

  electronics-10-01283




electronics-10-01283







Electronics 2021, 10(11), 1283; doi:10.3390/electronics10111283




Review



A Review of I–V Tracers for Photovoltaic Modules: Topologies and Challenges



José Ignacio Morales-Aragonés 1, Miguel Dávila-Sacoto 2, Luis G. González 3[image: Orcid], Víctor Alonso-Gómez 1, Sara Gallardo-Saavedra 1[image: Orcid] and Luis Hernández-Callejo 1,*[image: Orcid]





1



Duques de Soria University Campus, University of Valladolid, 42004 Soria, Spain






2



Technical Management of Mobility, Air Quality Department, Municipal Public Company of Mobility, Transit and Transportation of Cuenca EMOV EP, 010104 Cuenca, Ecuador






3



Department of Electrical, Electronics and Telecommunications Engineering (DEET), University of Cuenca, 010107 Cuenca, Ecuador









*



Correspondence: luis.hernandez.callejo@uva.es; Tel.: +34-975129418







Academic Editors: Hassan Haes Alhelou, Amer Al-Hinai and Pierluigi Siano



Received: 25 April 2021 / Accepted: 24 May 2021 / Published: 27 May 2021



Abstract

:

Current–voltage (I–V) curve tracers are used for measuring voltage and current in photovoltaic (PV) modules. I–V curves allow identifying certain faults in the photovoltaic module, as well as quantifying the power performance of the device. I–V curve tracers are present in different topologies and configurations, by means of rheostats, capacitive loads, electronic loads, transistors, or by means of DC–DC converters. This article focuses on presenting all these configurations. The paper shows the electrical parameters to which the electronic elements of the equipment are exposed using LTSpice, facilitating the appropriate topology selection. Additionally, a comparison has been included between the different I–V tracers’ topologies, analyzing their advantages and disadvantages, considering different factors such as their flexibility, modularity, cost, precision, speed or rating, as well as the characteristics of the different DC–DC converters.
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1. Introduction


Photovoltaic (PV) systems are the most installed renewable energy systems in the last years [1], therefore, minimizing production losses is essential. Continuously monitoring and testing PV modules are critical and fundamental tasks. This performance is evaluated using current–voltage and power–voltage curve tracers (I–V and P–V, respectively), which provide the electrical characteristics of the PV module or string under analysis [2]. This measured information is compared to that provided by the manufacturer, measured under standard test conditions (STC). Analysis of the I–V curve of a module provides valuable information for the administrator of a PV installation as it allows the timely diagnosis of module failure modes, leading to appropriate measures being taken to mitigate the failure or to replace the module.



Globally, the PV power generation market in 2020 has installed 139.4, compared to 114.9 GW in 2019 [3], that is, an increase of 21.32%, which indicates the important growth of this type of power source (Figure 1). However, PV modules suffer degradation caused by aging, wear and tear, as well as their outdoor exposure [4], which causes their power to decrease, affecting the overall efficiency of the PV installation [5]. Therefore, preventive maintenance is required to know the current status of each module [6], and predictive maintenance to achieve comprehensive management [7]. In this way, the I–V tracer is a device that allows the extraction of parameters from the PV module to know exactly its current state [8].



This study presents a review of the different types of I–V tracers that exist in the bibliography, including rheostats, capacitive loads, electronic loads, transistors, or by means of DC–DC converters. The physical behavior of each of the strategies presented has been explained. Possible challenges that the operator may find in their use and design are also analyzed, focusing specifically on the power dissipated by the electronic components of the equipment. The paper shows the electrical parameters to which the electronic elements of the equipment are exposed using LTSpice, facilitating the appropriate topology selection. Additionally, a comparison has been included between the different I–V tracers’ topologies, analyzing their advantages and disadvantages concerning different factors such as their flexibility, modularity, cost, precision, speed or rating, as well as the characteristics of the different DC–DC converters.




2. I–V and P–V Curves Analysis


I–V and P–V curves allow characterizing a PV cell or module, giving the electrical parameters that describe the operation of the device under test. I–V and P–V curve analysis is usually an invasive technique to detect the deterioration of PV modules that consists of applying a variable load on the module terminals to obtain their current and voltage response. In this way, the analysis of the module response curves gives us direct information on the electrical "state" of the module, allowing the researcher to obtain data on the expected performance of the module under different conditions of solar irradiation and module load. However, it is an analysis that must be supported by other deterioration detection techniques to be able to give a conclusive answer [9], because in normal operating conditions, PV modules can develop several failure modes at the same time, which implies that the response of the characteristic curves is an addition of all faults of the module.



