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Abstract

:

Voltage-type sources have dominated as an input source for power electronics converters for a long type. The existence of duality implies that there are also current-type sources. The growing application of renewable energy sources such as wind and solar energy has evidently shown that the current-type input sources exist in reality such as photovoltaic (PV) generator or the feedback technique used in controlling the power electronics converters in the renewable energy systems changes the power electronic converters to behaving as such. The recent research on renewable energy systems has indicated that the current-type input sources are very challenging input sources affecting the dynamics of the interfacing converters profoundly. This paper provides a comprehensive survey of the effects of the PV generator on the dynamic behavior of the corresponding interfacing power electronic converters.
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1. Introduction


Voltage-type sources such as a storage battery, AC grid, and an output-voltage regulated converter have dominated as input sources for power electronic converters leading to development of multitude power-stage topologies dedicated for the above named applications [1,2]. The awareness on the depletion of fossil fuel reserves and the observed climate changes have accelerated the utilization of renewable energy sources such as wind and solar energy [3,4]. The effective utilization of these energy sources requires the use of grid-connected power electronics converters [5,6]. According to the recent knowledge [7,8,9,10], the power electronics converters applied in the renewable energy systems are usually current-fed converters because of the current-source properties of the photovoltaic (PV) generator [11,12,13,14,15] or the input-side feedback control of the renewable-energy-source-interfacing converters changing them to be current sources at their output [6,10]. In addition, it is well known that the superconducting magnetic energy storage (SMES) system, where a very large inductor serves as the energy storing element, is a perfect current source as well [16,17]. Even if the properties of the PV generator are well known, it is usually still considered to be a voltage source, when analyzing the dynamics of the converters connected to it (e.g., [18,19]) or when designing the converter power stages [20]. The substitution is usually justified by means of Norton/Thevenin transformation (e.g., [21]). The dual nature of the PV generator (i.e., the constant-current region (CCR) at the voltage less than the maximum-power-point (MPP) voltage, and the constant-voltage region (CVR) at the voltages higher than the MPP voltage) [12] may imply that the PV generator can be considered as either current or voltage source as well.



In the future, the renewable energy systems have to be able to operate both in grid-feeding (also known as grid-following, grid-parallel) and grid-forming modes [22,23,24]. In grid-forming mode, the renewable energy system delivers into the grid the maximum available energy in the renewable energy source (i.e., MPP operation) [6] or the allowed maximum power (i.e., constant-power or power-curtailment operation) [25,26,27]. The input-terminal output variables serve as the outmost feedback-loop variables of the associated power electronic converters [6]. In this operation mode, the power electronic converters can operate at all the operating points of the PV generator, when the input voltage serves as the feedback variable [28]. If the input-terminal current serves as the feedback variable, then the operating point is limited to the CVR due to the violation of Kirchhoff’s current law in CCR [29,30]. Multitude algorithms exist for locating the MPP [31,32,33,34,35,36,37,38,39,40,41] of which the perturb-and-observe [38] and the incremental-conductance methods [39,40] are most popular. In practice, both of the methods utilize the same fact that the derivative of PV power in respect to PV voltage or current equals zero at any MPP [41]. In grid-forming mode, the grid-load demand determines the output power of the renewable energy system. The output-terminal variables form the outmost feedback-loop variables of the power electronic converters [23]. Hence, the input-terminal impedance will exhibit negative incremental resistance behavior at least at the frequencies where the output-variable loop gain is high [42], which will usually limit the operating point of the PV generator in the CVR or CCR for ensuring stable operation [43,44,45,46]. The stable region depends on the design of converter-switch-control scheme or the arrangement of the feedback-controller reference and feedback signals [44].



The PV generator is a highly nonlinear input source with two distinct source regions as discussed above. Its low-frequency dynamic output impedance (i.e., incremental resistance) behaves as is characteristic to the named sources as well. At the MPPs, the PV-generator dynamic (i.e.,     r  pv     ) and static (i.e.,     R  pv   =  V  pv   /  I  pv     ) resistances are equal [47]. The dynamic changes in the PV-generator-interfacing converter are caused by the operating-point-dependent dynamic resistance, which is very high in CCR, equal to static resistance at MPP, and rather small in CVR. The typical dynamic changes are the appearance of extra right-half-plane (RHP) zero in the output control dynamics, when the converter operates in CCR [9,48,49,50], change of damping in resonant circuit along the changes in the operating point [51], and the change of sign of the control-to-output transfer function, when the operating point travels through the MPP [48,52]. In some cases, the RHP zero can be removed by the design of the converter power stage as explained in [53], but usually the RHP zero will effectively limit the output-side feedback-loop control bandwidth to rather low frequencies [42].



The main goal of the paper is to summarize the knowledge on the PV-generator behavior and its effects on the dynamics of the associated interfacing converters in order that the readers can avoid the known problems in designing the interfacing converters and the related energy systems for PV applications.



The rest of the paper is organized as follows. An introduction to the properties of PV generator affecting the interfacing converters is presented in Section 2. An introduction to the implementation of the current-fed converters and their basic dynamic properties are presented briefly in Section 3. The PV-generator-induced effects on the interfacing-converter dynamics are introduced in Section 4. The PV-generator stability issues are discussed in Section 5. The conclusions are finally drawn in Section 6.




