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Abstract

:

Due to the high spread of photovoltaic (PV) systems in the low voltage distribution grids there is a substantial number of requirements for the connection of these systems. Therefore, several tests should be performed before the integration of the PV systems into the grid. Moreover, new requirements have been established that are most likely to be implemented in the near future. To provide these tests and verify if PV systems are in accordance with requirements and recommendations, a testing setup for the PV systems was developed. This testing system consists of a controllable power source prepared to receive energy and to inject it into the grid. In fact, that system imposes a controllable voltage, in amplitude and frequency, to the PV system to simulate the perturbations of the grid. Since the system under test must inject energy in accordance with the standards’ specifications, then the controllable power source that emulates the grid must receive that energy. Moreover, it should also be prepared for PV systems that are able to provide ancillary services, including new ones that support imbalanced networks. A fast and robust control system will be used for this controllable power source. Several experimental tests from the developed prototype are presented.
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1. Introduction


The importance of producing sustainable electrical energy is nowadays recognized as fundamental due to environmental problems such as global warming and air pollution. The production of electrical energy from renewable energy sources is the path to achieve this desired goal. Among the several renewable energy sources, PV generators are now recognized as one of the most important and with high possibilities of great growth [1,2,3]. However, the integration of the PV generators into the distribution grids requires that their power condition system should take into consideration several issues, such as the ones related with grid injected harmonic currents, other power quality issues, islands and the capability to provide ancillary services [4,5,6]. There are several standards for PV interconnection, the most known being published by the Institute of Electrical and Electronics Engineers (IEEE) and International Electrotechnical Commission (IEC), although several National Standards should also be considered [7]. Under these circumstances PV generators should be subject to extended tests.



The importance of testing the PV generators leads to the development of several types of testing systems. One of these systems is the so-called PV emulator that allows substituting the PV arrays and testing the PV inverter in an easy way for different testing conditions (associated with solar irradiation and temperature). This kind of emulator behaves as a controlled source emulating the PV array characteristic. This controlled source allows emulating the I-V and PV characteristics of a specific PV array considering several ambient factors. There are two types of controlled voltage sources: the linear power amplifier [8,9,10,11,12,13,14] and the switch mode power converter [15,16,17,18,19,20]. One aspect that is critical in these emulators is the use of the PV model that can be more or less complex [21,22,23,24,25,26,27,28]. For example, one aspect that is not considered in many emulators is a model in which the nonlinear dynamic characteristics bias region, in both forward and reverse, is used [29]. Regarding the linear power amplifier, this presents a very high dynamic performance. However, its efficiency is low, being not indicated for medium- and high-power applications. On the other hand, the switch mode power converter presents several advantages, such as high efficiency, high power density and low cost, being indicated for medium- and high-power applications. Another aspect associated with the PV panels testing is regarding arc faults that are one of three major failures in PV systems. Thus, detectors for this kind of fault are required by, for example, the National Electric Code and Underwriters Laboratories standard 1699B. Thus, a testing system for this kind of fault was also proposed [30]. This system was developed specifically for PV systems since this kind of fault is different when compared with AC-system arc fault detectors.



Regarding the test for the PV grid-connected power condition systems, a grid emulator that will allow verifying if the standards and other requirements are met should be used. This grid emulator must be connected, preferably to the grid, in order to transfer the generated active power by the PV array. Several grid emulators have been developed [31,32,33,34]. However, these emulators have been specifically developed to study classical power systems (such as protection relays, industrial equipment and transformers), wind turbines and wave energy converters [35,36,37,38,39,40]. Several types of grid emulators were proposed in the past, namely, the linear power amplifier based, the transformer based and the switch mode power amplifier based. The first one presents a very high dynamic performance, but is very expensive and is characterized by a high volume and weight. The second type (transformer based) is very limitative since only can generate AC voltages with different amplitudes [41]. Regarding the switch mode power amplifier based, it is a very competitive solution since it is characterized by high efficiency, high power density and low cost. However, the opposite of what has been executed regarding the PV emulator, specially developed for PV grid-connected power condition systems, have not been reported. These systems have specific requirements that are not associated with other power system components. In fact, the emulator must be prepared for any kind of PV inverter, both from the point of view of its topology and its control [42,43,44,45,46,47,48,49,50,51]. Moreover, new ancillary services, such as the support to imbalanced networks is expectable in the future, and this has also been considered.