2.1. I–V and P–V Curves


The best-known way to characterize a PV cell or module is to obtain its response curve, which gives voltage, current, and power information. These device responses are known as the I–V curve and the P–V curves, as shown in Figure 2. These characteristic curves provide important information about the state of the PV cell or module under analysis and are directly dependent on the temperature and radiation received by the module or cell.



An I–V curve indicates the response of the PV module to different load conditions, at a known temperature and radiation. The dependence of the P–V curve with radiation is stronger than the dependence with temperature, thus, Figure 3a shows the response of a PV cell to different levels of radiation, where it is observed that the short-circuit current (Isc) changes. Regarding its temperature dependence, Figure 3b shows the variation of the open circuit voltage (Voc) at different temperatures.




2.2. Deviations from the I–V Curve


When a PV module shows deterioration, the I–V curve also presents deviations compared to a curve of a faultless module. Deviations in the I–V curves correspond to different causes of deterioration and represent a different type of failure in a PV generator. They can also be caused by errors at the time of the configuration of the curve sampling equipment, connection errors between the equipment and the module, high cloudiness or radiation interference when taking the measurement, etc., so when capturing the curve, these drawbacks should be avoided. Figure 4 shows the possible deviations that can be found in an I–V curve.



The deviations of the I–V curve listed in Figure 4 and established in [12] are the following:




	
Steps or “ladder”. A deviation observed as steps or a “ladder” can be caused by partial shading, dust deposit, cracked cells, or a short circuit in the bypass diode.



	
Low current. An ISC below the nominal can be caused by the uniform deposit of dust or the normal degradation of the module.



	
Low voltage. A VOC lower than nominal can be caused by thermal module stress (hot spot or module temperature above STC), completely shaded cells, or bypass diode failure.



	
Rounder “knee”. If the inflection point of the curve or “knee” is rounder than that observed in a nominal curve, it may be the cause of aging of the module that can be evidenced by the change in the values of the series and parallel resistances of the model of a diode.



	
Slope reduction. The reduction of the slope on the upper part or “horizontal leg” of the I–V curve can be caused by a dust deposit located on the edge of a cell, due to a mismatch between the ISC of the cells of a module (a reference to the quality of the cells), due to the presence of currents through the parallel branch of the diode model (which appear as short circuits of cracked cells), or due to hot spots.



	
Increased slope. The increase in the slope in the right side or “vertical leg” of the I–V curve can be caused by the increase in the serial resistance of the module, or by excessive resistance of the connecting cables between modules.









2.3. Model of a PV Cell


Like any electrical generator, a PV module or cell can be modeled using its electrical characteristics, considering that this model must predict the electrical output of the cell under different types of operating conditions. Numerous models have been made in order to simulate the performance of solar cells [13]. The single-diode model is the most widely used. Three equivalent circuit models can be used to describe a single-diode model. The first of them is the ideal solar cell, also called 1M3P model (Single Mechanism, Three Parameters). For an ideal model, a solar cell can be simply modelled by a p-n junction in parallel with a current source that is associated to the photo carriers generated. The three parameters are the illumination current associated to the photoelectric effect, IL, the reverse bias saturation current for the diode, I0, and n, the diode ideality factor. More accuracy can be introduced to the model by adding a series resistance. The solar cell with series resistance, commonly known as 1M4P model (Single Mechanism, Four Parameters), takes into account the influence of contacts by means of a series resistance RS. The unknown parameters of this model are: IL, I0, n, and RS. These models are not accurate enough, as they do not take into account some real factors in the solar cells. For that, it is necessary to introduce one more precise and realistic solar cell model. It is the solar cell with series and shunt resistances, 1M5P model (Single Mechanism, Five Parameters), shown in Figure 4. The RSh, parallel shunt resistor takes into account the leakage currents. The five parameters of this model are: IL, I0, n, RS, and RSh [13]. The commonly used model is the one that represents the cell as a diode in parallel with a current source dependent on solar radiation [14] as shown in Figure 5, where the current delivered by the IL PV generator is proportional to the solar radiation minus the currents flowing through the ID diode and the RSH parallel resistance.