2. PV Generator Properties


The operation of solar cell is based on the phenomenon known as PV effect, where the photons with sufficient energy emitted by the Sun will create electron-hole pairs in a proper semiconductor material, and thus electric current will flow, when the circuit is closed [54,55]. The spectral content of the Sun light at the Earth’s surface contains also a diffused (indirect) component in addition with the direct component coming from the Sun. The diffused component is created by scattering and reflections in the atmosphere and surrounding landscape and can account up to 20% of the total light incident on solar cell [55]. The nominal value of the direct and diffused irradiations at the Earth’s surface is considered to be 1 kW/m2 but it is naturally varying depending on the atmospheric conditions and the angle of incident of the irradiation over the location of the cell (cf. Figure 1a). In certain conditions during a half-cloudy day, the maximum irradiance can exceed 1 kW/m2 due to the phenomenon known as cloud enhancement [56] (cf. Figure 1b). It is obvious that the cloud enhancement has to be taken into account, when designing the PV-interfacing-converter power stages as well [57].



In principle, a solar cell can be represented by an equivalent circuit composing of a current source in parallel with two diodes as depicted in Figure 2a [11,55]. The ideal current-voltage (I-V) characteristics of a cell can be given by:


    i  pv   =  i  ph   −  I  s 1   ( exp ( q  v  pv   / k  T K  ) − 1 ) −  I  s 2   ( exp ( q  v  pv   / 2 k  T K  ) − 1 )   



(1)




where    q = 1.60217646 ×   10   − 19     C    (i.e., the electron charge),    k = 1.3806503 ×   10   − 23     J / K    (i.e., the Boltzmann constant),     T K     denotes the temperature in Kelvin degrees, and     I  s 1      and     I  s 2      denote the saturation current of the diodes. The two-diode equivalent circuit is most often simplified to a single diode model (cf. Figure 2b), where the contributions of the two diodes are combined as follows [12,13,14,15,55]:


    i  pv   =  i  ph   −  I s  ( exp ( q  v  pv   / η k  T K  ) − 1 )   



(2)




where     I s     denotes the combined diode saturation current and   η   the diode ideality factor. The single-diode model yields accurate results, when the irradiance level is sufficiently high, but it loses its accuracy at lower irradiance levels such as during a cloudy day, when the irradiance is at most 20% of clear-sky conditions [59]. Many of the developed solar-cell models are claimed to be comprehensive as in [13,15] but the models do not include the solar-cell capacitance [60,61,62], which would be necessary for studying the effect of connection-cable-induced resonance on the interfacing converter or other similar adverse effects. Due to the existence of PN-diode structure in the solar cell, it is obvious that the cell capacitance is highest in the open-circuit condition, where all the photocurrent is flowing through the diodes. The PN-diode structure implies also that the open-circuit voltage is dependent on the cell temperature, and it will decrease along the increase in the cell temperature due to the negative temperature coefficient of PN diode [63].



Figure 3 shows the characteristic per-unit curves of a Raloss SR30-36 solar panel (Shanghai Raloss Energy Technology, Co., Ltd, Shanghai, China) illuminated by an artificial light source capable of producing irradiation of 500 W/m2 shown in Figure 4. The panel is specified more in detail in [28]. In Figure 3, the authentic PV current and voltage values are divided by their corresponding MPP values (0.91 A and 16 V), the dynamic and static resistance values are divided by the maximum value of dynamic resistance (   1   k Ω   ), and the dynamic capacitor values are dived by the corresponding maximum value of    22   μ F   .



The measurement of the PV-panel steady-state characteristics is performed by connecting a voltage-type electronic source at the output terminal of the PV panel for changing the operating point from the short-circuit condition to open-circuit condition. The frequency response of the PV panel output impedance is measured at every operating point by means of a frequency-response analyzer by injecting a proper excitation signal at the PV panel voltage. The dynamic resistance and capacitance values are extracted from the measured frequency responses based on Equation (3).



As discussed earlier, the operating points of PV generator is typically divided into two distinct regions (i.e., CCR and CVR), which are separated by the MPP voltage as depicted in Figure 3. In Ref. [64], two different power regions are added in vicinity of MPP, which are justified due to the behavior of the dynamic resistance within those regions. The region around the MPP is denoted as constant-power region (CPR) (cf. Figure 3) in Refs. [51,65,66], because the change in PV power is actually very small within CPR as shown in Figure 5. The same phenomenon is also utilized in tracking the MPP as presented for example in [36,37], which justifies well the existence of CPR. The existence of CPR affects only the MPP-tracking process in such a manner that the exact MPP is difficult to be located due to the finite resolution of the current and voltage measurements [51]. Therefore, the algorithm can locate the MPP at any of the operating points within the CPR [51].



Figure 6 shows the measured dynamic and static resistances of the Raloss SR30-36 PV panel and their behavior in CPR. As the bottom subfigure shows, the exact location of the MPP is defined by the equality     r  pv   =  R  pv      [47]. It is usually assumed that the incremental-conductance-based MPP tracking method is fast and accurate due to utilizing the named equality [39,40], but the same measurement accuracy problems as discussed above will also affect it (cf. Figure 6; the behavior of     R  pv     ) [41].



Figure 7 shows the measured dynamic resistance (    r  pv     ) and capacitance (    c  pv     ) values expressed as dB values. Both curves show (i.e., two different slopes) that the accurate solar-cell model comprises two different diodes, as the semiconductor theory predicts [55].



Figure 8 shows the measured output impedance of the Raloss SR30-36 PV panel, when the operating point is varied from short-circuit to open-circuit condition. The RC-circuit-like behavior governs the output-impedance behavior up to 10 kHz. At higher frequencies, the connection-cable inductance starts dominating the behavior. Therefore, the solar cell output impedance can be given by:


    Z  pv   =  r s  +    r d  | |  r p    1 + s ⋅  r d  | |  r p   c d    ≈  r s  +    r d    1 + s ⋅  r d   c d      



(3)




where     r s     and     r p     are as denoted in Figure 2b, and     r d     and     c d     denote the PN-diode dynamic resistance and capacitance, respectively. The low-frequency part of the output impedance is usually denoted by     r  pv     , which equals     r s  +  r d  | |  r p    . A practical PV generator composes of a number of series connected cells as a PV panel. The PV panels are usually further connected in series as a PV string, etc. Therefore, the final structure of the PV generator affects the value of     r  pv      as well. The dynamic resistance was commonly considered a negative incremental resistance (e.g., [64,66]), but Figure 8 shows definitively that     r  pv      is a positive resistance.



