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Abstract

:

Solar PV inverters require output filters to reduce unwanted harmonics in their output, where LCL filters are a more economical choice than larger inductance-only filters. A drawback of these filters is that they can introduce power quality disturbances, especially at higher frequencies (above 2 kHz). This paper investigates and characterises the resonance phenomenon introduced by different filter types, i.e., LC or LCL, and identifies their behavioural change when combined with multiple parallel grid-tied PV inverter systems. MATLAB/Simulink modelling aspects of PV inverter systems related to resonance phenomenon are presented, including establishing resonance at a specific frequency where potentially large variations in the parameter selection across manufacturers may exist. In addition, a method is developed to establish output filter frequency response through measurements, which is used to develop validated solar PV harmonic models for high-frequency analysis. The low-frequency harmonic models can be used up to the resonant frequency where the current flowing through the filter capacitor is insignificant compared to the current flowing into the electricity network.
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1. Introduction


Solar PV generation has become one of the most promising renewable energy sources to be deployed, where its capacity additions range from industrial MW-scale down to household kW-scale installations [1]. Solar PV inverters require output passive filters, i.e.,   L C   or   L C L   configurations, to suppress the magnitude of harmonic emissions injected into the electricity supply network [2]. However, power quality disturbances may increase with these filters due to the introduction of resonance phenomena at a specific frequency. The analysis of the resonance phenomenon associated with solar PV inverters is not a new topic, and methods to suppress the impact of resonance have been studied extensively [3,4,5].   L C L   filters are generally a more economical choice for inverter manufacturers in terms of performance, with the design of   L C L   filters already investigated in [6,7,8]. Filter resonance damping can be achieved by adding a resistor to the filter network, which leads to additional power loss in the filter.



With the advancements in power electronics, PV inverters use switching frequencies in the 2–20 kHz range, which reduces harmonic emissions in the lower-frequency range (<2 kHz). However, it has increased high-frequency emissions, also referred to as ‘supraharmonics’ [9]. The shifting of resonance phenomenon above 2 kHz can introduce system disturbances at higher frequencies, which may be critical for network operators.



There are several control techniques have been developed to increase the system stability and control performance, and suppress the grid current harmonics. Investigation of six passive damping solutions based on the location of the resistor is provided in [10]. In [11], a full feed-forward harmonic suppression scheme is presented by adding a virtual admittance to the system through modifications in the inverter control loop, which cancels out the output equivalent admittance. A capacitive current feedback active damping strategy is presented in [12] that can be utilised in weak grid conditions. In addition, different   L C L   filter parameter calculations were presented in [13,14]. However, all those techniques have been considered for a single-inverter operation only. The understanding of resonance characteristics for a multiple inverter system based on both individual inverter terminal currents and the summated current has not been widely investigated.



The modelling of solar PV inverters for high-frequency harmonic analysis is an emerging area and limitations exist to incorporating low-frequency (<2 kHz) models for high-frequency (>2 kHz) analysis [15]. Different modelling techniques have been investigated for high-frequency analysis: frequency domain analysis for transient analysis [16]; black box modelling over white box modelling [17]; and measurement-based modelling [18]. Yet a suitably accurate generic solar PV model to analyse high-frequency harmonics has not been developed. The modelling of solar PV inverters is important to fully understand the supraharmonic behaviour despite the complete in-detail model only being available to the inverter manufacturer [15]. The complex filter design criteria used by inverter manufacturers and large variations in filter component value calculations make it difficult to assess the accuracy of filter design based on measurements alone.



This paper provides insights into filter component selection in order to obtain the resonance phenomena at a specific frequency. In this study, responses of three different filter types, i.e.,   L C L  ,   L C   and common core reactor, are characterised based on: (a) forward self-admittance; (b) forward trans-admittance; and (c) ratio between grid-side current and inverter-side current. Supporting the work presented in [19], derived transfer functions for a multiple inverter system where resonant characteristics were identified for both individual inverter terminal currents and the aggregation currents. A MATLAB/Simulink model is developed and validated emphasizing the modelling aspects of resonance phenomenon. The model is used to understand the impact of grid stiffness as multiple resonant points can be identified for a weaker grid condition.