The equivalent circuit shown can be used as a single cell, a multi-cell module, or an array of multiple modules. Considering temperature and constant radiation, the characteristic I–V of the 1M5P model is expressed by Equations (1) and (2):


  I =  I L  −  I D  −  I  S H   =  I L  −  I o   [  e x p  (    V + I  R s   a   )  − 1  ]  −   V + I  R s     R  S H      



(1)






  a =   n  N s  k T  q   



(2)




where:




	
I = current delivered by the PV generator;



	
IL = current induced by solar radiation;



	
ID = diode current;



	
ISH = current flowing through the resistance in parallel;



	
I0 = reverse saturation diode current;



	
V = voltage at PV generator terminals;



	
RS = series resistance;



	
RSH = parallel resistance;



	
a = modified ideality factor;



	
k = Boltzmann constant (1.381 × 10−23 [J/K]);



	
T = cell temperature in degrees Kelvin;



	
NS = number of cells connected in series;



	
q = electron charge (1.602 × 10−19 [C]);



	
n = diode ideality factor (1 for ideal diodes and 2 for real ones).








The two-diode model introduces a second diode in parallel which takes into account the generation and recombination rates in the transition region of a p-n diode by introducing another diode in parallel, which may be significant under some thermal or illumination conditions in a high band gap semiconductor. At lower values of irradiance and low temperatures, the two-diode model gives more accurate curve characteristics than the single-diode model. Nevertheless, the number of equations and unknown parameters increases, making calculations more complex, as now there will be two unknown diode ideality factors. Therefore, the above-explained 1M5P model is widely used [13].





3. I–V Tracers’ Topologies


The drawing of I–V and P–V curves of a module is carried out using equipment called a tracer, which is electronic equipment capable of varying the load on the module or string terminals and taking measurements of corresponding voltages and currents. The equipment normally has a temperature sensor and a ration sensor, so that with these data, it is possible to perform the correction of the curve at STC. The correction is made following the standard IEC 60891: 2009 [15].



To obtain the I–V curve, different methods differ in their flexibility, fidelity, and cost. Obtaining the I–V curve is based on the variation of the current consumed at the terminals of the PV generator and its voltage response, so both electrical parameters must be measured either by automatic or manual methods [16].



3.1. Variable Resistor Tracer or Rheostat


A variable resistor tracer is a device that can change the resistance in steps from zero to infinity (ideally) to capture points on the I–V curve (Figure 6). Normally, this method is applicable in low-power PV generators because high-power resistors are rare in the market.



This topology is used in [17,18,19,20], but it has limitations due to the quality of the curve obtained and the fact that the variation of resistance is normally done manually. In [9], the author states that the precision of the method is not high since it is susceptible to the fact that the solar radiation and the temperature vary while the test is carried out, and that the I–V curve does not have uniformity, and a high-power rheostat is not common in the market, making this method only applicable to low-power PV generators (<1 kW).



To improve the precision and fluidity of the curve in [17], a linear rheostat that is manually varied is used, in conjunction with a microcontroller with an external 12-bit analog–digital converter. In this way, the capture of current and voltage data is automated, increasing the number of points that can be obtained from the curve.



To improve the quality of the curve, in [21,22,23,24], diagrams of multiple resistors controlled by switches are presented to obtain the I–V curve (Figure 7), where its main limitation is the number of steps or points that can be obtained. In [21], a current and voltage sequencer is proposed, through the connection of resistors in parallel, automated by a computer, where the resistances must be selected appropriately to obtain a well-defined “knee”. In [22], a similar methodology is proposed, with the difference that the switches are MOSFETs, and the interface with the computer is an Arduino with a 12-bit external ADC. To increase the number of steps of this type of tracer, in [23], a binary scheme is proposed, where the resistors are in series and their activation depends on normally closed relays. Thus, in the case of a tracer with eight resistors, 255 different resistance values could be obtained for the elaboration of the I–V curve. In [24], LabView is used to capture the curve and carry out previous analyses.



The use of variable resistors placed as a load in a PV generator to obtain I–V curves is not recommended because with this method, the Isc is not exactly reached, and the manual change of resistors takes considerable time, so the solar radiation and thermal conditions may change during measurement [16]. However, the cost advantages and ease of implementation and measurement automation of these types of tracers make them a viable alternative.