A PV panel is usually constructed by using three PV modules in series, and a shunt diode is connected across each module [67,68]. The goal of the shunt diodes is to protect the solar cells from overheating in the case of non-uniform irradiation over the surface of the panel [67]. As the solar cells are constant-current sources and their photocurrent corresponds directly to the level of irradiation [55], the non-uniform irradiation level will force the cell currents to be different as well. The highest module current will determine the overall panel output current. Due to the series connection of the modules, the shunt diodes of the modules will form a current path for the excess current for satisfying Kirchhoff’s current law within the panel interfaces. The conduction of the shunt diodes will create excess MPPs in the PV generator [69,70,71,72] (cf. Figure 9). At each MPP, the corresponding dynamic and static resistances are equal [47] (cf. Figure 9c). In vicinity of the MPPs, CCR exists at the voltages lower than the MPP voltage and CVR exists at the voltages higher than the MPP voltage as Figure 9a clearly shows (cf. the behavior of dynamic resistance in Figure 9c). The data shown in Figure 9 are produced by connecting two Raloss SR30-36 panels in series with a shunt diode across each of them and providing non-uniform illumination condition (i.e., Panel 1 = 500 W/m2 and Panel 2 = 150 W/m2). The measured I-V and P-V curves are shown in Figure 9a,b, and the behavior of the measured dynamic and static resistances is shown in Figure 9c, respectively. Figure 9b also clearly shows that the MPP lying at the highest voltage is not necessarily the global MPP.



It is well known that the dynamic resistance (    r  pv     ) will cause the changes observed in dynamics of the PV-generator-interfacing converter [9]. The most significant dynamic changes will take place, when the PV-generator operating point travels through any of the MPPs. The dynamic issues are discussed in detail in Section 4 and Section 5.




3. Implementing Current-Fed Converters


The existence of duality in circuit theory implies also the existence of current-fed converters, where the input source is a current source [73,74]. In power electronics, the terms “current sourced” and “current fed” have been used commonly to denote the voltage-fed converters, where an inductor is placed in the current path of the input terminal [75,76,77,78,79]. This situation may cause confusion, when real current-fed converters are regularly used in renewable-energy-interfacing systems.



A current-fed converter can be implemented in three different ways: (i) by utilizing capacitive switching cells [80,81], similar to inductive switching cells being utilized to implement voltage-fed converters [1,2,81]; (ii) by applying duality principles to transform a voltage-fed converter into the corresponding current-fed converter [17,53,78,82,83,84,85]; and (iii) by adding a capacitor at the input terminal of the voltage-fed converter [86,87,88] for satisfying the interfacing constraints stipulated by the current-type input source [89,90].



The duality transformation is, in principle, based on the duality transformation pairs depicted in Figure 10 by applying either the graph method described in [74] and demonstrated in [84] or a more convenient method introduced in [82,83] and demonstrated in [53,84]. The application of the graph method in [53] failed due to a certain structure in the voltage-fed superbuck converter but it succeeded easily with the method introduced in [82]. The voltage-fed superbuck converter is the same converter as analyzed in [76] (cf. Figure 11a).



The duality-transformation method introduced in [82] is such that a dot is placed inside every mesh in the circuit and one (ground) outside the circuit as depicted in Figure 11a. All the adjacent dots are connected together with the dual of the component or structure of the circuit branch over which the connection takes place as illustrated in Figure 11a (i.e., the dashed line). The outcome of the transformation is given explicitly in Figure 11b. It is essential to change also the conduction times of the switches according to the duality transformation pairs in Figure 10 (i.e., the last row).



The duality transformation will produce a converter, which has, in principle, the same steady- state and dynamic properties as the original converter has. The ideal input-to-output gain (M(D)) will be the same for both of the converters, but, in the case of voltage-fed converter, it represents the input-to-output voltage ratio, and, in the case of current-fed converter, the input-to-output current ratio.



In general, the equality in dynamic behavior between the voltage-fed converter and its current-fed dual is valid also in the case of the buck converters in Figure 12. It is well known that the basic voltage-fed buck converter (Figure 12a) does not contain control-related anomalies even if an LC-type input filter is connected at its input terminal [42]. The current-fed buck converter in Figure 11b does not contain such anomalies [91] (cf. Equation (4)), but the converter cannot be used as such in the PV-generator interfacing because of the existence of PV-generator capacitor (cf. [62]), and therefore, an LC-type input filter has to be connected at its input terminal (cf. Figure 13). The input filter will induce the appearance of two RHP zeros into the output control dynamics, which will effectively limit the control bandwidth of the converter [42]. The control-to-output transfer functions of the current-fed buck converter without and with the input filter are given in Equations (4) and (5), respectively. Equation (5) indicates that the converter with input filter contains two RHP zeros approximately at     I  in   /  C f   V  in      and     V  in   /  L f   I  in      (cf. Figure 12 for the variable and component definitions). The RHP zeros are the same as in the output control dynamics of the current-fed boost-power-stage converter reported in [50].