This work seeks to present a testing system specially designed for PV grid-connected power condition systems. The proposed testing system includes a four-wire voltage source inverter in the power conversion stage with the purpose of allowing ancillary services that support imbalanced networks. Additionally, a fast and robust current control system to ensure the desired dynamic response of the testing system is also proposed. In this way, it is ensured that the proposed system is useful to be used as a testing system in real applications. The control system consists of a voltage and current controller to regulate the output voltage of the power converter in the desired reference in a very fast way. A laboratory prototype was developed in this way to test real PV grid-connected power condition systems with support for ancillary services.



Regarding the structure of this paper, it consists of six sections, this one being the introduction. In the second section, the problems related to the connection of a PV system to the grid and the requirements that already exist to avoid that are mentioned. The third section presents the proposed testing systems and the power electronic converters. The control strategy for the power electronic converters used in the proposed testing system are presented in section four. The experimental results obtained with this experimental system are presented in section five. In section six, a discussion of this kind of testing systems is presented. Finally, the conclusions of the work and some perspectives are presented in section seven.




2. Requirements for PV Grid-Connected Power Conditions Systems


Connecting a PV system to the grid may affect the effectiveness of the power system, either in transient mode or on steady state mode. The safe and trusted grid connection of several PV systems remains a huge challenge in today’s modern grid developments and their connection most likely presents side effects that demand particular attention. Amongst others, the effects of connecting PV systems to the grid could include voltage problems, harmonic distortion problems, power factor, DC current injection or island operation [52,53,54]. To further reinforce grid stability and reliability, the European Network of Transmission System Operators for Electricity (ENTSO-E) has defined precise rules that are applicable to all types of grid-connected generators. Typically, grid-connected PV systems are only considered for standard operation under the three following conditions: (a) continuous operation, where they operate at nominal voltage and frequency levels (with some small tolerance); (b) constrained operation, where curtailment or DSO imposed power set points are considered; and (c) disconnection, where they should stop power injection.



There are a huge number of applicable grid codes, and usually those rules differ from country to country, which is a strong barrier regarding grid-connected PV system’s large deployment [55,56,57,58]. The system described in this paper presents the strong advantage of being fully parameterized, thus country-independent, and capable of being used for every grid code in every country.



One important aspect of the grid codes associated to the problem of grid blackouts is due to the fact that power generator systems starts to disconnect under a problem that appears in the grid. To avoid this problem, several grid-code regulations appear with the purpose to maintain renewable energy sources (such as the wind and PV generators) connected to the grid during a specific time when the voltage drops. This specification is usually known as low-voltage ride-through (LVRT). Several countries such as Germany, China and the US among others proposed standards associated with this. Some of the standards that can be referred are the IEEE 1547, GB/T 19964, Q/GDW 617, GB/T 29319 and VDE AR N4105. Another aspect is related to the voltage fluctuation. In this context, there are standards such as IEC 61727 and IEEE 1547 that do not impose a voltage level for PV systems. However, Korea KEPCO Technical Guidelines impose limitations either on the short or long term (less than 4% in 2 s fluctuations). When considering the power factor, the majority of the standards impose a minimum of 0.9. Additionally, as an example, IEC 61727 impose 50% of the PV system nominal power as minimum power to be injected into the grid. Power quality is highly affected by harmonic distortion caused by PV systems. IEC 61727 and IEEE 929 impose a maximum of current distortion for odd harmonics below the 9th order and a maximum of 5% for the total harmonic distortion. Most regulations and connection standards also demand that a PV system detects island situations and stop power injection in those circumstances. IEC 61727 and IEEE 1547 impose 2 s as stop time after island appears, and a maximum of 5 min to reconnect after normal grid conditions are established.



If proper measures are not considered, PV systems inverters could inject a current DC component into the grid, leading, for example, to distribution transformers overheating due to asymmetrical magnetization levels. IEC 61727 imposes a maximum of 1% of the rated output current while IEEE 1547 or IEEE 929 impose a maximum of 0.5%. Voltage imbalance limits are quite different from country to country. Nevertheless, the 2% limit is usually considered. Regarding power imbalance, the German “Power Generating Plants Connected to the Low-voltage Grid” Code of Practice (E VDE-AR-N 4105) [59] considers a maximum of 4.6 kVA of power imbalance between the three phases for a maximum installed power of single phase 10 kVA. Thus, to eliminate or attenuate this problem of imbalance, it has been considered and studied with the implementation of four-wire PV inverters [60]. In this case, it will be possible to inject an imbalanced active power by the PV systems in a way that will compensate the load grid imbalance.