3.2. Capacitive Load Tracer


It is a capacitor-based method, where the capacitor is charged by the PV module forcing it to go from a short-circuit to an open-circuit condition. It is a widely used tracer. In [19], it is stated that the value of the capacitor suitable for this type of tracer depends directly on the short-circuit current and the open-circuit voltage, and is given by (3), based on the time of the establishment of the capacitor (tS).


  C =    t S   2     I  S C      V  O C      



(3)







In [25], the plotting time of the I–V curve is indicated with this method, and it is given by (4). The use of the tracer is proposed as part of an MPPT controller to identify possible shading conditions of the modules, which is also considered in [17].


   T  s w e e p   = 1.261  (     V  O C   · C    I  S C      )   



(4)







In Figure 8, the schematic of a capacitive tracer is shown, where before the measurement, the capacitor begins unloaded by S3 and R. When the measurement is to be started, S3 opens and S1 closes, so the PV generator has a very low load, reaching short-circuit condition. As the capacitor charges, the current decreases and the voltage increases, so when the charge ends, the current delivered by the module becomes zero, reaching the open-circuit condition. This scheme also allows starting the measurement with S2 closed, so that the capacitor would be charged to a negative voltage to reach Isc exactly.



There are simpler topologies such as that shown in Figure 9, where only the capacitor and a discharge resistor are used.



For this type of tracer, the capacitors should be low ESR (equivalent series resistance) and low losses. The capacitance value depends on the required measurement time and has an impact on the measured voltage [26]. In this way, if short measurement times are required due to low capacitance values, the tracer design should consider voltage and current sensors that reach the necessary speed that may be in the order of milliseconds. Furthermore, depending on the current and voltage of the tracer, the use of IGBTs may be required for the proper triggering of the measurement stages, which increases implementation costs.



In [27], the effect of the arc produced by the connection of the capacitor is studied, which must be considered by the system converter. In [28], a genetic algorithm based on a bee colony is used to obtain the parameters of a PV cell after plotting its I–V curve with a capacitive tracer. In [29,30,31,32], the operation of this type of tracer, and different methods of connecting the capacitor, are discussed.



The low-cost advantage of this tracer has made it quite popular in the market, and it is even used in on-line tracers [33], that is, it is installed directly in the junction boxes of PV modules to measure their I–V curve regularly in a PV installation, constituting a semi-invasive measurement method as shown in Figure 10.




3.3. Electronic Load Tracer


An electronic load tracer is a device that uses a transistor (MOSFET or IGBT) as a controlled load (Figure 11). It takes advantage of the resistance variation between the transistor terminals by modulating its gate voltage. Since the transistor could operate in any section of its characteristic curve, even in the ohmic region, it could be considered as an electronic variable resistance tracer.



These types of tracers use control circuits based on constant current loads and high-speed analog–digital converters. They have the advantage of being cheaper than the capacitive load for low voltages, with the limiting power that the transistors used in their design can handle, and they normally have noise in their measurement due to the transistor switching [34]. In [35], the use of a PWM control for the management of the MOSFET or an IGBT is proposed, and a structure for the galvanic isolation of the control circuit is exposed. In [36], this concept is extended, using a DAQ for the generation of a triangular signal as a control of the MOSFET. In [37], the characteristics of the MOSFET for its use in a tracer are studied.



In [38], the application of conventional tracers is extended, adding a MQTT communication for the control of capacitive tracers. In [39], a low-cost tracer is designed, and information is gathered from studies to determine the characteristics of the MOSFET, specifically its characteristic curves, to properly select the transistor to be used based on the characteristics of the MOSFET (Figure 12) and the PV module. In [40,41,42], tracer designs with computer interfaces are carried out, both for the characterization of modules and for their use in solar plants.




3.4. Bipolar Power Amplifier Tracer


It is a type of tracer that uses a configuration of bipolar transistors as class B power amplifiers (Figure 13) to allow the reversal of current and voltage for measurement of “dark” I–V curves (simulation of an I–V curve of a module in conditions without lighting). In [42], this type of tracer is used as a reference for the design of a solar simulator.