    G  co-o   =    I  in      s 2  L C + 1     



(4)






    G  co-o   LC   =    I  in     L C     (  s 2  − s   D  V o     I  in    L f    +  1   L f   C f    )    s 4  +  s 2  (  1  L C   +  1   L f   C f    +    D 2     L f  C   ) +  1  L  L f  C  C f        



(5)







The power stages of the voltage-fed converters can be used as current-fed converters by connecting a capacitor at their input terminal [10,48,64,86,87,88,89] for satisfying the interfacing constraints stipulated by the current-type input source [89,90]. This method is the most popular method. It changes the steady-state and dynamic properties of the current-fed converter to resemble the properties of the dual of the corresponding voltage-fed converter (i.e., a buck converter is the dual of boost converter and vice versa) (cf. [48,50]). If the original switch-control scheme is maintained the same as in the voltage-fed converter, then the duty ratio has to be decremented for increasing the output variables of the current-fed converter [64] or the gate-drive signals have to be inverted for increasing the output variables along the increase in duty ratio as well [87].




4. PV Generator Effect on Interfacing Converter


As discussed in [68], the PV generator can be configured as an array-based input source, a string-based input source, a panel, or submodule-based input source. The panel or submodule-based configurations are indented to reduce the energy losses due to mismatches in the irradiation conditions over the surface of the PV generator by providing MPP tracking in a more granular manner than in the PV array and string-based configurations [92]. Despite the configuration of the input source, the PV-generator effects on the dynamics of the interfacing converter are the same and dependent mainly on the feedback arrangements in the interfacing converter.



In general, the input-source effects on the converter dynamics can be computed based on Figure 14, where S denotes the input-source system, and C the converter system. The variables denoted by u are the input variables, and the variables denoted by y are the output variables. The variables denoted by v and i are the physical voltages and currents of the subsystems. The subscripts “in” and “out” denote the terminal, where the corresponding variables exist.



Based on the denotations in Figure 14, the mapping from the cascaded system input variables (i.e.,      u ^   in-S      and      u ^   out-C     ) to the cascaded system output variables (i.e.,      y ^   in-S      and      y ^   out-C     ) can be given by:


    [        y ^   in-S           y ^   out-C        ]  =  [         C  11     1 +  S  22    C  11            C  12     1 +  S  22    C  11            C  13     1 +  S  22    C  11              C  21     1 +  S  22    C  11         −   1 +  S  22    C  11 − xo     1 +  S  22    C  11      C  22         1 +  S  22    C  11 − ∞     1 +  S  22    C  11      C  23        ]   [        u ^   in-S           u ^   out-C           u ^  c       ]    



(6)




where     C  ij      denotes the transfer functions of the converter,     S  ij      denotes the transfer functions of the input source and the special parameters of the converter     C  11 - ∞      and     C  11 - xo      can be given by:


      C  11 − ∞   =  C  11 - o   −    C  21 - o    C  13 - o      C  23 - o          C  11 − xo   =  C  11   +    C  12    C  21      C  22         



(7)







The set of converter transfer functions in general form are given in Equation (8). The input source is assumed to be composed of an ideal voltage or current source with a corresponding ohmic loss element. Therefore, the transfer functions of the source system can be given as shown in Equation (9). The negative sign of the element (2,2) in Equations (8) and (9) is the consequence of the direction of the output current of the subcircuits (i.e., flowing out of the terminal).


    [        y ^   in-C           y ^   out-C        ]  =  [       C  11        C  12        C  13          C  21       −  C  22        C  23        ]   [        y ^   in-C           u ^   out-C           u ^  c       ]    



(8)






    [        y ^   in-S           y ^   out-S        ]  =  [     0   1     1    −  S  22        ]   [        u ^   in-S           u ^   out-S        ]    



(9)







Equation (6) shows that all the converter transfer functions (    C  ij     ) (cf. Equation (8)) are affected by the impedance-based sensitivity function      ( 1 +  S  22    C  11   )   − 1     , where the impedance ratio (    S  22    C  11     ) depends on the type of the input source (i.e., in the case of voltage source,     S  22      is an impedance, and, in the case of current source,     S  22      is an admittance). In practice, this means that the impedance ratios are an inverse of each other, which affects fundamentally e.g., the stability analysis of the source-coupled converter system (i.e., the stability can be assessed by means of the impedance ratio, which is known as minor-loop gain [52]). The general source-effect formulation in Equation (6) is utilized to obtaining the outcomes of the interaction analyses shown in the following subsections and in the stability analyses given in Section 5. More specific information on computing source effects and on the special parameters in [7] can be found from [28,29,30,42,50,52,53].



4.1. PV Energy System Structure and Operation Modes


The solar energy system can be a single or double-stage system in terms of power-electronic-converter arrangement in the system. In a single-stage system (cf. Figure 15), the grid-connected inverter is directly connected to the PV-generator terminals. In a double-stage or cascaded system, the grid-connected inverter is connected into the PV generator through a DC-DC-converter stage. Usually the solar energy system is working in grid-feeding mode (cf. Figure 15a) delivering either maximum available power (i.e., MPP operation) in the PV generator [26] or a part of it (i.e., constant-power or power-curtailment operation) [25,27] into the grid. In this operation mode, all the outmost feedback loops are taken form the input-terminal voltage of the associated converters as depicted in Figure 15a. In this mode of operation, the PV-generator-interfacing DC-DC stage can be operated in open-loop mode as well [51]. In microgrids or in the case of islanding mode of operation, the solar energy system is required to operate also in grid-forming mode (cf. Figure 15b) to producing the grid voltage as well as its frequency [22,23,24]. In this mode, all the outmost feedback loops have to be taken from the output terminals of the associated converters as depicted in Figure 15b. Due to the feedback from the output-terminal variables, the system will be prone to instability due to the non-linear nature of the PV generator and the high-gain output-terminal feedback loops of the associated converters (i.e., negative incremental resistance of the input impedance) [43,44,45,46,86]. The stability issues related to the feedback control of the output-terminal variables are discussed more in detail in Section 5.