3. Description of the Proposed Testing System


As described in the previous section, there are nowadays many standards that impose or recommend specifications for the PV systems connected to the grid. There are also new recommendations addressing new functions, such as the reactive power control and power factor regulation and the load balance through the injection of imbalanced active and reactive powers. To test PV systems in accordance with those specifications and studies, an adapted testing system was designed. A simplified block diagram of the overall system is presented in Figure 1. The overall system under test consists of PV panels, power condition system (that integrates the MPPT, and DC-AC converter), batteries (optional), testing system and grid. Associated with the testing system, there is a communication module, allowing for connecting the testing system to a computer in order to receive signals and program the required tests.



Regarding the testing system, a Back to Back system was adopted to allow bidirectional energy transfer. For the power converter connected to the grid, a three-leg three-phase voltage source inverter was adopted. However, for the power converter connected to the PV systems, a four-leg three-phase voltage source inverter that allows for testing the system in conditions such as transfer of the energy in an imbalanced way to provide ancillary services such as the support of the imbalanced networks was adopted. A LC low pass filter is connected to the output of this converter. Figure 2 shows the power circuit of the proposed testing system.



The proposed system will be able to test the PV generators even in conditions of imbalance or in a distortion mode; however, it will transfer the energy to the grid in a balanced mode and with a near-unity power factor.




4. Control Strategy for the PV System


As verified in the previous section, the PV testing system must be controlled taking into consideration two sides: the grid side, and the connection to the PV power condition system. Thus, the power converter associated to the grid side (rectifier part) will be controlled with the purpose of regulating the DC voltage bus. The power converter will transfer the energy from or to the grid depending on if the DC voltage is lower or higher than its reference value. On the other hand, the power converter associated to the PV system under test will be controlled in order to behave as a grid in which the parameters could be defined in accordance with the required tests. For the development of the control systems, the mathematical model of the correspondent power circuits is required. Thus, these models are obtained from the state-space equations that allow for describing the dynamic behavior of the testing system. Considering the power circuit of Figure 2, the correspondent displayed state variables and applying Kirchhoff’s voltage law, those equations are:


   [       v   R a           v   R b           v   R c         ]    =    [       v   S a           v   S b           v   S c         ]    −    R f     [       i   S a           i   S b           i   S c         ]    −    L f     d  d t    [       i   S a           i   S b           i   S c         ]   



(1)






   [       v   C a           v   C b           v   C c         ]    =    [       v a         v b         v c       ]    −    R  o f      [       i  f a          i  f b          i  f c        ]    −    L  o f      d  d t    [       i  f a          i  f b          i  f c        ]   



(2)






   d  d t    [       v   C o           v   C  f a            v   C  f b            v   C  f c          ]    =    [       1   C o       0   0   0     0     1   C f       0   0     0   0     1   C f       0     0   0   0     1   C f         ]     [       i  o 1          i  f a          i  f b          i  f c        ]    −    [       1   C o       0   0   0     0     1   C f       0   0     0   0     1   C f       0     0   0   0     1   C f         ]     [       i  o 2          i  P  V a           i  P  V b           i  P  V c         ]   



(3)







The pole voltages of each of the converters (   v   R  a , b , c       and    v  a , b , c    ) are functions of the switches’ state and the DC link voltage. These voltages are described by Equations (4) and (5), considering that the switches are represented by binary variables (γ for three-leg converter and δ for four-leg converter), where 1 is for upper switch ON and lower OFF and 0 is for the vice versa condition.


   [       v   R a           v   R b           v   R c         ]    =    [       γ a         γ b         γ c       ]     v   C o     



(4)






   [       v   C a           v   C b           v   C c         ]    =    [       δ a         δ b         δ c       ]     v   C o     



(5)







For the implementation of the control system, an approach is used that will be based on the αβο coordinates. To develop this control system, taking this into consideration, obtaining the system model in αβο coordinates is required. Hence, the equations of the system in these coordinates (αβο) are given by Equation (6), where Equation (7) is the Clarke-Concordia transform [61].