These tracers have the limitation of the use of BJT transistors in the linear area, so they are limited to low powers.




3.5. Four Quadrant Power Supply Tracer


It is a tracer based on a power source and transistors in H-bridge configuration that allows to deliver and consume energy from the PV generator to evaluate its performance in the four quadrants of an I–V curve (Figure 14).



Investigation of the operation of four quadrants on a solar module allows the diagnosis of mismatches in partially shaded cells connected in series and is used for the generation of dark curves (dark I–V curve). The dark I–V curve is the curve of the module when it is non-illuminated, and specifically the current and voltage are measured when the module is powered by an external source. Figure 15 shows the dark IV curve of a solar module, from which the values of the series and parallel resistances and the ideality factors for the diode model can be obtained as well as the I–V curve correction methods to STC. In [43,44], methods for evaluating electrical module parameters with this type of curve are reviewed.



In [46], an experimental procedure is used to synchronize the measurement of two multimeters, to increase the precision of the measurement and reduce the uncertainty of this method. In [47], such a tracer is used to analyze module parameter extraction methods; in [48], it is used for high-efficiency cell analysis; and in [49], it is used to characterize modules and shading effects. Being a very precise method, in [50], it is used to verify the effect of series resistances introduced by the internal connection bars in a PV cell.




3.6. DC–DC Converter Tracer


It is a tracer based on the ability of DC–DC converters to emulate a resistor by varying its duty cycle (Figure 16). A DC–DC converter can plot the I–V curve of a PV generator in Buck-boost, Cuk, or Single-Ended Primary Inductor Converter (SEPIC) configuration [11].



In [51], the use of DC–DC converters as I–V curve tracers is proposed and in [52], this concept is extended by an automatic capture system with LabView. In [53,54], bidirectional DC–DC converters are used to obtain the I–V curves and to emulate the real-time behavior of a PV generator, and in [55], they are applied to MPPT (Maximum Power Point Tracking). In [56], the applications of DC–DC converters are analyzed as a variable electronic load. In [57], the control of DC–DC converters is studied using Switching-Frequency Modulation Scheme (SFMS) and its application in MPPTs.



As for the Buck-boost converters, they need to be of this topology since the Buck structures do not allow the drawing of points of the curve close to Isc and the Boost structures cannot reach points close to Voc [16].



Buck-boost converters have the disadvantage of introducing noise into the measurement due to the commutation of their internal elements (transistor and inductor), which is why leads from this circuit are used (Figure 17), known as Cuk converters and SEPIC [58]. They have a better frequency response and can be used as MPPTs as controllers for PV power generation. In [59], they use Cuk and SEPIC converters to decrease the ripple of the I–V curve caused by the commutation, and to reach the limits of Isc and Voc.



In [60], a SEPIC converter is used, with PWM control to generate the curve, and with Hall effect sensor for current measurement, and it is indicated that a four quadrant source can be used with this configuration. In [61], an adaptive control system is proposed, to ensure an optimal sampling rate.



In [62], two new methodologies are proposed, a voltage-controlled sweep to obtain more information on the “flat” part of I–V curve, and a current-controlled sweep for the rest of the curve: that is, a hybrid sweep. In [63], converters are used to obtain characteristics of PV generation systems by analyzing their frequency response, and Nyquist diagrams. In [64], the authors propose the use of SEPIC converters installed in line with strings for automatic I–V curve tracing within a PV installation.



The application of a Cuk converter and a control method for plotting curves and MPPT is discussed in [65]. In [66], the mathematical analysis of the Cuk converter and the details of its design are detailed. In [67], a digital control scheme of a Cuk converter is proposed for power factor correction, and its response to load variations.





4. Electrical Considerations in I–V Tracers


To select the appropriate topology when facing the design of an I–V tracer, it is of great importance to know the electrical parameters to which the electronic elements of the equipment are exposed. Therefore, this section will analyze the main types of topologies and the power, current, voltage, and temperature of the electronic components.



The simulation is carried out by controlling the switching element of the tracers, analyzing the electrical parameters of the elements of the different circuits. The results of powers, voltages, currents, and temperatures of the elements are compared to observe their maximum and minimum values in order to analyze electrical stress. To normalize the circuits, each type of tracer was designed to ensure equal power output, and the values were converted to per unit for percentage comparison. Real models of the circuit components were used; however, the limitations of the simulation such as variations in ambient temperature or leakage currents were not considered.