The reversed engineering technique of filter design can be useful to validate high-frequency models with on-site or laboratory measurements. This work is part of a larger piece attempting to understand higher frequency harmonic levels and propagation associated with solar PV inverters.



Organization of the Paper


The aims of this paper are to identify resonance characteristics of a solar PV inverter system and provide harmonic modelling aspects to establish output filter frequency response aligning with measurements. Section 2 provides characteristics of a passive   L C L   filter based on transfer functions derived. Thévenin equivalent model is used for analysis. Section 3 provides an extension to Section 2 considering the instance of multiple PV inverter systems to further characterise resonance. The impact of both   L C   and   L C L   filter types when the number of inverters increases is discussed. Section 4 provides on-site measurements of a solar PV system with six identical inverters to identify the resonance phenomenon. The modelling aspects to obtain resonance at a specific frequency are given in Section 5. Section 6 provides the resonance characteristics based on a generic MATLAB/Simulink model developed for a multiple PV inverter system. Section 7 provides the analysis between measurements and simulation results with the developed model. In addition to the conventional filters, a common core choke is included within the modelling. Section 8 presents the critical analysis of resonance characteristics of a multiple inverter systems. It is demonstrated that the peak magnitude and the frequency of the resonance changes with a number of energised inverters.





2. LCL Filter Overview


This section provides a theoretical background of   L C L   filter characteristics to better understand the different filter design approaches incorporated in the literature. The   L C L   filter is generally used to attenuate high-frequency harmonics, especially switching ripples generated by high-frequency PWM signals. Unlike the L filter, small increases in inductor values of an   L C L   filter can attenuate the switching ripples significantly [20]. The detailed equivalent models of a passive   L C L   filter and the control block diagram are shown in Figure 1, where the components can be characterised as follows.


      Z 1  =  R 1  +  L 1  s        Z 2  =  R 2  +  L 2  s        Z c  =  R d  +   1   C f  s           Z g  =  R g  +  L g  s     



(1)




where   Z 1  ,   Z 1  ,   Z c   and   Z g   are the equivalent inverter-side, grid-side, capacitor branch and grid impedances, respectively;   L 1   and   R 1   are the inverter-side inductor and equivalent series resistor;   L 2   and   R 2   are the grid-side inductor and equivalent series resistor;   C f   and   R d   are the capacitance of the   L C L   filter and the series damping resistor;   L g   and   R g   are the grid inductor and resistor;   V i   and   E g   are the filter input voltage and Thévenin equivalent grid voltage;   V  t h    and   Z  t h    are the Thévenin equivalent voltage and impedance of   L C L   filter, respectively, as expressed in the following equations.


     V  t h      =  V i      Z c    Z 1  +  Z c            k  t h      =     Z c    Z 1  +  Z c            V  t h      =  k  t h   ·  V i      



(2)






     Z  t h      =  Z 2  +  Z 1  / /  Z c        Z  t h      =      Z 2   Z 1  +  Z 2   Z c  +  Z 1   Z c     Z 1  +  Z c          



(3)







The current flowing through the   Z 2   impedance is the same as the current flowing through   Z  t h    impedance. Therefore, the   i 2   can be calculated according to (4).


     i 2     =    V  t h     Z  t h   +  Z g         



(4)







By substituting   V  t h    into (4) the current through the grid-side inductor in the frequency domain can be re-written as follows.


      i 2   ( s )  =    k  t h     Z  t h   +  Z g     ·  V i   ( s )      



(5)







There are three main transfer functions used to determine   L C L   filter performance. These transfer functions are helpful in determining filter parameters and to use with the current control of the inverter, which can be written as follows:


     G 1     =     i 1   ( s )     V i   ( s )     =     Z c  +  Z 2  +  Z g     Z 1   (  Z 2  +  Z g  )  +  Z 1   Z c  +  Z c   (  Z 2  +  Z g  )           G 2     =     i 2   ( s )     V i   ( s )     =    Z c    Z 1   (  Z 2  +  Z g  )  +  Z 1   Z c  +  Z c   (  Z 2  +  Z g  )           G 3     =     i 2   ( s )     i i   ( s )     =    Z c    Z c  +  Z 2  +  Z g         



(6)




where   G 1   and   G 2   represent the forward self-admittance and the forward trans-admittance, respectively;   G 3   represents the attenuation between the grid-side current and inverter-side current.