   {     v   R  α β     ,    i   S  α β       =    T  α β      v   R  a , b , c     ,    T  α β      i   S  a , b , c          v   C  α β o     ,    i   f  α β o       =    T  α β o      v   C  a , b , c     ,    T  α β o      i   f  a , b , c          



(6)






   T  α β o     =      2 3       [     1    −  1 2      −  1 2       0       3   2      −    3   2         1 2       1 2       1 2       ]   



(7)







The state-space representation of this system, considering αβο coordinates, will then be given by Equations (8) and (9):


   d  d t    [       i   S α           i   S β           i   f α           i   f β           v   C o         ]  =  [      −    R f     L f       0   0   0    −    γ α     L f         0    −    R f     L f       0   0    −    γ β     L f         0   0    −    R  o f      L  o f        0    −    δ α     L  o f          0   0   0    −    R  o f      L  o f         −    δ β     L  o f              γ α     C o           γ β     C o        −    δ α     C o        −    δ β     C o       0     ]   [       i   S α           i   S β           i   f α           i   f β           v   C o         ]    +  [       1   L  o f        0   0   0     0     1   L  o f        0   0     0   0     1   L  o f        0     0   0   0     1   L  o f          0   0   0   0     ]   [       v   S α           v   S β           v   C   f α             v   C   f β           ]   



(8)






   d  d t    [       v   C  f α            v   C  f β          ]    =    [       1   C  o f        0     0     1   C  o f          ]   [       i   f α           i   f β         ]    −  [       1   C  o f        0     0     1   C  o f          ]   [       i  P  V α           i  P  V β         ]   



(9)







In this system, the variables under control are the input currents of the three-leg converter (isa, isb and isc), the capacitor voltage of the DC bus (vCo) and the three-phase capacitor voltages associated to the four-leg converter (vCfa, vCfb, vCfc). However, the reference of the AC currents of the converter connected to the grid (three-leg inverter) will be defined by the controller associated to the DC bus. On the other hand, the controller associated to the PV systems (four-leg inverter) will be independent of the other system to ensure the desirable characteristics that are required for the applied voltage. With the purpose of obtaining a robust controller for the AC voltages and currents, controllers based on the variable structure control are adopted. However, for the activation of the switches of both converters, αβο vectorial modulators will be used (or αβο for the four-leg inverter). Hence, the control equations will be defined in the αβο plane (or αβο for the four-leg inverter). Taking into consideration the state space model of the converters in the controllability canonical form and the feedback errors, the control equations are defined by Equations (10) and (11) [62]:


   {     S   i  s α       =    k i     (   i   s α  r e f   −  i   s α     )       S   i  s β       =    k i     (   i   s β  r e f   −  i   s β     )       



(10)






   {     S   v  C o f α       =    (   v   C  o f α   r e f   −  v   C  o f α      )  +  k v   (    d  v   C  o f α   r e f     d t   −   d  v   C  o f α       d t    )       S   v  C o f β       =    (   v   C  o f β   r e f   −  v   C  o f β      )  +  k v   (    d  v   C  o f β   r e f     d t   −   d  v   C  o f β       d t    )       S   v  C o       =    (   v   C o  r e f   −  v   C o     )  +  k v   (    d  v   C o  r e f     d t   −   d  v   C o      d t    )       



(11)







From the last control Equation (11) is possible to see that the control is dependent on the derivate of the capacitor voltages. However, under the point of view of a real application, this can be a problem since normally there is noise associated with the acquired signals. Hence, through Kirchhoff’s current law, the derivate of the capacitor voltages could be replaced by the inductor and PV system currents, leading to a new control law as described by Equation (12).


   {     S   v  C o f α       =    (   v   C  o f α   r e f   −  v   C  o f α      )  +  k v   (    d  v   C α  r e f     d t   −    i   f α    −  i  P  V α       C f     )       S   v  C o f β       =    (   v   C  o f β   r e f   −  v   C  o f β      )  +  k v   (    d  v   C  o f β   r e f     d t   −    i   f β    −  i  P  V β       C f     )       S   v  C o       =    (   v   C o  r e f   −  v   C o     )    +  k v   (    d  v   C o  r e f     d t   −    γ α   i   S α    +  γ β   i   S α    −  δ α   i   f α    −  δ β   i   f β       C o     )       



(12)







By the analysis of the control law associated to the control of the DC voltage of the two inverters, a problem related with this nonlinear system is verified. This problem is associated with the sliding function that controls the DC voltage of the two inverters since include the nonlinear terms γα, γβ, δα and δβ. Thus, using a transformation from the referential αβ to the referential dq applying the transform given by Equation (13), a new sliding surface is obtained in accordance with Equation (14) [61].


