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Abstract

:

The main objective of this work is to evaluate the energy efficiency improvement obtained in grid-connected photovoltaic systems based on a dynamic reconfiguration strategy. The MIX and team reconfigurable photovoltaic system topologies have been considered since both minimize the operation of the inverters in low-load conditions. A numerical method is used to analyze the energy flows within the photovoltaic system, with a specific focus on the plant-oriented configuration. In this work, MIX systems are only presented briefly, while team reconfigurable photovoltaic systems are analyzed in more detail. This is because team systems can be implemented using conventional commercial inverters, electromechanical switches to redirect power flows, and a simple digital controller (as based on the Arduino platforms). The energy supplied to the grid by two grid-connected photovoltaic systems will be evaluated: one based on a classic non-reconfigurable strategy and another based on the team strategy. The measurement of the energy generated by these two systems, tested under various irradiance levels (emulating different climatic conditions), shows that reconfigurable systems always exhibit greater energy efficiency. However, this energy improvement can only be considered substantial in certain situations.
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1. Introduction


As stated by the Energy Department of the European Commission, energy is the commodity that fuels the economy, and the prosperity and security of the EU depend on a stable and affordable energy supply [1]. The changes driven by the EU’s energy policies have led to a significant reduction in the use of the most polluting fuels, with consumption shifting towards natural gas and renewables.



The decrease in gas production in the EU in recent years (a 2.5% drop over the last 10 years [2]) has resulted in a greater dependence on gas imports. To reduce this dependence on foreign resources, it is necessary to increase energy production using domestic resources. In this regard, the intensive use of renewable energies and high-efficiency systems will play a crucial role.



Regarding renewables, photovoltaic (PV) solar energy has shown the highest growth in Europe in the last 10 years, reaching 186 GW installed by the end of 2021, an increase of close to 150% [3]. While this is a step in the right direction, it is important to also consider increasing the efficiency of PV systems.



Inverters used in grid-connected PV (GCPV) systems are highly efficient (typically 92–98% in commercially available inverters [4,5]), with some room for improvement, but the industry is currently focused on increasing the efficiency of solar panels. According to data published by the National Renewable Energy Laboratory (NREL), the currently highest confirmed conversion efficiency for PV modules ranges between 14% and 25% [6], depending on the PV technology considered, values that coincide with those previously collected in the [7]. Another approach worth exploring is the improvement of energy efficiency through the use of reconfigurable PV systems in grid-connected applications.



The plant-oriented (PO) configuration is the most prevalent architecture used in large-scale GCPV systems due to its simplicity and low cost per kWP [5]. This architecture is based on a single set of series-parallel electrically interconnected PV modules, known as a PV generator (PVG), which can be considered as the energy capture subsystem. Additionally, the PVG is connected to the grid through a single central inverter, which acts as the energy processing subsystem. The central inverter is responsible for extracting the maximum power from the PVG and transferring it efficiently to the grid.



Making GCPV systems more competitive requires maximizing the energy injected into the grid, which in turn requires finding the optimal relationship between the power capacities of the different subsystems. The optimal sizing of a GCPV system based on a PO configuration (as is shown in Figure 1) involves determining the optimal relationship between the nominal or peak power of the energy capture subsystem (PPVG(STC)) and the nominal power of the used energy processing subsystem (PINV). The output power of the central inverter (PAC) is obtained from the inverter efficiency (ηINV) and the PVG output power (PDC). The PVG output power is obtained from the PVG efficiency (ηPVG), the irradiance (G), and the PVG operating temperature (TPVG). Finally, the PVG operating temperature is obtained from the incident irradiance (G), the ambient temperature (TA), and other features related to the construction of the PVG.



Therefore, the design of this kind of GCPV system firstly addresses the appropriate choice of both the PVG peak power given in standard test conditions—STC (PPVG(STC)) and the rated power of the central inverter (PINV). The ratio between these two values is usually known as the sizing ratio (SR) and constitutes one of the main design parameters of the GCPV systems based on PO configuration.



The first references on this topic date back to the 90s, and since then many authors have focused their research on this subject to obtain criteria that allow for determining of the optimal value of this parameter. In [8,9], which are more recent publications, authors present the state of the art on SR determination and [9] provide a novel inverter sizing method.



However, in all cases, the optimal value of the SR is considered a constant parameter. Accordingly, this work explores the possible improvement in energy efficiency that can occur in GCPV systems where the SR can be adjusted in real time. GCPV systems with adaptive SR are typically referred to as reconfigurable PV systems.



Section two of this paper is devoted to illustrating why the SR of GCPV systems must be modified over time to increase the overall energy efficiency of the system. In this manner, the energy efficiency improvement that reconfigurable systems can provide will be justified. Section three presents the two basic types of reconfigurable GCPV systems that allow the modification of their SR in real time. These systems are analyzed and simulated in this section to estimate the expected improvements in energy efficiency.



The description of the experimental setup used to validate the simulation results obtained in the previous section is presented in sections four and five. The experimental results obtained are presented in section six. Finally, the discussion of the obtained results and conclusions is presented in sections seven and eight.




2. Sizing Ratio in GCPV Systems


As we mentioned previously, one of the most common expressions utilized to refer to the relationship between the peak power of the energy-caption subsystem and the nominal power of the energy-processing subsystem is the PV-to-inverter sizing ratio [10,11,12], noted as RS. This concept is formulated in Equation (1), where PPVG(STC) (in WP) is the peak power of the PVG, specified in STC, and PINV (in W) is the rated power of the central inverter.