4.2. Dynamic Effects


As discussed in Section 2, the PV generator can be represented by a parallel connection of a constant-current source (    i  ph     ) and an admittance (    Y  pv     ), where     i  ph      denotes the total photocurrent of the PV generator and     Y  pv      its output admittance (cf. Equation (3)). The diode dynamic resistance (    r d    ) is usually much higher than the series resistance (    r s    ) (cf. Figure 2b), and, therefore,     Y  pv   ≈ 1 /  r  pv   + s  c  pv     . As Figure 8 indicates, the resistance dominates in     Z  pv      (    Y  pv   − 1     ) up to some kHz, and therefore, it may be obvious that the dynamic resistance (    r  pv     ) will be responsible for the observed changes in the interfacing-converter dynamics [9,10,28,50]. The input capacitor or LC input filter is, in practice, an essential part in the PV-interfacing converter either for satisfying the theoretical terminal constrains stipulated by the current source (i.e., input capacitor) [90] or for preventing the output capacitance of the PV generator to damage the associated switches (i.e., LC input filter, cf. Figure 13) [62]. Therefore, it may be obvious based on the behavior of     r  pv      (cf. Figure 3) that     r  pv      effectively controls the role of the input-capacitor voltage as a state variable in the converter dynamics (cf. Figure 16 and Figure 17):     r  pv      is small in CVR and, thus, it effectively dominates the behavior of the parallel impedance (i.e., the order of system is effectively reduced by one).     r  pv      is large in CCR, and thus the input capacitor in itself dominates the parallel impedance, and the input-capacitor voltage is fully a state variable.



The typical effects of the PV generator on the interfacing-converter open-loop dynamics are the modifying of the resonance damping behavior [51] along the changes in the PV-generator operating point (cf. Figure 16) as well as creating an RHP zero in the control-to-output transfer function, when the converter operates in CCR (cf. Figure 17) [10,28,48,49,52,85,87]. The RHP zero can be approximately given by     I  in   /  C  in    V  in      (cf. Equation (5)). The open-loop input-control dynamics does not usually contain RHP zeros (cf. [48,50,52,53]). If the converter operates in open loop or the feedback loops are taken from the input voltage then the RHP zero does not have effect on the interfacing-converter behavior. Figure 17 shows also that the phase of the control-to-output transfer function will change by 180 degrees, when the operating point travels through the MPP. In practice, this implies that the output-terminal-feedback-controlled converter will become unstable, when the operating point travels through the MPPs.



The grid-connected inverters are most often designed with cascaded control loops in such a manner that the inverter-output-current feedback loop forms the inner loop and the DC-link-voltage feedback loop forms the outer loop, respectively [6,10]. The open-loop output-control dynamics of the inverter contain an RHP zero, when the inverter operates in CCR [10]. The closed output-current-feedback loop transforms the RHP zero into an RHP pole in the control-to-input-voltage transfer function (i.e., the inverter is unstable in open loop) [10,93,94]. For ensuring stable inverter operation, the control bandwidth of the input-voltage-feedback loop has to be sufficiently higher than the frequency of the RHP pole [10,42]. In practice, the crossover frequency of the dc-link feedback loop has to be sufficiently less than twice the grid frequency in order to avoid to injecting corresponding harmonic current into the grid. Therefore, the stability requires to using a dc-link capacitor with sufficient capacitance as discussed explicitly in [10].



The associated pole can be approximated, in general, according to Equation (10), where     C  in      denotes the input terminal capacitor of the inverter,     I  in      and     V  in      denote the input current and voltage of the inverter, and     Y  s-LF      the low-frequency output admittance of the input source of the inverter [10,93,94,95,96].


    ω  z / p  s  =  1   C  in     (    I  in      V  in     −  Y  s-LF   )   



(10)







In single-stage systems, where the inverter is connected directly to the PV-generator terminal, the pole (zero) in Equation (10) can be given by:


    ω  z / p   pv   =  1   C  in     (    I  pv      V  pv     −  1   r  pv     ) =  1   C  in     (  1   R  pv     −  1   r  pv     )   



(11)







According to the behavior of     R  pv      and     r  pv      (cf. Figure 3), the pole in (11) lies in RHP in CCR, and it can be given by    1 /  C  in    R  pv      (i.e.,     r  pv   > >  R  pv     ) . When the operating point moves into CVR, the pole moves into the left-half plane (LHP) of complex plane, and it can be given by    1 /  C  in    r  pv     (i.e.,     r  pv   < <  R  pv     ) (Note: The negative sign of (11) in CVR indicates LHP pole (zero)).



In cascaded systems, the inverter is connected via the DC-DC stage into the terminals of the PV generator. Therefore,     I  in      and     V  in      denote the dc-link current (    I  dc     ) and voltage (    V  dc     ), and     Y  s-LF      denotes the low-frequency output impedance of the DC-DC converter stage. As stated earlier, the DC-DC stage can be operated either in open or closed-loop mode [51,65]. In open-loop mode, the PV-generator-affected open-loop output admittance (    Y  s-LF   pv     ) can be approximated [95] by    M   ( D )  2  /  r  pv     , when     r  pv      is usually much higher than the ohmic losses in the interfacing DC-DC stage. In addition, the dc-link voltage and current ratio (i.e., dc-link static resistance) can be given as the function of the PV-generator static resistance by     R  pv   / M   ( D )  2     [94]. Consequently, Equation (10) can be given by Equation (12) from which the RHP pole can be computed to be    M   ( D )  2  /  C  in    R  pv      (i.e.,     r  pv   > >  R  pv     ) and the LHP pole to be    M   ( D )  2  /  C  in    r  pv      (i.e.,     r  pv   < <  R  pv     ), respectively.