   T  d q o     =    [      cos  ( θ )      sin  ( θ )     0      − sin  ( θ )      cos  ( θ )     0     0   0   1     ]   



(13)






   S   v  C o       =    (   v   C o  r e f   −  v   C o     )    +  k v   (    d  v   C o  r e f     d t   −    γ d   i   S d    +  γ q   i   S q    −  δ d   i   f d    −  δ q   i   f q       C o     )   



(14)







This can be solved considering: (a) the power balance equations are in steady-state, (b) that the converter connected to the grid only exchanges active power, and (c) that the mean value of the capacitor current in steady state is zero. In agreement with these three considerations, the following relationships are obtained:


   {     v  C o    i  o 1     ≈    v   S d     i   S d    +  v   S q     i   S q         v  C o    i  o 2     ≈    v   C  f d      i   f d    +  v   C  f q      i   f q         γ d   i   S d    +  γ q   i   S q      ≈    i  o 1        δ q   i   f d    +  δ q   i   f q      ≈    i  o 2        



(15)







Using the relationships given by Equation (15) and considering that in the Park rotating reference frame vSq = 0, a new sliding surface associated to the control of the DC voltage of the two inverters will be obtained, as expressed by Equation (16):


   S   v  C o       =    (   v   C o  r e f   −  v   C o     )  +  k v   (    d  v   C o  r e f     d t   −    v   S d     i   S d    −  v   C  f d      i   f d       v   C o     C o     )   



(16)







Taking into account that the sliding surface must be equal to zero, it will be possible to obtain the current d component that the three-leg inverter must ensure to balance the DC capacitor voltage. This current component will, in this way, be given by Equation (17):


   S   v  C o       =    (   v   C o  r e f   −  v   C o     )    +  k v   (    d  v   C o  r e f     d t   −    γ d   i   S d    +  γ q   i   S q    −  δ d   i   f d    −  δ q   i   f q       C o     )   



(17)







This current component will be used as a reference in the sliding surfaces given by Equation (11). However, since sliding surfaces are defined in the referential αβ, this component and the iSq that will be zero (to ensure that the power absorbed or injected into the grid is only the active) and will be converted to this referential through the inverse of the Clarke-Concordia transform.



To ensure that the variables under control follow the references, the sliding surfaces given by Equations (10) and (12) should be equal to zero. To ensure that those conditions are reached and after that maintained at the sliding surfaces, a reachability condition must be guaranteed. In this way, the conditions that will ensure the reachability condition will be given by Equations (18) and (19) [62]:


   S  i α    (   e   i  s   α     , t  )     S •    i α    (   e   i  s   α     , t  )    < 0  



(18)






   S  i β    (   e   i  s   β     , t  )     S •    i β    (   e   i  s   β     , t  )    < 0  



(19)







The conditions given by Equations (18) and (19) will be ensured through a vectorial modulator that will choose the state of the switches in order to apply the desired voltage. The AC voltages of the two inverters in αβ and αβο coordinates leads to a diagram in which for the three-leg converter there are eight voltage vectors and sixteen for the four-leg converter. Since the testing system should be prepared to test the PV system for imbalanced tests, for the four-leg converter, in addition to the vectors in the αβ plane, the third dimension given by the o component should also be considered. These vectors are presented in Figure 3.



Taking into consideration converter voltage vectors, it is possible to define conditions to ensure that the trajectory of the sliding surfaces will be in the direction to zero. Consider an example for the three-leg inverter. Assuming, for example, the condition is negative. It should choose a converter voltage vector with a positive α component. For the other component of the sliding surfaces (   S   i  s β      ), the same principle should be applied. For the four-leg inverter, the o component should also be considered, since in this inverter the neutral wire is also considered. The implementation of this strategy will be achieved using proper look-up tables. These look-up tables are function of the signal of the sliding surfaces. However, to limit the switching frequency of the power semiconductors between the look-up tables and the result of the sliding surfaces, hysteretic comparators will be used. Given eight and sixteen voltage vectors for the three-leg and four-leg inverters, respectively, hysteretic comparators with three levels are considered (at which their outputs will by dSiα, dSiβ, dSvα, dSvβ and dSvo that will assume −1, 0 or +1). Thus, the look-up table for the control system of the three-leg inverter will be given by Table 1, while the four-leg inverter will be given by Table 2. The control system for the three-leg inverter and for the four-leg inverter can be seen in Figure 4 and Figure 5, respectively.