    R   S   =     P   P V G ( S T C )       P   I N V      



(1)







Moreover, in the specialized literature, a wide variety of terms can be found to denote this concept, such as inverter-to-PV array size ratio (SF) [13,14], inverter-to-PV array de-rating factor (k) [15,16], inverter-to-PV power ratio (r) [17], inverter power ratio (IPR) [18] or power ratio (PR) [19,20], inverter sizing factor (ISF) [21,22], array-to-inverter power sizing ratio [23], and inverter sizing ratio (ISR) [24,25,26]. Works presented in [8,9] synthesize the state of the art of the optimum sizing of GCPV systems and summarize the key aspects of the developed research on this topic. Wang et al. include economic considerations in the optimum inverter sizing of GCPV systems in [10].



Regardless of how the optimum value of the sizing ratio (RS OPT) has been determined, it is defined as the value of RS that maximizes the energy efficiency of the GCPV system during a period (ηE) and fulfills the relationship shown by Equation (2). In this expression, EAC represents the energy delivered to the grid by the central inverter and EDC stands for the available energy at the input of the inverter, with PAC and PDC being the corresponding power magnitudes.


    η   E       R   S   O P T     = m a x       E   A C       E   D C       = m a x       ∫  0   T      P   A C     t     d t       ∫  0   T      P   D C     t     d t        



(2)







The dependence of RS OPT with time is shown in Equation (2). On one hand, RS OPT depends on the interval of time T considered in the calculation (hour, day, month, year…); on the other hand, it is related to the time-dependent factors involved in the determination of PDC(t) and PAC(t), such as irradiance G and ambient temperature TA.



As can be inferred, deriving the RS OPT value is not a trivial task since the produced energy depends on the power processing features of all elements involved in the power conversion chain of the GCPV system. Some of these parameters include irradiance and temperature in the considered location, PVG operating temperature and installation mounting type, solar panels’ material, tilt and orientation used for PV panels, and inverter electrical characteristics, among others. The next subsections are devoted to introducing a simulation procedure for the estimation of the RS OPT value and describing the numerical models utilized for the characterization of GCPV system elements.



2.1. Simulation Procedure for the Optimal Sizing Ratio Estimation


A simulation procedure for the sizing ratio optimal value (RS OPT) computation, in terms of yearly energy production, is presented in [27]. Figure 2 shows the simplified block diagram of this procedure, which has been implemented using MATLAB.



The available power at the inverter input (PDC(t)) and the energy delivered by the PVG (EDC) are computed from data of irradiance G(t) and ambient temperature TA(t) at the considered location. Considering the inverter efficiency model, the inverter output power (PAC(t)) and the value of the energy injected into the grid (EAC) can also be estimated. Finally, the energy efficiency of the GCPV system (ηE), defined as the ratio between EAC and EDC, is computed.



Formally speaking, this simulation procedure only estimates the energy efficiency of the GCPV system (ηE) for a given value of RS, since the values of PINV and PPVG(STC) remain constant throughout the simulation.



Therefore, the determination of RS OPT requires multiple and iterative executions of this procedure, introducing a slight modification on PINV (and then on RS modification) between simulations. Once all simulations have been completed, the value of RS OPT will be the one corresponding to the highest energy efficiency (ηE) computed.



The numerical models used for the characterization of the PVG and the central inverter are described in the next subsection.




2.2. Simulation Models


As can be seen in Figure 2, the procedure proposed for the evaluation of the RS OPT requires the utilization of simulation models for the different elements of a GCPV system description. The purpose of these numerical models is to evaluate the energy flows in the system and, thus, the system’s energy efficiency. The mathematical models commonly used for the description of GCPV system elements are presented below.



2.2.1. Photovoltaic Generator Model


A high-level energetic model for a generic PVG is presented in [28], and it can be expressed by Equation (3), where




	
PDC(t) is the PVG output power (W).



	
ηPVG is the PVG efficiency related to the material used in PV cell construction.



	
G(t) indicates the irradiance incident on the PVG plane (W/m2).



	
β represents the thermal power coefficient of the PVG material (1/°C).



	
TPVG(t) is the PVG operating temperature (°C).



	
TR represents the reference temperature (25 °C).



	
SPVG is the PVG surface (m2).









     P   D C   ( t ) =   η   P V G   · G ( t ) ·   1 − β ·     T   P V G   ( t ) −   T   R       ·   S   P V G     



(3)





The value of the PVG operating temperature (TPVG(t)) used in the previous model can be estimated using the expression proposed in [29], and shown in Equation (4), where




	
TA(t) is the ambient temperature (°C).



	
G(t) shows the irradiance incident on the PVG plane (W/m2).



	
α represents the PVG thermal coefficient called the coefficient of Ross (°C·m2/W).









     T   P V G     t   =   T   A   + α · G ( t )   



(4)





This thermal model was first introduced by Ross in 1976 [30] and has been very popular due to its simplicity, with the main drawback that wind effects are not considered [31].



According to [32], the typical values of the Ross coefficient are fixed to α = 0.025 for PVG on a flat surface (flat roof) with good ventilation, and α = 0.050 for PVG integrated in buildings (habitually on a façade or sloped roof), where the ventilation is usually worse.



The Ross model has been widely used in applications related to building-integrated photovoltaics (BIPV) and building-aggregate photovoltaics (BAPV) but is also considered a suitable approach in applications related to PV plants [33]. In [34] the value of the Ross coefficients for roof-mounted and ground-mounted PV installations is determined experimentally and, under the same operating conditions, ground-mounted installations have a slightly lower value of this coefficient, being 0.0399 the obtained value.