With this aim, the model of one diode of a PV cell (Figure 18a) is taken as a reference, in which an ISC = 3 A and VOC = 0.6239 V are imposed, with an Mpp = 1.476 W. Figure 18b shows the I–V and P-V curves of the cell. Because the voltage of a single cell is limited, a 5-cell circuit in series has been used, obtaining an ISC = 3 A, VOC = 3.1195 V, and Mpp = 7.38 W. Simulations were performed in LTSpice.



4.1. Variable Resistance, Electronic Load, and Capacitive Load Tracers


These three tracers are analyzed in this subsection for their similarity in their operating principle. Both the variable resistance and the switching element in an electronic load dissipate all the energy when drawing the I–V curve. Additionally, the capacitive load tracer, in the same way, has a single element (resistor) that dissipates the total power of the circuit.



For the variable resistance tracer (Figure 19a), it is observed that the power dissipated by the resistance is the total power of the cells, that is, their power dissipation is 1 p.u. compared to the module power. Additionally, all the current and the voltage of the module is dissipated on the resistor, meaning 1 p.u. for those parameters. Considering the temperature of 48.59 °C reached by a 10 W resistor, with a thermal resistance of 3.2 °C/W [68], and 25 °C as base ambient temperature, this parameter is 1.94 p.u.



Similarly, for the MOSFET-based electronic load tracer (Figure 19b), the power dissipated by the device is the total power of the module. However, in the electronic load, there is an additional resistor for the current measurement, and the internal resistance of the MOSFET, which causes the device to dissipate 7.3 W, that is, 0.98 p.u. for a short time. Regarding voltage and current at the electronic load, both parameters peak at 1 p.u., but the temperature rises up to 50.55 °C, which is 2.02 p.u.



In the case of the capacitive load tracer (Figure 19c), the resistor dissipates all the power, i.e., 1 p.u., during the charging time of the capacitor. Current and voltage are 1 p.u, and the temperature peaks at 2.02 p.u., the same that the temperature is shown as in the electronic load tracer, but in this case, the temperature remains high for a longer time.




4.2. DC–DC Converter Tracers


Regarding the DC–DC converter-based tracers, Buck-boost, SEPIC, and Cuk converters are analyzed in this subsection. For all these types of converters, elements with values that ensure an output voltage of 1 p.u were used of the set of cells, to find only the difference in power in each one (Figure 20).



Thus, in the Buck-boost converter, it is obtained that the power in the resistance is 0.13 p.u., the diode 0.16 p.u., the inductor 0.92 p.u. and the switching element 1.29 p.u. The greater current, voltage, power, and temperature was found in the switching element (Figure 21a).



In the Cuk converter (Figure 21b), it is observed that the element that dissipates the most power is the switch with 0.98 p.u., and in the case of SEPIC (Figure 21c), likewise, the switch is the element that dissipates more power, in this case, 1.2 p.u., and inductor L1 with 0.36 p.u.





5. Discussion


The topologies of the I–V tracers analyzed in this study are the most widely used in the industry and they have evolved over the past 15 years. However, each has advantages and disadvantages that make them unique for specific applications and for studies that require obtaining certain electrical characteristics from PV generators (Table 1). To analyze the advantages and disadvantages of each topology, a study is carried out on the parameters that must be considered when choosing each topology.



One of the parameters that must be considered to analyze the application of the types of tracers studied is the flexibility for the expansion of the equipment or its design, because the variation of its configuration allows coupling to different conditions of the PV system. In this aspect, the DC–DC converters allow the greatest flexibility since its control can be modified with different trip signals, their duty cycle, and power direction, with which most of the I–V curve areas can be addressed. On the other hand, the capacitive load tracer is the one that allows the least flexibility, since only the sweep time of the curve can be modified according to the capacitance value used.



Another parameter is modularity, which allows the tracer to be expanded. In this aspect, the electronic loads, the bipolar amplifier, and the DC–DC converters stand out, because more channels can be added, and the constituent elements can be modified. In this regard, the capacitive load and the four-quadrant source present difficulties for its expansion.



Regarding the fidelity of the analyzed methods, the ones that deliver the most reliable data are the DC–DC converters, the bipolar amplifier, and the four-quadrant source, because they are the only ones that can reach real ISC values of the analyzed device.