5. Experimental Results


The developed testing system for PV generators (in which the inverters are considered) was tested with different systems. For the implementation of this testing system, IGBT’s CM100DY 24NF, low-pass filters with 10 mH and 10 μF and input inductors with 10 mH were used. Associated to these power electronic converters, a set of low-power components was considered. These components were designed taking into consideration several aspects, such as the galvanic isolation of the control system and the signal distortion between input and output of the electronic devices [63]. In addition to that, it allows connecting to a laptop with the purpose of choosing the test conditions that will be imposed to the PV system under test. This laptop has a program that generates the references for the control system of the power converter and where the user can define the test to be performed. A picture of this testing system is presented in Figure 6. A power quality analyser (Fluke 43B, Fluke Corporation, U.S.) was also used to obtain the values of several parameters, such as active, reactive and apparent power, THD and power factor, among others.



The first results that are presented were obtained from a test with a commercial solar inverter, namely, a Solis mini-1000. It is a single-phase inverter with a rated output power of 1000 W. Four solar panels (Solton SPI 60-250P, Solton Power Inc., Chino, CA, USA) were connected to this inverter. Since the PV inverter is single phase, only two of the terminals of the proposed testing system (L1 and N) were used.



The first test with this commercial solar inverter was performed in steady-state conditions in which the testing system simply applies a single-phase voltage with the nominal value of 230 VRMS. The voltage applied by the testing system and the current injected by the solar inverter into this testing system are presented in Figure 7. One aspect that is possible to see is that the injected current presents some distortion. Measuring the THD of this current a value of 12.6% was executed. Another aspect is that the current is not perfectly in phase with the voltage. This can be confirmed by the power factor of the system that is 0.79 and the displacement power factor of 0.81 (being the active, reactive and apparent powers of 107 W, 82 VAR and 135 VA, respectively). In this way, the inverter is not only injecting active power but also reactive power. However, when the injected power increases, the THD and reactive power reduces. In Figure 8, the voltage applied by the testing system and the current injected by the solar inverter into this testing system is presented again, but for a higher power (the injected power from the PV generator changed from 135 VA to 508 VA). The power factor and the displacement power factor increases to 0.99 (being the active, reactive and apparent powers of 503 W, 71 VAR and 508 VA, respectively). The THD also was reduced from 12.6% to 4.6%. This shows that the tested PV inverter presents a low-power quality when it operates at low-power conditions.



Other tests that were performed with this commercial system addressed voltage sags and MPPT operation. A voltage sag of 35% was applied by the testing system to the PV system, as presented in Figure 9a. The current injected from the PV system to the testing system is presented in Figure 9b. It is possible to see that the PV system is immune to this type of voltage sag. Moreover, the operation of the MPPT is confirmed, since the PV system maintains the value of the injected power (with the reduction in the voltage, the current increases). However, for voltage sags with higher percentage, the system will disconnect. In Figure 10, a test is presented in which the PV testing system started with a voltage with a nominal value and this value was reduced until the PV inverter disconnects. From this result, it is possible to confirm that for voltage sags higher than 50%, the inverter will disconnect from the grid.



Tests with a three-phase PV inverter with four legs were also performed. This system, presented in Figure 11, was developed in the context of a European Project. The purpose of this PV inverter was also to give support to low-voltage grids with imbalanced loads.



The first tests with this three-phase PV inverter were performed for grid-balanced conditions. In accordance with the performed tests, the three-phase power supplied from the PV inverter to the grid (testing system) is balanced. The three-phase voltages that the testing system imposes on the PV inverter are presented in Figure 12a. On the other hand, the three-phase currents of the PV inverter are shown in Figure 12b. From those obtained results, it is possible to see that the voltages imposed by the testing system and currents injected by the PV inverter are balanced. The THD of the currents is also low, with a value of 4.3%. Another important parameter is the power factor that presents a very high value of 0.99 (in this test, the PV inverter was set to only inject active power to the grid). This high power factor can also be confirmed by the result shown in Figure 12c, in which the voltage and current in phase L1 of the testing system are presented.



One of the ancillary services that has been considered important is the possibility of the PV inverter supplying reactive power in order to give support to grids suffering from voltage drop conditions [64]. The inverter under test was designated to provide this service, being the developed testing system used to test this capability. The obtained results in this test can be seen in Figure 13. The voltage and current in phase L1 of the testing system that are presented in Figure 13 show that the current is shifted from the voltage with an angle of around 45°. This confirms that the PV inverter is injecting active and reactive power.