The value α = 0.025 is used in the simulation and emulations performed in this work, assuming a PVG is installed on a flat roof. This assumption does not represent a loss of generality, since the difference in energy produced by two PV systems will be compared.



If the readers are interested, a complete review of the models proposed for estimating the operating temperature of solar modules can be found in [35,36].




2.2.2. Central Inverter Model


The available power at the inverter output (PAC(t)) depends on both the inverter input power (PDC(t)) and the inverter’s efficiency (ηINV). There are some models in the literature to represent the inverter’s efficiency curve, but the model presented in [37] is commonly used. This model is only applicable for output power ranges lower than the inverter rated power (PINV) and it is given by Equation (5).


    η   I N V   =     p   a c   ( t )     k   0   +   k   1   ·   p   a c   ( t ) +   k   2   ·     p   a c     2   ( t )     b e i n g     p   a c     t   =     P   A C   ( t )     P   I N V      



(5)







In these expressions, pac(t) is the inverter output power normalized to the inverter rated power (PINV), k0 stands for the losses coefficient at no load, and k1 and k2 stand for coefficients corresponding to losses varying linearly and quadratically with the inverter current.



For output power ranges higher than the inverter nominal power, the models commonly utilized assume the limitation of the inverter output power to this nominal value, as shown in Equation (6).


    P   A C     t   =   P   I N V     →     p   a c     t   =     P   A C   ( t )     P   I N V     = 1  



(6)









2.3. Simulation Results


The simulations presented in [27] were carried out for 27 European countries and have shown the existence of a single RS OPT value per location. This optimal value can be greater or lower than one as a function of the latitude of the GCPV system location.



RS OPT values less than one are obtained in locations close to the equator (in low latitudes) and this implies a strategy of inverter oversizing (PINV > PPVG(STC)). Values greater than one for this parameter are obtained in locations with high latitudes and this suggests the use of inverter under-sizing strategy (PINV < PPVG(STC)).



On the other hand, the intuited temporal dependence of RS OPT leads to the inference that GCPV systems designed and implemented with real time adjustable sizing ratio could be more efficient, in terms of energy delivered to the grid, when compared to systems implemented with a constant value of RS.



As an example, Figure 3 shows the obtained results from the RS OPT calculation when annual and monthly periods are considered in Equation (2). These results are obtained using the simulation procedure presented in [27,38], and previously described in Section 2.1. The simulation procedure considers a GCPV system located in Brussels (in terms of irradiance and ambient temperature), based on monocrystalline PV modules and mounted on a flat roof with good ventilation. Although only one location is considered, the pattern of evolution of the monthly value of RS OPT is the same when locations in the northern hemisphere are considered.



As can be appreciated in Figure 3, the value of RS that maximizes the annual energy injected into the grid in non-reconfigurable GCPV systems is RS OPT = 1.58. However, if the maximization of the monthly energy production is considered, the RS OPT value obtained is different for each month. The greater values of RS OPT (close to 2.00) occur in the months of low irradiation, while the lower values of RS OPT (close to 1.30) appear in the months of high irradiation.



As expected, a slight improvement in energy production is obtained when the monthly value of RS OPT is used for the energy efficiency estimation over a year. This improvement is valued at about 30 basis points (bps).



If the time interval used to determine the maximum value of energy efficiency is minimized, the existence of an instantaneous RS OPT value can be deduced. This means that the RS OPT value also changes over a day, and consequently, if the sizing ratio of a GCPV system could partially match the time evolution of RS OPT, the energy efficiency of the system would be improved. In this regard, and as noted above, the introduction of GCPV systems with dynamic adaptation of the sizing ratio appears as an interesting alternative to classical architectures based on a fixed RS.





3. GCPV Systems with Adaptive Sizing Ratio


As suggested in Equation (1), the sizing ratio value of a GCPV system depends on both the nominal power of the PVG and the rated power of the central inverter. Therefore, we can define up to three different kinds of GCPV systems with adaptive sizing ratio, depending on which of these powers will be modified dynamically. However, in practice, there are only two types of reconfigurable systems:




	
MIX systems: These systems can modify the value of the central inverter rated power connected to a PVG.



	
Team systems: These systems can modify the nominal power of the PVG connected to a central inverter.








The next subsections are devoted to a brief description of the operating principles of these two reconfigurable PV systems.



3.1. MIX Systems


The company Fronius introduced the term MIX (Master Inverter X-change) in 2003. It is used to define the reconfigurable operation principle of some series of grid-connected PV inverters [39]. The companies Emerson Electric [40], ABB [41], and Vacon [42] use the term Multimaster to describe a very similar reconfigurable operation principle applied to central inverters.



This kind of system is formed by a single PVG (as an energy-caption subsystem) and one energy-processing subsystem, where the energy-processing subsystem comprised several parallel-connected inverters. One inverter assumes the role of leader, and the remaining inverters are considered follower devices.



Under low-isolation conditions, the PVG output power is handled by the master inverter, thus allowing for higher low-load efficiency. When isolation is higher, two or more inverters are operating in parallel connection [43,44]. The variation of the energy-processing subsystem rated power is achieved thanks to the variation of the number of inverters operating in parallel. The number of inverters connected in parallel to the PVG will depend on the energy generated by the PVG at any moment.



Figure 4 shows an example of a GCPV system based on the MIX or Multimaster concept and formed by a set of three inverters that can operate in parallel connection.