The parasitic resistances of the components account for the damping effect. In the worst-case scenario, these parasitic resistance values are neglected; thus, the above transfer functions can be rearranged as follows.


     G 1     =     i 1   ( s )     V i   ( s )     =    1 +  C f   (  L 2  +  L g  )   s 2     L 1   C f   (  L 2  +  L g  )   s 3  +  (  L 1  +  L 2  +  L g  )  s          G 2     =     i 2   ( s )     V i   ( s )     =   1   L 1   C f   (  L 2  +  L g  )   s 3  +  (  L 1  +  L 2  +  L g  )  s          G 3     =     i 2   ( s )     i i   ( s )     =   1  1 +  C f   (  L 2  +  L g  )   s 2         



(7)







Bode plots of   G 1  ,   G 2  , and   G 3   are presented in Figure 2, where two resonant frequencies can be identified for   G 1  . The common denominator of   G 1   and   G 2   resulting in a common resonant frequency (  ω  r e s , 1   ) at the frequency given by (8). In addition, a dip can be identified in   G 1   at   ω  r e s , 2    which is given in (9).


     ω  r e s , 1      =      L 1  +  (  L 2  +  L g  )     L 1   (  L 2  +  L g  )   C f          



(8)






     ω  r e s , 2      =    1   (  L 2  +  L g  )   C f          



(9)







The damping resistor (  R d  ) placed in series with the filter capacitor has a major influence on the magnitude of the resonance peak as shown in Figure 2b. A small damping resistance may greatly dampen the resonance peak improving the system stability; however, the filter losses may increase, which must be considered when designing the filter. The introduction of the damping resistor affects the transfer functions depicted in (7) whereby the forward trans-admittance is changed to


      G 2  =     i 2   ( s )     V i   ( s )     =    1 +  C f   R d  s     L 1   (  L 2  +  L g  )   C f    s 3  +   L 1   (  L 2  +  L g  )   C f   R d    s 2  +  (  L 1  +  L 2  +  L g  )  s        



(10)







The magnitude plot of each transfer function is depicted in Figure 3 to understand its behaviour at lower frequencies and higher frequencies. As seen in Figure 3a, below the resonant frequency, the filter can be approximated by the sum of all inductor values (   L 1  +  L 2  +  L g   ), and above the resonant frequency, the filter can be approximated by the grid-side inductance alone (  L 1  ). It can be concluded that, at higher frequencies, above resonant frequency, the capacitor branch acts as a short circuit path as seen from the inverter side.



Similarly, Figure 3b indicates that below the resonant frequency, the filter can be approximated by the sum of all inductor values (   L 1  +  L 2  +  L g   ). Unlike self-admittance characteristics, trans-admittance magnitudes attenuate rapidly after   ω  r e s , 2   . The same characteristics can be identified in Figure 3c, where up to   ω  r e s , 2    inverter-side current (  i 1  ) almost equals the grid-side current (  i 2  ), approximating no impact by the capacitor. Beyond this frequency, a large portion of the inverter-side current flows through the capacitor creating a dominant circulating current within the inverter.



Developing harmonic models is a challenging task, as the low-frequency models may not be valid for high-frequency analysis. Determination of the impact of the front-end filter is essential to overcome this issue, as at high frequencies, the circulating current component is dominant. However, it can be estimated that up to the resonant frequency given by   ω  r e s , 2   , low-frequency harmonics models can be extended as there is minimal circulation current impact.



There is a clear and concise explanation of the filter design process in [10,21]. It highlights the importance of verifying component values against two key constraints: resonant frequency; and inductor voltage drop. This iterative approach ensures that the filter meets the desired specifications. The process for filter design is presented in Appendix A, where calculation of   L C L   values is much easier using the mentioned steps and the filter designer has the freedom to decide the resonant frequency placement.



According to the literature, there is a large variation in the parameter selection of design of the   L C L   filter, as summarised in Table 1.




3. Resonance Introduced by Multi-Parallel Inverter System


This section provides theoretical background resonance phenomenon due to a multi-parallel grid-tied inverter system, extending the work presented in Section 2. The parallel operation of multiple PV inverters also introduces a resonance phenomenon [19,28,29]. A system with n identical inverters in parallel is presented in Figure 4. Inverter output current (current flows through   L 2   inductor) is denoted by   i  2 , x   , where x represents the inverter number. Similarly, equivalent Thévenin voltage and impedance are denoted with the same suffix to mention the inverter number.