Cost is also a factor to consider in any tracer. Thus, the resistive load tracer is the least expensive, but is limited to low powers. On the other hand, both the electronic load and the DC–DC converter have high costs due to the switching elements and coils that are required for their operation.



The precision of the measurement is another parameter that must be considered, especially when working with cells where precise values of voltage and current are required. In this, the four-quadrant source and the DC–DC converters stand out, due to the control that they have over their operation and the algorithms existing in the bibliography. Electronic loads and capacitive loads are less accurate, but this can be improved with the use of robust ADCs.



Another important parameter is the sweep speed of the curve. In this, the four-quadrant source stands out for the ease of voltage control. In this aspect, capacitive loads can be very fast or very slow, depending on the charging time of the capacitor.



The maximum power is another important parameter since the applicability of the tracer depends on different PV installations. In this, capacitive loads and DC–DC converters stand out, which can be modified according to the installation requirement easily and economically compared to other methods.



Finally, it is important to have as many as possible measurement points along the curve to obtain a proper resolution. A greater number of points allows detailed studies to be carried out on the state of the PV module. In this regard, the source of four-quadrants and the DC–DC converter stands out.



Regarding DC–DC converters, it is necessary to analyze them separately, considering their topologies, for their correct use. For this, [11] Table 2 presents a comparison of the converter topologies. It is observed that in the case of efficiency, the Cuk and SEPIC converters are better than the Buck-boost, which is inherent in their topology. In addition, it is observed that the SEPIC converter uses a lower current MOSFET than other topologies, which translates into a lower cost of implementation.



Table 3 shows the results regarding the analysis carried out of the electrical parameters in the I–V tracers. It is observed that in the case of the Buck-boost and SEPIC, the power of the switching element is greater than in the Cuk. Furthermore, it is observed that in the Buck-boost, the L1 inductance dissipates the highest power, which indicates that this element must be dimensioned considering this particularly.




6. Conclusions


A study is presented on the existing topologies of I–V tracers, analyzing parameters such as their flexibility, modularity, reliability, cost, precision, scanning speed, and resolution, as well as their advantages and disadvantages. The physical behavior of each of the strategies presented has been explained. Additionally, an analysis is performed on the power that each element dissipates in different topologies, to have a reference for the selection of the elements within the circuit of a tracer. Possible challenges that the operator may find in its use and design are also analyzed, focusing specifically on the power dissipated by the electronic components of the equipment.



It is observed that the tracers based on a capacitive load are widely used in the industry, due to their low cost and high sweep speed, so several commercial tracers which use this topology can be found. However, the use of tracers based on DC–DC converters is a trend due to their modularity, their precision, and the existence of these converters in MPPT systems integrated in inverters, which is a technical advantage that can be exploited in the future.



In the analysis of the dissipated power, it was observed that the variable resistance, electronic load, and capacitive load tracers dissipate all the power of the module under analysis, so this fact should be considered when it is necessary to carry out the complete PV module string tracing. Regarding the DC–DC converter-based tracers, it was observed that the switching element dissipates the greatest amount of power in all the topologies studied. As for the Buck-boost converter, the second element to consider is the inductor, which dissipates a 0.92 p.u. module power. The dissipated power has a direct impact on the tracer design, since it has a relationship with the equipment’s cooling system and it limits the element’s lifetime.



Authors consider that the trend of actual measurement systems is to advance in three ways. On the one hand, it is necessary to have low-cost measurement systems. On the other hand, online measurements are very interesting, since they will allow measurement without disconnection of PV modules from the string. In addition, the measurements must be accompanied by low-cost communication systems, which allow data to be transmitted and synchronized in PV systems.
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Figure 1. Utility Scale Solar Price vs. GW installed per year. Source [3], own elaboration. 
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Figure 2. I–V and P–V curves of a solar cell. Source [10], own elaboration. 






Figure 2. I–V and P–V curves of a solar cell. Source [10], own elaboration.
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Figure 3. The I–V curves of a PV module at different levels of solar radiation. Source [11], own elaboration: (a) Irradiation dependence; (b) Temperature dependence. 






Figure 3. The I–V curves of a PV module at different levels of solar radiation. Source [11], own elaboration: (a) Irradiation dependence; (b) Temperature dependence.