The configuration shown in Figure 4a corresponds to the configuration used in periods of low energy production and has the highest RS value. When the energy production of the PVG increases and exceeds a certain threshold, it should be changed to the configuration shown in Figure 4b, which has a lower RS value than the previous situation. Figure 4c shows the configuration to be used during periods of greatest energy production. It has the lowest RS value of the three possible configurations.



When considering this kind of GCPV system, several key aspects must be addressed:




	
The maximum number of inverters used to configure the energy-processing subsystem.



	
The rated power of the used inverters (PINV1, PINV2, …).



	
The optimum number of inverters that must be connected in parallel at any time.



	
The moment in which a new inverter of the energy-processing subsystem must be connected or disconnected.








The implementation of MIX systems implies the utilization of grid-connected inverters with the possibility of operation in parallel connection, and these inverters are not available in the market in open platforms. As presented previously, different manufacturers offer products based on this operation mode, implementing their proprietary algorithms to ensure the correct sharing of current (and power) between the inverters operating in parallel. Consequently, it is practically impossible to perform tests for the comparison of MIX systems and systems based on central inverters exactly in the same conditions.



For this reason, a further description of these reconfigurable systems is not included in this work. Interested readers can consult reference [38] for a more exhaustive modeling of these systems.




3.2. Team Concept


The term “team” was introduced in 2002 by the company SMA Solar Technology AG to designate the reconfiguration strategy adopted in some series of grid-connected PV inverters. Since then, the application of this concept to the line of central inverters can be found in several company publications [45,46].



In team systems, the modification of the sizing ratio is achieved by adjusting the nominal power of the PVG connected to a single inverter, whose maximum power is constant. In this case, the PVG consists of a set of PV arrays. The architecture supporting this reconfiguration principle is based on the use of an initial number of PV arrays (n) and the same number of inverters. The PV arrays can be dynamically grouped or divided to increase or decrease the nominal power of the resulting PV generators that will finally be connected to one or more of the available inverters. The grouping or division of the PV generators will depend on the available power at the output of the PV arrays and on the rated power of the used inverters.



To simplify the analysis of this kind of system, two hypotheses concerning the team architecture are assumed as follows:




	
The n PV arrays have the same nominal power (it is noted as PPVG).



	
The n used inverters have the same rated power; that is, PINV1 = PINV2 = … = PINVn = PINV.








As an example, the structure of a team-based GCPV system based on four PV arrays and four inverters (n = 4) is shown in Figure 5.



The configuration shown in Figure 5a is used in periods of low insolation (lower energy production). In this case, the team system is constituted by a single PVG, formed by the union of the four available basic PV arrays, connected to a single inverter. This configuration has the highest value of RS.



When the energy production of the PVG increases and exceeds a certain threshold, the system configuration is changed to the configuration shown in Figure 5b. In this case, the team-based system is constituted by two equal PV generators, each formed by the union of two basic PV arrays. Each new PVG is connected to one inverter, so this new configuration has two equal sizing ratio factors, but half the value obtained in the previous configuration.



Finally, Figure 5c shows the configuration to be used during periods of highest insolation. In this configuration, the team-based system consists of four PV generators, with each generator corresponding to a single basic PV array. Each PVG is connected to a single inverter, forming four subsystems with equal RS factors (the smallest value when compared with the two previous configurations).



Analytical expressions (from Figure 5) can be derived to determine the power thresholds required for grouping (changing from configuration (c) to (b) or from configuration (b) to (a)) or dividing (changing from configuration (a) to (b) or from configuration (b) to (c)) the PV generators. These expressions will depend on the model used for the inverter’s efficiency, as shown in Equations (5) and (6), the rated power of the used inverters (PINV), and the condition that the PVG will always be divided into two parts of equal power or two parts of equal power will always be grouped.



In this way, the value of the threshold power (denoted as PUG) to transition from a PVG formed by two equal PV arrays to a PVG formed by only one PV array with double the power will be calculated from the intersection of the curves of efficiency of the power processor involved, as shown Equation (7).


        P   U G       P   I N V         k   0   +   k   1   ·     P   U G       P   I N V     +   k   2   ·       P   U G     2         P   I N V     2       =     2 ·   P   U G       P   I N V         k   0   +   k   1   ·     2 · P   U G       P   I N V     +   k   2   ·   4 ·     P   U G     2         P   I N V     2        



(7)







On the other hand, the value of the power threshold (denoted as PUD) to transition from a PVG formed by one PV array to a PVG formed by two PV arrays with half the power will be calculated from the intersection of the curves of efficiency of the power processor involved, as shown Equation (8).


        P   U D       P   I N V         k   0   +   k   1   ·     P   U D       P   I N V     +   k   2   ·       P   U D     2         P   I N V     2       =     1 / 2 ·   P   U D       P   I N V         k   0   +   k   1   ·     1 / 2 · P   U D       P   I N V     +   k   2   ·   1 / 4 ·     P   U D     2         P   I N V     2        



(8)







The solution of Equations (7) and (8) are shown in Equation (9). When the output power of one inverter reaches the value PUG, two PV arrays must be grouped at its input. Additionally, when the output power of one inverter reaches the value PUD, the PV array connected at its input must be divided into two PV arrays.


    P   U G   =   P   I N V   ·      k   0     2 ·   k   2        ,     P   U D   =   P   I N V   ·    2 ·   k   0       k   2       



(9)




where PINV stands for the rated power of the used inverters, being k0 and k2, the parameters of the used inverters efficiency curve given in Equation (5).



Using the simulation procedure described in Section 2.1 and the reconfiguration thresholds shown in Equation (9), Figure 6 shows the value of the yearly energy efficiency in terms of the number of basic PV arrays available in the considered team-based GCPV system. The values of n considered are n = 1, 2, 4, and 8 (powers of two), being the case n = 1 corresponding to a nonreconfigurable GCPV system.