A test in which the PV inverter provides ancillary services associated to low-voltage grids with imbalanced loads was also performed. In this case, the PV inverter operates in a way that injects imbalanced currents to the grid (testing system). In this way, the capability of the PV inverter to provide ancillary services to networks with imbalanced loads was tested. The results of this test are shown in Figure 14. From this figure, it is possible to see that although the voltages that the testing system applies are balanced, the injected currents from the PV inverter are imbalanced. This test was performed for a condition in which the PV inverter does not provide reactive power. This can be confirmed through Figure 14a, where it is possible to see the near-unity power factor operation. This inverter was tested again for the condition of injecting imbalanced currents, but in this case compensating also reactive loads. Figure 15 shows the waveforms of the three phase currents injected into the testing system and voltage and current of phase L1. Through their analysis, it is possible to confirm that the currents are imbalanced and that they are not in phase anymore. It is possible to confirm the active and reactive compensation of the imbalanced loads.




6. Discussion


Due to the importance of the PV generators in the actual context of the renewable energy sources, the criteria to interconnect them into the electrical grid increases constantly. Thus, these kind of generators should be tested before their integration into the grid. Those tests must be in accordance with the applicable grid codes that exist in different countries. In fact, those rules usually differ from country to country, which is a strong barrier regarding grid-connected PV systems’ large deployment. Nowadays, there are already testing systems for PV generators. However, they only allow for testing the generators for the existing applicable grid codes, and they are not adapted for new grid codes that can appear in the future or requirements from specific clients. This is the case of testing the PV inverters that allows giving support to the network under the perspective of the balance of low-voltage networks with neutral wire. For this kind of tests, there is the need for a testing system that supports a four-wire connection for the PV inverter. However, this is not the standard in the industry, since they typically only allow for a three-wire connection. Thus, this work proposes a solution that can be used in the future by the industry, based on classical converters such as the H-bridge inverters which allow for developing a low-cost testing system. This is an important aspect for a future industry application. In Table 3, several types of equipment can be seen that have already been developed for PV generators. As shown in that table, there are several different pieces of equipment that have been developed for this system. However, each of them is designed for a specific test, since there are different aspects that need to be tested. Nevertheless, one piece of test equipment that was not developed was for the test of the PV inverter, taking into consideration their capability to provide ancillary services requiring a neutral connection. Another important aspect is the control of the testing system. Many times, the controller presents a low dynamic, which could affect the test of the PV inverter under, for example, fast perturbations. This work also tried to focus on this. Finally, another aspect that is also important is that with the implementation of PV generators, new grid codes could appear in the near future. Thus, the testing system should be flexible enough to allow the implementation of tests taking into consideration these new grid codes. This is an aspect not considered in this work, since its purpose was more to have an approach under the perspective of the hardware of the testing system. Nevertheless, the software is also an important part that needs many resources.