[image: Electronics 10 01283 g003]







[image: Electronics 10 01283 g004 550] 





Figure 4. Common deviations of an I–V curve in a PV generator in deterioration mode. Source [12], own elaboration. 
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Figure 5. Equivalent model of a PV generator. Source [14], own elaboration. 
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Figure 6. Schematic of a variable resistor tracer: (a) connection scheme. Source [16], own elaboration; (b) I–V curve obtained with a variable resistor tracer. Source [17], own elaboration. 
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Figure 7. Variable Resistor Tracer Scheme: (a) Conventional Scheme; (b) Binary Tracer Scheme. Source [23], own elaboration. 
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Figure 8. Schematic of a capacitive load tracer. Source [16], own elaboration. 
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Figure 9. Schematic of a simpler capacitive load tracer. Source [11], own elaboration. 
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Figure 10. Electronic “semi-invasive” or “on-line” tracer installed in a junction box of a string of PV modules. Source [33], own elaboration. 
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Figure 11. Schematic of an electronic load tracer with a MOSFET transistor. Source [16], own elaboration. 
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Figure 12. Characteristics of a PV module and a MOSFET. Source [39], own elaboration. 
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Figure 13. Bipolar Power Amplifier tracer. Source [16], own elaboration. 
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Figure 14. Four Quadrant Power Supply tracer. Source [16], own elaboration. 






Figure 14. Four Quadrant Power Supply tracer. Source [16], own elaboration.
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Figure 15. Dark I–V curve of a solar cell. Source [45], own elaboration. 
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Figure 16. DC–DC converter tracer. Source [16], own elaboration. 
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Figure 17. Derived DC–DC converters: (a) Buck-boost; (b) SEPIC; (c) Cuk. Source [60], own elaboration. 
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Figure 18. Simulation model of a PV cell: (a) diode model circuit; (b) I–V and P–V curves. 
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Figure 19. Electrical parameters in elements of a tracer: (a) variable resistance tracer; (b) MOSFET in electronic load tracer; (c) capacitive load tracer. 
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Figure 20. Circuit for simulating tracers based on DC–DC converters. 
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Figure 21. Electrical parameters in elements of a tracer: (a) Buck-boost converter; (b) Cuk converter; (c) SEPIC converter. 
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Table 1. Comparison of the advantages and disadvantages of the analyzed I–V tracers’ topologies.
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	I–V Tracer Method
	Flexibility
	Modularity
	Fidelity
	Cost
	Accuracy
	Sweep Speed
	Maximum Rating
	Resolution





	Resistive load
	Medium
	Medium
	Medium
	Low
	Low
	Low
	Low
	Low



	Capacitive load
	Low
	Low
	Medium
	High
	Medium
	Medium
	High
	Medium



	Electronic load
	High
	High
	Medium
	High
	Medium
	Medium
	Low
	Medium



	Bipolar power amplifier
	High
	High
	High
	High
	Medium
	Medium
	Low
	Medium



	4-Quadrant power supply
	Low
	Low
	High
	High
	High
	High
	Low
	High



	DC–DC converter
	High
	High
	High
	Low
	High
	Medium
	High
	High
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Table 2. Characteristics of different DC–DC converter topologies. Source [11], own elaboration.
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	Topology
	Inductor
	Input Capacitor
	Output Capacitor
	Power Mosfet
	Efficiency





	Buck-boost
	High RMS current
	High capacitance
	High capacitance
	High current rating
	Very low



	Cuk
	Low RMS current
	Low capacitance
	Low capacitance
	High current rating
	High



	SEPIC
	Low RMS current
	Low capacitance
	High capacitance
	Low current rating
	High
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Table 3. Per unit electrical parameters of the elements in tracers.
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Tracer

	
Element

	
V

	
I

	
P






	
Variable resistance

	
R

	
1

	
1

	
1




	
Electronic load

	
MOSFET

	
1

	
1

	
0.98




	
Capacitive load

	
C

	
1

	
1

	
-




	
Buck-boost

	
L1

	
0.81

	
1

	
0.92




	
MOSFET

	
1.94

	
1

	
1.29




	
D

	
1

	
0.59

	
0.16




	
C

	
0.68

	
0.53

	
-




	
Cuk

	
L1
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