Note that to carry out this simulation procedure, the parameters obtained for the inverters characterized in sections four and five are utilized.



These results demonstrate the increase in the annual energy efficiency of the GCPV system with the increase in the number of basic PV arrays (n). However, the tendency towards saturation in this relationship is also observed.



The greatest increase in energy efficiency, 0.71%, occurs when transitioning from a GCPV system with the classical static configuration (n = 1) to the utilization of two PV generators (n = 2). The adoption of four PV generators (n = 4) instead of two results in only a 0.27% increase in the annual energy efficiency.





4. Experimental Setup for Laboratory Tests


To obtain practical results for the partial validation of the previously exposed theory, a laboratory experimental setup was configured.



As mentioned in the previous section, the implementation of MIX systems requires inverters with the capability to operate effectively in parallel, which are not readily available on the market. For this reason, it has not been possible to implement this type of system to validate its operation.



The case of team systems is different because they can be implemented using commercial grid-connected inverters and controlled switches, such as electromagnetic switches or relays. The implemented experimental setup used for the characterization of CGPV systems based on the team concept is shown in Figure 7. A system that uses only two photovoltaic generators (n = 2) is implemented, because this configuration is the one that results in the greatest increase in the annual energy efficiency (0.71% increase).



The two PV generators are emulated by two solar array simulators (SAS). These instruments operate as programmable PV arrays using the GPIB interface and allow the repeatability of different tests in the same irradiance and temperature conditions. The two SAS used are the model E4362A mounted in the mainframe E4360A, all of them manufactured by Keysight (Santa Rosa, CA, USA). Each SAS has 600 W of maximum power and can be configured as a PV array with 130 V as the maximum open-circuit voltage and 5 A as the short-circuit current.



The two used inverters (INV) are the model Sunny Boy SB700 manufactured by SMA Solar (Niestetal, Germany) and they are configured with PINV = 460 W as the rated output power. Each inverter is connected to the grid through an energy meter (EM) model EM111DINAV81XS1X manufactured by Carlo Gavazzi (Steinhausen, Switzerland). This energy meter can measure bidirectional power in 230 V grids with current up to 45 A and incorporates a communication port based on the RS485 Modbus protocol.



The system controller is based on the Arduino UNO, manufactured by Arduino SA (Chiasso, Switzerland), as a general-purpose programmable platform. This controller monitors the inverter’s output power and, in accordance with Equation (9), sends the order to group or divide the PV arrays. The switch used in the system is based on an electromagnetic relay implemented in the D1 Mini Reay Shield, manufactured by HiLetgo (Shenzhen, China), this device is compatible with the products of the Arduino SA family.



The whole operation of the system is supervised by a personal computer (PC). The PC sets the emulation steps by programming the I–V characteristic curve in each SAS and records the power values in the inverter’s input and output. The power at the inverter’s output, measured by the EM, is obtained by the Arduino UNO controller and sent to the PC for recording purposes.



The I–V characteristic curve is programmed (using MATLAB 2022a) in SAS by PC using four values (the equivalent of three working points): short-circuit current, open-circuit voltage, and current and voltage at the maximum power point. These values are obtained from irradiance and temperature data and a mathematical model of the PV array. The PC also communicates with the SAS to obtain the power at the inverter’s input and record these values.



The duration of each emulation step is set to 1 s, the same time interval between data in the irradiance and ambient temperature series used. This small step allows the emulation of the tested PV systems in real-time and captures the real slow dynamic behavior of the PV inverters used. The drawback that appears is the long time necessary to perform an emulation, which is almost 14 h because the data series used have more than 50,000 irradiance and temperature values.



The experimental setup also incorporates the needed adapters between the different communication protocols used in the system. One is for the connection of SAS (GPIB) with the personal computer (USB) and the other one is to connect the energy meters (RS485) with the Arduino UNO controller (RS232). The practical implementation of the experimental setup previously described is shown in Figure 8.




5. Laboratory Equipment Characterization


As was exposed previously, it is very difficult to perform tests for the comparison of MIX systems and systems based on central inverters under the same conditions. After an exhaustive search, only one old paper was found in which a test on a PV installation based on the MIX concept was conducted. Reference [47] describes the test of a PV system based on one inverter assuming the role of leader and the other inverter assuming the role of follower. The main conclusion of this work indicates that the practically possible energy gain is not likely to exceed 1–2% on an annual scale. In [48,49] PV systems based on Multimaster inverters and string inverters are compared by simulation. The results show that Multimaster inverters offer more reliability and efficiency than string inverters.



According to what was stated above, this section is devoted to showing the obtained results of a set of tests performed over a reconfigurable GCPV system based on the team concept and oriented to compare the energy efficiency of these systems with the efficiency obtained in non-reconfigurable systems based on central inverters. However, in the first place, a test has been carried out to characterize the efficiency curve of the inverters used.



5.1. Inverters Efficiency Curve


In this test, the system is configured with the electromagnetic switch in the normally open (NO) position. The PC programs the two SAS with the same series of I–V curves corresponding to an increasing sequence of irradiance values at constant temperature. The power delivered by the SAS is obtained using the GPIB interface and the energy sent to the grid is measured by the energy meters. The set of pairs of points obtained is approximated to the mathematical model shown in Equation (5) using the curve fitting application included in the MATLAB 2022a software.