7. Conclusions


In this work, the design of a testing setup for grid-connected PV systems was presented and described. This setup was developed taking into consideration the last requirements and recommendations for the integration of PV systems in distribution grids (micro and smart grids frameworks). In this context, the standards and recommendations for the referred integrations were presented and considered. In accordance with those specifications, a controllable power source prepared to receive energy, as well as to inject it into the grid, was developed for the testing system. The capability of injecting energy into the grid has the purpose of testing PV systems with storage devices. The power converters of the system allow for imposing a controllable voltage, in amplitude and frequency, to the PV system. In this way, it will be possible to simulate the perturbations of the grid. Two power converters were used, namely a four-leg voltage source inverter with an LC filter to connect to the PV system and a three-phase power factor corrector connected to the grid. To choose the test that will be imposed to the PV system, the setup is connected to a laptop. In this laptop, there is a program that generates the references for the control system of the power converter and in which the user defines the test to be performed. Several experimental tests were obtained, in which a commercial solar inverter and a PV generator developed in the context of a European project, were used. The results showed the characteristics and capabilities of the developed testing system. Due to those capabilities, it was possible to verify that the setup gives an easy and flexible way to test PV systems in accordance with the latest requirements and recommendations. One aspect not considered in the work is the software, since the purpose was more to have an approach under the perspective of the hardware of the testing system. However, the software is also an important part due to the fact that in the near future, new grid codes could appear. In this way, a perspective of further research is the development of the components’ software, especially taking into consideration the possibility of testing the PV generators under new grid codes that eventually could appear.
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Figure 1. Simplified block diagram of the overall system (single phase without *phases or three-phase with *phases). 
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Figure 2. Power circuit configuration of the proposed DC-DC converter for transformerless PV applications. 
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Figure 3. Voltage Vectors for the: (a) three-leg converter (b) four-leg converter. 
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Figure 4. Diagram of the current control scheme for the three-leg inverter. 
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Figure 5. Diagram of the current control scheme for the four-leg inverter. 
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Figure 6. Prototype of the implemented solar inverter testing system. 
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Figure 7. Voltage applied by the testing system and current injected by the solar inverter into the testing system when the injected power is 135 VA. 
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Figure 8. Voltage applied by the testing system and current injected by the solar inverter into the testing system when the injected power is 508 VA. 
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Figure 9. Test with a voltage sag: (a) output testing system voltage (b) current injected by the PV system. 
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Figure 10. Test with a continuous reduction in the output testing system voltage until the PV inverter disconnects. 
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Figure 11. Three-phase PV inverter with four legs developed in the ambit of a European Project. 
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Figure 12. Waveforms obtained from the test using the PV inverter with four legs for a balanced condition and without reactive compensation: (a) three-phase voltages imposed by the testing system, (b) three-phase currents injected by the PV system, (c) voltage and current in phase L1 of the testing system. 
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Figure 13. Waveforms of the voltage and current in phase L1 of the testing system obtained from the test using the PV inverter with four legs for a balanced condition and with reactive compensation. 
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Figure 14. Waveforms obtained from the test using the PV inverter with four legs for an imbalanced condition and without reactive compensation: (a) three-phase voltages imposed by the testing system, (b) three-phase currents injected by the PV system, (c) voltage and current in phase L1 of the testing system. 
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Figure 15. Waveforms obtained from the test using the PV inverter with four legs for an imbalanced condition and with reactive compensation: (a) three-phase currents injected by the PV system, (b) voltage and current in phase L1 of the testing system. 
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Table 1. Adopted Voltage Vectors Function of the Sliding Surfaces for Three-Leg Inverter.






Table 1. Adopted Voltage Vectors Function of the Sliding Surfaces for Three-Leg Inverter.





	dSvα
	dSvβ
	Vector





	−1
	−1
	5



	−1
	0
	4



	−1
	+1
	3



	0
	−1
	5, 6



	0
	0
	0, 7



	0
	+1
	2, 3



	+1
	−1
	6



	+1
	0
	1



	+1
	+1
	2
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Table 2. Adopted Voltage Vectors Function of the Sliding Surfaces for Four-Leg Inverter.






Table 2. Adopted Voltage Vectors Function of the Sliding Surfaces for Four-Leg Inverter.





	dSvα
	dSvβ
	dSvo
	Vector





	−1
	−1
	−1
	13



	−1
	−1
	0
	5, 13



	−1
	−1
	+1
	5



	−1
	0
	−1
	12



	−1
	0
	0
	4, 12



	−1
	0
	+1
	4



	−1
	1
	−1
	11



	−1
	1
	0
	3, 11



	−1
	1
	+1
	3



	0
	−1
	−1
	13, 14



	0
	−1
	0
	5, 6, 13, 14



	0
	−1
	+1
	5, 6



	0
	0
	−1
	8



	0
	0
	0
	0, 15



	0
	0
	+1
	7



	0
	1
	−1
	10, 11



	0
	1
	0
	2, 3, 10, 11



	0
	1
	+1
	2, 3



	1
	−1
	−1
	14



	1
	−1
	0
	6, 14



	1
	−1
	+1
	6



	1
	0
	−1
	9



	1
	0
	0
	1, 9



	1
	0
	+1
	1



	1
	1
	−1
	10



	1
	1
	0
	2, 10



	1
	1
	+1
	2
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Table 3. Comparison of the proposed PV generator testing system with other developed equipment.






Table 3. Comparison of the proposed PV generator testing system with other developed equipment.





	

	
Equipment

	
[8]

	
[9]

	
[30]

	
[33]

	
Proposed




	
Characteristic

	






	
PV emulator

	
Yes

	
Yes

	
No

	
No

	
No




	
MPPT

	
Yes

	
Yes

	
No

	
No

	
No




	
Arc fault detector

	
No

	
No

	
Yes

	
No

	
No




	
Test Inverter

	
No

	
No

	
No

	
Yes

	
Yes




	
Test typical ancillary services

	
No

	
No

	
No

	
Yes

	
Yes




	
Test ancillary services requiring a neutral

	
No

	
No

	
No

	
No

	
Yes
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