    ω  z / p   pv   =   M   ( D )  2     C  in     (  1   R  pv     −  1   r  pv     )   



(12)




where    M ( D )    denotes the ideal input-to-output gain of the DC-DC stage.



In closed-loop mode,     Y  s-LF   pv   ≈  I  dc   /  V  dc      [50,95] and therefore, the pole in Equation (10) will locate at origin. In practice, the losses in the associated converters may affect the pole in such a manner that it will locate in vicinity of the origin either in RHP or LHP. In practice, the inverter will be stable independent of the size of the input capacitor, because the control bandwidth of the dc-link voltage-feedback loop has to be always high enough for the proper operation of the inverter [10]. According to Equations (11) and (12), we can concluded that the pole approaches the origin, when the PV-generator operating point approaches the MPP (i.e.,     r  pv   =  R  pv      [47]), and therefore, the highest dc-link-voltage control bandwidth is required for the stable operation in the voltages below the MPP voltage (cf. [10]). In addition, the maximum input-capacitor (i.e., dc-link capacitor) size is required, when the inverter is connected directly to the PV-generator terminals [10].



It has been observed that the buck-power-stage converter under peak-current-mode (PCM) control can become unstable as well, when used as a PV-generator interfacing converter under input-voltage-feedback control [97,98]. The reason for the instability is the same as discussed above in the case of the cascaded-controlled inverter: The output-side control dynamics of the buck-power-stage converter contains an RHP zero [48]. The inductor-current feedback loop contains the same RHP zero, which becomes an RHP pole in the input-side control dynamics. The converter can be stabilized by designing the input-voltage control bandwidth to be sufficiently higher than the frequency of the RHP pole. Commonly, the input capacitor of the converter is quite large and therefore, the RHP pole locates at low frequencies and therefore, the input-voltage-loop control bandwidth satisfies the stability requirements easily as such. The existence of the RHP pole in [98] is cancelled by compensating heavily the inductor-current feedback, which effectively removes the effect of PCM control in the converter.





5. Stability Issues


As discussed in Section 4, the renewable energy systems have to be able to operate both in grid-feeding and grid-forming modes [23,24,99]. In grid-feeding mode [23], the system is stable at all the operating points of the PV generator, if the associated converters are properly designed as shown in Figure 18. Figure 19 shows the behavior of the PV-generator voltage and current as well as the output current of the input-current-controlled buck-type interfacing converter. The figure shows explicitly that the input-current-controlled interfacing converter can operate in a stable manner only in the CVR of the PV generator. As stated earlier, the reason for the phenomenon is the violation of Kirchhoff’s current law, when the converter enters into the CCR of the PV generator.



5.1. Grid-Forming-Mode Operation


In grid-forming mode, the output-side feedback loops will cause the input impedance of the converters to contain negative-incremental-resistance behavior in the frequency range, where the magnitude of the feedback loops is high [42] (cf. Figure 20 and Figure 21). In addition, the load demand of the energy system will determine at which operating point the associated converters are working. If the load power equals or exceed the maximum available power in the PV generator then the system will be unstable, and the PV voltage will collapse [43]. The change of phase of the control-to-output transfer function in Figure 17 by 180 degrees, when the operating point travels through the MPP, implies the instability to take place as well.



It is well known that the environmental conditions over the surface of PV generator such as cloud passing will cause non-uniform irradiation condition on the surface of the PV generator, and thus fluctuations in the available power supplying capacity of the PV generator (cf. Figure 1). Refs. [100,101,102,103] provide a comprehensive analysis of the associated phenomena (i.e., the time scale of the irradiation changes, etc.) and the effect of the mitigation techniques to reduce the fluctuations by reconfiguring the PV array, etc. In addition to the power fluctuations, the non-uniform irradiation condition will usually cause multiple MPPs to appear in the PV generator (cf. Figure 9) [69,70,71,72]. The fluctuation of the available power supplying capacity of the PV generator and the appearance of multiple MPPs are detrimental, especially, in the grid-feeding mode of operation due to the grid-originated load-power demand as discussed above.



Therefore, it is obvious that the PV energy systems cannot operate reliably without the utilization of stored energy [104,105]. Although different alternatives exist for mitigating the detrimental effects of the power fluctuations [106], the most practical method is the utilization of battery-energy-storage-based devices [107,108,109,110]. As discussed above, the grid-feeding-mode systems are prone to instability [43,44,45,86] and the energy-storage devices can be used to keep the system stable in the case of detrimental power fluctuations. The stability studies on the topic (e.g., [110,111,112]) have been concentrating only on the grid-feeding mode of operation, and, therefore, there are no studies published related to the grid-forming mode according to the authors’ knowledge.



The foundation for the cascaded-system interconnection analyses, which are based on certain impedance ratios, has been laid down in [113,114] applying Nyquist stability criterion [115,116]. The analysis methods are developed further in many publications (e.g., [28,42,117,118,119,120,121,122,123,124,125,126,127]). The further developments are mainly concentrated on enlarging of the allowed area in complex plane, where the impedance ratio is allowed to lie without causing instability [117,118,122], on making the special parameters governing the interactions in the converters to be explicitly solvable [119,122], and on extending the methods into the grid-connected three-phase converters as well [123,124,125,126,127]. The interactions are caused by the source and load impedances through the different impedance ratios in the associated converters [122].