With the intention of comparison, k coefficients are computed from three datasets. Two sets of coefficients are obtained independently from each SAS-inverter channel, while the third case is the merged data of these two channels. It should be noted that the fitting curve process is conducted on an efficiency curve based on normalized AC power. Figure 9 shows the inverter’s efficiency vs. the output power measured (dots) and the proposed mathematical model (line) in the case of using merged data.



Table 1 shows the obtained values of k coefficients. The results are nearly identical and the calculations and tests described in the next section will only utilize the coefficients obtained from the merged data.




5.2. Reconfiguration Power Threshold


In the case emulated in the laboratory, which comprises only two inverters, the focus is on determining when to transition between using one inverter and utilizing both inverters and vice versa. These power thresholds (denoted as PUD and PUA) are calculated by Equation (9) and the obtained values are summarized in Table 2.



As was stated previously, the tests described in the next section will only utilize the power thresholds obtained from the merged data because the obtained results in all cases are very similar.




5.3. Transient States during Systems Switching


In contrast to theoretical assumptions, a certain transient time is required for inverters to attain a stable state following any change. Considering the transient state in the used inverters after switching in the measurement and control system helps to ignore temporary values and prevent unintended system switching.



Figure 10 displays in blue and red traces the AC powers delivered by the two used inverters along a switch cycle. The switch position is indicated by the yellow trace and it is in accordance with the position indicated in Figure 7. A low level indicates position NC and a high level indicates NO position.



The two used SAS are programmed with a 220 W maximum power point and at t = 0 s only the inverter 1 (blue trace) is connected to the SAS. As can be seen, the inverter control system needs a period to perform some internal tests, the grid synchronization, and start proper operation.



At t = 200 s the switch is activated and the PV generator is divided between the two inverters. The output power of inverter 1 (blue trace) decreases in half and the controller of inverter 2 starts the turn-on cycle. After the initialization period, the output power of inverter 2 (red trace) increases and reaches the proper value, practically equal to the inverter 1 output power. As can be deduced from the obtained data, the transient period needed by the inverters to start the proper operation is about 95 s.



Finally, at t = 400 s, the switch is deactivated and inverter 2 becomes inactive. All the PVG is connected to inverter 1 and the transitory operation in this case is very short because it only depends on the operation of the implemented MPPT algorithm.



The transient previously described during the switch-on cycle has two main consequences that are necessary to consider:




	
Multiple switching around the power thresholds.








Figure 11 shows multiple switching within a short period. To address this issue, defining a margin or hysteresis band around the power threshold is proposed. In this regard, instead of using a specific value, the switching logic considers an upper limit and a lower limit. For instance, in our case, the lower power is PUD low = 95 W and the higher one is PUD high = 110 W. The results presented in the next sections provide evidence that this method is indeed effective and useful in preventing multiple switching operations around the power threshold levels.




	
Power losses during the switching operation.








As can be seen in Figure 10, during the 95 s needed by one inverter to start the proper operation, some losses of power appear. In this period, only one inverter sends energy to the grid and the power lost is equal to PUD/2 or PUG.



As is presented previously, the tests performed use a threshold practically equal to PUD = 110 W, and, as a consequence, the energy losses (Elost) in each switch turn-on operation can be estimated using Equation (10).


    E   l o s t   =     P   U D     2   · t =   110   W   2   · 95   s = 5225   k J ≈ 1.5   W h  



(10)









6. Obtained Results


To evaluate and contrast the performance of reconfigurable and non-reconfigurable photovoltaic systems, several emulations have been performed simulating different meteorological conditions. Conditions similar to sunny, cloudy, and partly sunny days have been considered.



There are unlimited possibilities for irradiance patterns in different weather conditions, so it is impossible to emulate every situation. The choice of the irradiance profile used has been based only on energy criteria since this research work tries to evaluate the energy gains in reconfigurable PV systems when the PV inverters operate in low-load conditions.



The power output of the inverters on a “sunny day” is higher than the reconfiguration threshold most of the time, being lower than the reset threshold only during the first and last part of the day. This means that most of the time PV inverters do not operate in low-load conditions. On the other hand, the power output of the PV inverters on a “cloudy day” is lower than the reconfiguration threshold throughout the day and, consequently, the inverters always operate in low-load conditions.



In the case of irradiance and ambient temperature data, websites such as SoDa [50] offer valuable information based on the desired location and minute-by-minute data series. To obtain a per-second dataset to perform a real time emulation, data interpolation is performed as part of the emulation process. Additionally, the zero values of irradiance at the start and end of the day are removed in an effort to reduce the emulation time. Figure 12 depicts a plot of the used irradiance data.



The value of the irradiation data, expressed in W/m2, used for the three types of days considered is obtained by scaling the series shown in Figure 12.



This alternative has been chosen because the expected behavior of reconfigurable PV systems, when compared to non-reconfigurable systems, does not depend greatly on the irradiation profile used.



6.1. Sunny Day


A sunny day is characterized by high irradiance levels at midday and typically only requires two switching actions when considering a reconfigurable system. The initial switch action involves the PVG division when the irradiance reaches the PUD high threshold, and the second switch action involves the PVG grouping when the power diminishes and falls below the PUD low threshold.



Figure 13 shows the power supply to the grid when a reconfigurable team system and a non-reconfigurable system are tested. Figure 13a shows the output power of the two inverters used in a reconfigurable team system. Figure 13b shows the output power of the non-reconfigurable system (red trace) and the output power of the reconfigurable team system (blue trace), the latter obtained as the sum of the output powers of the two inverters used.



