in its usual lifespan in an accelerated way.



In the same way, it would help any university for educational or research purposes because it can be used as referenceable or consulting material.



This IEC 61215 review has been written to follow the main concepts easily, incorporating single figures to illustrate the procedures/concepts, and it is not only leading to an expert audience.



Finally, this text was not written to discuss the methods reported and internationally recognized in the standard, nor to replace the original concepts in any way.
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Figure 1. PV cell defects illustration. 
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Figure 2. Methodological setup for maximum power determination test. 
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Figure 3. Method to translate an I–V curve by linear interpolation within two measured curves. 
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Figure 4. Schematic for the insulation test and connection method. 






Figure 4. Schematic for the insulation test and connection method.



[image: Standards 02 00011 g004]







[image: Standards 02 00011 g005 550] 





Figure 5. Schematic for the measurement of nominal operating cell temperature (NOCT) test. 
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Figure 6. Temperature correction factor for wind and ambient temperature. 
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Figure 7. Schematic for the hot-spot endurance test. 
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Figure 8. Schematic for the UV preconditioning test. 
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Figure 9. Schematic for the thermal cycling test. 
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Figure 10. Cycling procedure for the thermal cycling test. 
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Figure 11. Schematic for the humidity-freeze test. 
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Figure 12. Procedure for the robustness of terminations test. (a) Tensile test, (b) Bending test. 
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Figure 13. Schematic for the wet leakage current test. 
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Figure 14. Schematic for the mechanical load test. 
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Figure 15. Schematic for the hail test. 
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Figure 16. Schematic for the bypass diode thermal test. 
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Figure 17. Schematic for the dynamic cyclic mechanical load test. 
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Figure 18. Schematic for the potential induced degradation test. 
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Table 1. Force selection for the tensile and bending test.
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	Circular Wire Diameter [mm]
	Tensile Force [N]
	Bending Force [N]





	0.5–0.8
	10
	5



	0.8–1.25
	20
	10



	>1.25
	40
	20
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