The gate-control scheme of the interfacing converter determines in which operational region the converter will be working in a stable manner. If the switch control scheme is the same as in the corresponding voltage-fed converter then the stable operation region is CVR. If the switch control scheme is designed for operation as a current-fed converter then the stable operation region is CCR, respectively. The stable operational regions can be changed by configuring the control system in such a manner that the feedback-variable and reference signals are interchanged in respect to their normal arrangement [44,45]. The reason for the determining role of the switch-control scheme is its effect on the behavior of the converter output variables, when the duty ratio is increased: The natural behavior is such that the increase in the duty ratio will also increase the output variables. In voltage and current-fed converters, the input and output variables are interchanged. Therefore, the voltage-fed-converter duty ratio has to be changed to its complement in the current-fed converter for the voltage-fed power stage to operate properly under current-type input source and vice versa. The boost-power-stage converter reported in [50] (cf. Figure 22) is utilized to produce the experimental behavior of the interfacing converter during the instability in Section 5.2 and Section 5.3 under output-voltage feedback control. In Section 5.2, the switch-control scheme of the converter corresponds to the switch-control scheme used typically in voltage-domain applications (i.e., voltage-fed power stage) [42]. In Section 5.3, the switch-control scheme is inverted (i.e., current-fed power stage).




5.2. Grid-Forming-Mode Operation: Voltage-Fed Converter


Figure 23 shows the Nyquist plot of the impedance ratio composing of the PV-generator output impedance and the closed-loop input impedance of the voltage-fed power-stage converter under output-voltage-feedback control, when the operating point approaches the MPP (16 V) in CVR. At MPP, the Nyquist plot will travel through the critical point (−1, 0), and instability takes place as shown in Figure 23. As a consequence of the instability, the PV voltage collapses to zero (cf. Figure 24) (i.e., the low-side MOSFET stays permanently on (cf. Figure 22)). Even if the load current of the converter is set to zero (cf. Figure 24, at time     t 2    ), the converter does not recover from the instability. The reason for this behavior is the switch-control scheme, which forces the operating point to lie permanently in CCR as discussed in Section 5.1.



It may be obvious that the stable operational region of the output-voltage-feedback-controlled voltage-fed power-stage converter will be always in CVR starting from the open-circuit condition to the highest MPP voltage. In the case of multiple MPPs (cf. Figure 9), the highest-voltage MPP may not be the operating point, at which the highest power lies at all. This may complicate the situation further from the stability point of view. Moving the operating point to the absolute maximum power point or global MPP may not be possible without energy-storage assisted measures. The tracking of the maximum available power in the PV generator is not possible either due to the possibility of instability. The similar behavior will take place also in the PCM-controlled boost converter as reported in [46] due to the negative incremental input resistance of the converter [42].




5.3. Grid-Forming-Mode Operation: Current-Fed Converter


Figure 25 shows the Nyquist plot of the impedance ratio composing of the closed-loop input impedance of the current-fed power-stage converter under output-voltage-feedback control and the PV-generator output impedance, when the operating point approaches the MPP (16 V) in CCR. At MPP, the Nyquist plot will travel through the critical point (−1, 0), and instability takes place as shown in Figure 26. As a consequence of the instability, the low-side MOSFET of the converter (cf. Figure 22) stays permanently open and, therefore, the PV generator supplies the load current of the interfacing converter through the high-side diode (cf. Figure 22 and Figure 26). When the load current is reduced at time     t 3     (cf. Figure 26), the converter recovers its normal operation (cf. Figure 26, the behavior of     v  out     ). The reason for this behavior is that the switch-control scheme is appropriate for the proper operation in CCR. It may obvious that the excess load power demand will drive the system to instability without the additional energy storage in any case.





6. Discussions


The experimental information given in this paper is extracted by using rather low-power PV panel at one or two irradiation levels (i.e., 500 W/m2 or 150 W/m2). The phenomena in themselves do not change when the power level of the PV system is changed or the irradiation level is varying, because the phenomena are explicitly shown to follow the theory behind them. This holds equally for the dynamic changes in the PV interfacing converters as well as the stability of the PV-generator-converter interface. This paper also states explicitly that the PV-generator-converter interface is stable, when the interfacing converter operates in open loop or under properly designed input-voltage feedback control but under input-current feedback control, the operational region is limited to CVR. This is the consequence of violation of Kirchhoff’s current law, when the operating point enters into CCR. The output-terminal-side feedback control will become always unstable, when the operating point travels through any of the MPPs.




7. Conclusions


The dual nature of the PV generator, its fast response to the environmental conditions, and the behavior of its output impedance make the PV generator a very complicated and challenging input source for the power-electronics-based converters, and especially for the designers of the converters. The dual nature is too often interpreted as a justification for selecting arbitrary either ideal voltage or current source as the basis for analyzing the interfacing-converter dynamics. In principle, the PV-generator can be assumed to be either voltage or current source, but the analysis is basically valid only in the corresponding PV-generator region (i.e., CVR or CCR). In addition, the proper impedance ratio depends on the region, where the operation takes place. Therefore, the stability analysis is only valid, if the impedance ratio corresponds correctly to the operational region.



The control design of three-phase grid-connected VSI-type inverters (i.e., voltage-sourced inverter) is an excellent example of the complexity and challenge, which the PV generator as an input source will cause: The output control dynamics contain a low-frequency RHP zero, when the inverter operates in CCR. Therefore, the control bandwidth of the inner output-current feedback loop should be designed to be lower than the frequency of the RHP zero for stability to exist. Such a low bandwidth does not suffice, however, for the practical applications. This problem is avoided by assuming that the inverter operates in CVR, where the RHP zero does not exist, and the control bandwidth can be designed as high as practically needed. As a consequence of this, the output-current-feedback-controlled converter will be unstable in CCR, but it can be stabilized by designing correctly the input-voltage-feedback loop. It may be obvious that the designer shall be able to analyze fully the effect of the PV generator on the inverter dynamics before the described procedure can be performed in a controlled manner.