As depicted in Figure 13a, initially, one of the team system inverters is utilized. However, once the threshold is reached, the second inverter is added (PVG division). At the end of the period, when the power is lower than the threshold, the reverse action of grouping takes place. As is expected, a small drop at the first switching point can be observed in the total AC power. This power loss can be seen in Figure 13b as a small glitch and in more detail in Figure 13c.



As seen in Figure 13c,d, the non-reconfigurable and reconfigurable systems demonstrate distinct performances in the two regions where the power remains below the threshold. Throughout this period, the reconfigurable system operates with a single inverter, while the non-reconfigurable system operates with both inverters. It can also be observed that the reconfigurable system delivers more power to the grid, showing greater efficiency in low-load conditions.



The energy supplied to the grid by the two tested systems is calculated from the instantaneous power data recorded by the PC used in the system. The power curves are numerically integrated using MATLAB and the results obtained are presented in Table 3. As discussed in the previous section, the last column represents the energy lost from generation during switching, as can be seen, the reconfigurable (team) system generates slightly more power than the fixed system.




6.2. Cloudy Day


In this study, a cloudy day is defined as a day in which, due to various factors including cloudiness, the amount of irradiance is so low that the power delivered by the system does not reach the PUD threshold.



As in the previous case, Figure 14 shows the power supply to the grid when a reconfigurable team system and a non-reconfigurable system are tested. Figure 14a shows the output power of the two inverters used in a reconfigurable team system. Figure 14b shows the output power of the non-reconfigurable system (red trace) and the output power of the reconfigurable team system (blue trace).



Figure 14a proves that the configurable system utilizes only one inverter during the whole day to increase the efficiency of the system. To facilitate the comparison, the AC powers of both non-reconfigurable and reconfigurable systems are shown in Figure 14b. As anticipated, the reconfigurable system demonstrates a higher power output during the day. This is because the two inverters used in the non-reconfigurable system operate under low-load conditions throughout the day.



The power supply to the grid in both cases is calculated numerically and it is shown in Table 4. Reviewing the obtained results, it can be concluded that on a cloudy day, the reconfigurable system exhibits a more significant energy efficiency.




6.3. Partially Sunny Day


A partly sunny day is characterized as a day in which, owing to various factors, the amount of radiation fluctuates, causing the power delivered by the system to exceed or fall below thresholds multiple times. Consequently, on a partly sunny day, configurable systems perform more switching operations compared to sunny days.



Figure 15 shows the power supply to the grid when a reconfigurable team system and a non-reconfigurable system are tested. Figure 15a shows the output power of the two inverters used in the reconfigurable team system, and Figure 15b shows the output power of the non-reconfigurable system (red trace) and the output power of the reconfigurable team system (blue trace).



As depicted in Figure 15a, the switching action has occurred four times. Following the conditions, the second inverter is introduced to the circuit in two stages and subsequently removed. Additionally, Figure 15b presents a comparison of the two systems in terms of delivered AC power. The reconfigurable system demonstrates better performance in sections below the PUD threshold.



The power supply to the grid in this case is calculated and presented in Table 5. Although the difference in energy delivered between the two systems is not as substantial as on a cloudy day, it is still significant. However, the last column of the table reveals a higher power loss due to the higher number of switching actions.





7. Discussion


MIX (or Multimaster) and team PV inverters were introduced by some manufacturers in the first decade of the 2000s to improve efficiency when central PV inverters operate under low-load conditions. This expected improvement in efficiency is highlighted in the technical documentation of these inverters, but there have been few published research studies on these topologies.



The lack of published studies can be understood in the case of MIX inverters due to the complexity of their design since it is based on the parallel operation of several inverters. In this topology, one inverter assumes the role of the leader device, and the remaining inverters are considered follower devices. Only the leader inverter implements an MPPT algorithm of the PVG, and the control of the MIX system must guarantee the correct distribution of energy between all inverters operating in parallel.



This topology is impossible to implement using conventional PV inverters because they must operate in a coordinated way, thus increasing the control complexity.



On the other hand, the lack of publications related to the team topology is less expected, since it can be implemented using conventional and commercial PV inverters. In this case, all active inverters have to implement an MPPT algorithm, and the power flow between the active PV inverters is directed using controlled switches.



In any case, the simulations performed of these two topologies of reconfigurable PV systems confirm that they have greater energy efficiency than those based on non-reconfigurable topologies. Furthermore, the tests carried out in this work on a PV system based on a team topology also confirm the higher energy efficiency initially assumed. In this regard, Table 6 presents an overview of results obtained from the emulations performed in this work.



According to the data obtained, days with low irradiance levels (always lower than the reconfiguration power threshold value) demonstrate greater increases in energy production when the reconfigurable system is considered.



Based on the tests carried out and the data obtained, it is practically impossible to make an accurate estimate of the increase in energy efficiency that can be obtained during one year if reconfigurable PV systems are used.



To perform this estimation, it would be necessary, among others, to have information on the daily weather in the considered location, and a representative irradiance profile should also be defined for each possible type of day. These issues define future lines of research in the field of reconfigurable photovoltaic systems, and they will be addressed in the future.




8. Conclusions


This work deals with some aspects related to the sizing ratio (RS) of GCPV systems and the relationship of this parameter with the available power at the output of the PVG. Additionally, the optimum value of the sizing ratio (RS OPT) of a GCPV non-reconfigurable system was defined as the one that maximizes the yearly energy efficiency (ηE) in the considered systems. A procedure to determine this optimum value has been presented. This procedure will be adapted to address the determination of RS in reconfigurable GCPV systems.



Systems with adjustable RS have been defined, differentiating between systems that adjust the RS value by modifying the rated power of the energy-processing subsystem used at each moment (called MIX or Multimaster systems), and systems that adjust the RS value by modifying the nominal power of the PVG connected to each energy-processing system (called team-based systems).



This presented work addresses issues related to the design of reconfigurable photovoltaic systems based on the team concept and the required control. An experimental setup for testing GCPV systems based on the team concept is described. A set of emulation tests for the characterization of these systems are described, and the obtained results are presented.



The results obtained from conducted emulations demonstrate that the reconfigurable systems exhibit superior performance on the defined as “cloudy” and “partly sunny” days when compared with non-reconfigurable systems. However, on the defined as “sunny” days, a slight variation in the energy generation is observed.



The notable variation observed in the energy production on “cloudy” and “partly sunny” days suggests that the utilization of team systems in regions characterized by low average irradiance would be advisable. Conversely, the marginal gain obtained in the results during a “sunny” day emulation indicates that employing the team system in areas with exceptionally high average irradiance may not substantially affect the system’s energy efficiency and, as a consequence, its utilization is not advisable.
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Figure 1. Elements in a GCPV system based on PO configuration. 
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Figure 2. Block-diagram of the simulation procedure utilized to obtain the RS OPT value. 
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Figure 3. RS OPT value of a GCPV located in Brussels. 
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Figure 4. MIX system based on three inverters to set the energy-processing subsystem. (a) Configuration used during periods of low energy production with a higher sizing ratio. (b) Configuration after exceeding a certain power threshold, with a lower sizing ratio than the previous configuration. (c) Configuration used during periods of greatest energy production. It has the lowest sizing ratio of the three possible configurations. 
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Figure 5. The three available configurations and the corresponding RS value for a team GCPV system with n = 4. (a) Configuration used in periods of lower energy production with the highest value of sizing ratio. (b) Reconfiguration after exceeding a certain power threshold, which has a lower sizing ratio than the previous configuration. (c) Configuration used during the periods of greatest energy production with a smaller value of sizing ratio compared with the two previous configurations. 
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Figure 6. Relationship between annual energy efficiency (ηE) and the number of basic PV generators (n) used in a team-based GCPV system of up to n = 8. 
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Figure 7. Diagram of the experimental set used for a team-based GCPV system characterization. 
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Figure 8. Experimental set used for a team-based GCPV system characterization. 






Figure 8. Experimental set used for a team-based GCPV system characterization.



[image: Applsci 14 03368 g008]







[image: Applsci 14 03368 g009] 





Figure 9. Efficiency curve characterization of the used inverters. 
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Figure 10. Output power of the two used inverters along a one switch cycle. 
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Figure 11. Multiple switching operation around the threshold level PUD. 
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Figure 12. Irradiance values, expressed in arbitrary units, used for the systems emulation. 
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Figure 13. Performance of non-reconfigurable (fixed) and reconfigurable (team) systems on a sunny day. (a) AC power delivered by two inverters in the reconfigurable system; (b) AC power delivered by fixed and team system; and (c,d) details of the performance difference between the two compared systems in low-load conditions. 
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Figure 14. Performance of non-reconfigurable (fixed) and reconfigurable (team) systems on a cloudy day. (a) AC power delivered by the two inverters of the reconfigurable system; (b) AC power delivered by fixed and team systems. 
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Figure 15. Performance of non-reconfigurable (fixed) and reconfigurable (team) systems on a partly sunny day. (a) AC power delivered by the two inverters of the reconfigurable system; and (b) AC power delivered by fixed and team systems. 
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Table 1. k coefficients comparison according to three datasets.
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	k0
	k1
	k2





	Inverter 1
	0.027444
	0.096693
	1.004568



	Inverter 2
	0.026962
	0.110187
	0.999356



	Merged data
	0.027626
	0.105882
	1.000143










 





Table 2. Power thresholds obtained from the three datasets obtained.
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	     P   U G      (W)
	     P   U D      (W)





	Inverter 1
	53.76
	107.52



	Inverter 2
	53.43
	106.85



	Merged data
	54.06
	108.12










 





Table 3. Calculated energies comparison of the two considered systems.
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	Energy by

First Inverter (Wh/Day)
	Energy by

Second Inverter (Wh/Day)
	Total

Energy

(Wh/Day)
	Switching Energy Losses

(Wh/Switching)





	Fixed system
	2427.76
	2431.56
	4859.32
	-



	Team system
	2487.43
	2386.35
	4873.78
	1.10










 





Table 4. Energetic evaluation of the two analyzed systems.






Table 4. Energetic evaluation of the two analyzed systems.












	
	Energy by

First Inverter (Wh/Day)
	Energy by

second Inverter (Wh/Day)
	Total

Energy

(Wh/Day)
	Switching Energy Losses

(Wh/Switching)





	Fixed system
	201.25
	210.01
	411.25
	-



	Team system
	500.05
	-
	500.05
	-










 





Table 5. Energy comparison between the two examined system.
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	Energy by

First Inverter (Wh/Day)
	Energy by

Second Inverter (Wh/Day)
	Total

Energy

(Wh/Day)
	Switching Energy Losses

(Wh/Switching)





	Fixed system
	272.00
	279.58
	551.58
	-



	Team system
	546.45
	82.36
	628.81
	2.10










 





Table 6. Increase in the amount of energy delivered to the grid (absolute value) and energy gain (expressed in percentage).
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	Sunny Day
	Cloudy Day
	Partly Sunny Day





	Increment of energy (Wh/day)
	14.47
	88.80
	77.23



	Energy gain
	0.3%
	21.6%
	14.0%
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