In this paper, we have presented the prior knowledge on the problems associated to the PV generator as an input source for the power electronic converters. As this paper clearly points out, the operational mode of the PV-energy system and the associated converters dictate what the practical problems really are. In grid-feeding mode of operation, the main problems are the appearance of RHP zero in the output-control control dynamics and the varying of damping behavior of the internal resonances of the interfacing converter. In grid-forming mode, the main problems are the RHP zero and the limitation of the applicable operating points in either CVR or CCR of the PV generator due to the output-terminal-feedback control. In this mode of operation, it may be obvious that the energy system does not work well without application of energy storage.
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Figure 1. Irradiation variations: (a) during the clear-sky conditions; and (b) cloud-passing conditions (see Ref. [58]). 
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Figure 2. Equivalent circuits of a solar cell: (a) ideal two-diode model; and (b) practical single-diode model. 






Figure 2. Equivalent circuits of a solar cell: (a) ideal two-diode model; and (b) practical single-diode model.



[image: Energies 10 01076 g002]







[image: Energies 10 01076 g003 550] 





Figure 3. The characteristic per-unit curves of Raloss SR-30-36 PV panel at the irradiation of 500 W/m2. 
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Figure 4. The artificial lamp unit with Raloss SR30-36 PV panel. 
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Figure 5. Authentic P-V curve of Raloss SR30-36 PV panel (top); and the extended view of the CPR (bottom) (Note: MPP equals 16 V). 
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Figure 6. Authentic behavior of dynamic and static resistances of Raloss SR30-36 PV panel (top); and their extended view (bottom). 






Figure 6. Authentic behavior of dynamic and static resistances of Raloss SR30-36 PV panel (top); and their extended view (bottom).



[image: Energies 10 01076 g006]







[image: Energies 10 01076 g007 550] 





Figure 7. Measured dynamic resistance and capacitance values of Raloss SR30-36 PV panel as dB values. 
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Figure 8. Measure output impedance of Raloss SR30-36 PV panel at the operating points from short-circuit to open-circuit condition. 
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Figure 9. I-V (a); P-V (b); and rpv/Rpv-V (c) curves of the series-connected Raloss SR30-36 PV panels with shunt diodes subjected to non-uniform irradiation ((a,b) solid lines: series connection; dashed line: individual panels; (c) solid line: rpv; dashed line: Rpv; circle: MPPs). 
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Figure 10. Duality transformation pairs. 
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Figure 11. Application of duality transformation to (a) voltage-fed superbuck converter (solid line) to implement; and (b) the corresponding current-fed superbuck converter. 
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Figure 12. Buck converter as: (a) voltage-fed converter; and (b) current-fed converter. 






Figure 12. Buck converter as: (a) voltage-fed converter; and (b) current-fed converter.



[image: Energies 10 01076 g012]







[image: Energies 10 01076 g013 550] 





Figure 13. Current-fed buck converter with an input CL filter. 
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Figure 14. Cascaded source (S)-converter (C) system. 
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Figure 15. Operation modes of single-stage grid-connected PV energy system: (a) grid-feeding/supporting mode; and (b) grid-forming mode. 
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Figure 16. Effect of a step change in the duty ratio of an open-loop operated DC-DC converter on PV-generator voltage (dashed line), current (dash-dotted line), and power (solid line) as per-unit curves, when the PV-generator operating point lies in CCR, CPR, and CVR. 
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Figure 17. Measured control-to-output transfer functions (    G  co-o     ) of a boost-power-stage converter operating in CC and CV regions of Raloss SR30-36 PV panel. 
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Figure 18. Behavior of PV-generator voltage (    v  pv     ) and current (    i  pv     ) as well as input-voltage-controlled interfacing-converter output current (    i o    ), when the operating point of Raloss SR30-36 PV panel is swept from 5 V to 18 V and back. 
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Figure 19. Behavior of PV-generator voltage (    v  pv     ) and current (    i  pv     ) as well as input-current-controlled interfacing-converter output current (    i o    ), when the operating point of Raloss SR30-36 PV panel is swept from 18 V to 5 V and back. 
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Figure 20. Measured closed-loop input impedance of an output-voltage-feedback-controlled boost converter. 
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Figure 21. Measured output-voltage loop gain of the boost converter in Figure 19. 
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Figure 22. Boost-power-stage converter under output-voltage feedback control. 
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Figure 23. Nyquist plot of     Z  pv   /  Z  in-c     , where     Z  pv      denotes the PV-generator output impedance and     Z  in-c      denotes the closed-loop input impedance of the voltage-fed boost converter, when the operating point approaches the MPP (16 V) in CVR. 
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Figure 24. Behavior of boost-converter output voltage (    v  out     ) and current (    i  out     ) as well as PV-generator voltage (    v  pv     ), when the operating point reaches the MPP due to a step change in the output current of the boost converter (i.e., at time     t 1    ). 
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Figure 25. Nyquist plot of     Z  in-c   /  Z  pv     , where     Z  pv      denotes the PV-generator output impedance and     Z  in-c      denotes the closed-loop input impedance of the current-fed boost converter, when the operating point approaches the MPP (16 V) in CCR. 
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Figure 26. Behavior of boost-converter output voltage (    v  out     ) and current (    i  out     ) as well as PV-generator voltage (    v  pv     ), when the operating point reaches the MPP due to a step change in the output current of the boost converter (i.e., at time     t 1    ). 
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