Analysis of the system reveals that each inverter grid-side current   i  2 , x   , i.e.,   x = 1  , is influenced by two parts. The first part is the influence caused by its own inverter voltage output   V  i , x   , i.e.,   x = 1  . The second part is the influence caused by all other inverter voltages, i.e.,   x = 2 , 3 , … , n  , on the selected inverter grid-side current, which is due to the coupling effect between inverters. Contrary to single-inverter operation, additional inverters influence the current flowing through every inverter.


     i 2     =  G 2  ×  V i            i  2 , 1        i  2 , 2       ⋮      i  2 , n          =      G  2 , 11      G  2 , 12     …    G  2 , 1 n        G  2 , 21      G  2 , 22     …    G  2 , 2 n       ⋮   ⋮   ⋱   ⋮      G  2 , n 1      G  2 , n 2     …    G  2 , n n       ×      V  i , 1        V  i , 2       ⋮      V  i , n           



(11)







  G 2   consists of   n × n   matrix where diagonal elements indicate the impact of self-inverter voltage, which results in identical diagonal values for identical PV inverter systems. Similarly, off-diagonal elements are the same and indicate the impact of other inverters of the system. The diagonal elements are given by   G  2 , x x    and off-diagonal elements are given by   G  2 , x y   . The grid current component of each inverter   G  2 , g x    is derived to identify the characteristics of the grid-current component. The equations for   Z M   and transfer functions are modified as follows:


     Z M     =      Z  t h    Z g     Z  t h   +  ( n − 1 )   Z g            G  2 , x x      =    k  t h     Z  t h   +  Z M           G  2 , x y      =     Z g    ( n − 1 )   Z g  +  Z  t h       ·     k  t h     Z  t h   +  Z M            G  2 , g x      =  G  2 , x x   −  ( n − 1 )   G  2 , x y       



(12)







For a two-inverter system, derivation of (12) is explained and provided in Appendix B.



3.1.   L C L   Filters


For a single inverter with front-end   L C L   filters, Thévenin equivalent voltage (  V  t h   ) and Thévenin equivalent impedance (  Z  t h   ) are given by (2) and (3), respectively. The frequency response for the characteristics derived in (12) is depicted in Figure 5 to identify the resonance characteristics of a multiple inverter system with   L C L   filters.



The selection of filter components is discussed in detail in Section 5 according to the system parameters given in Table 2. The filter values used to derive in Figure 5 plots are similar to the values given in Table 3.



The findings related to the characteristics of the   L C L   filter resonance phenomenon are as follows:




	
The equivalent impedance seen by an individual inverter (  Z M  ) is depicted in Figure 5a. For single-inverter operation (  n = 1  ),   Z M   equals to   Z g  , which is directly proportional to the frequency. However, for a given n (  n > 1  ), maximum and minimum impedance points can be identified.



	
The frequency response of   G  2 , 11    is depicted in Figure 5b, which represents the diagonal elements of the   G 2  . When   n = 1  , there is only one resonance point where the resonant frequency is given by   f  r e s , 1   . When additional inverters connect, two resonances can be seen where resonant frequencies are given in (13). The peak magnitude of the resonance decreases as the number of inverters (n) increases. In addition to the two peaks, a dip can also be identified, which corresponds to the maximum impedance seen by the inverter in Figure 5a.


     f  L C L      =   1  2 π         L 1  +  L 2     L 1  ·  L 2  ·  C f            f  r e s , n      =   1  2 π         L 1  +  L 2  +  ( n − 1 )   L g     L 1  ·  [  L 2  +  ( n − 1 )   L g  ]  ·  C f          



(13)







	
The frequency response of   G  2 , 21    is depicted in Figure 5c, which represents the off-diagonal elements of the   G 2  . The frequencies corresponding to the magnitude peaks are similar to those given by (13).



	
The frequency response of   G  2 , g 1    is depicted in Figure 5d, which represents the grid current component of an inverter. Assuming identical inverters, this does not change the total grid current summed up for each inverter. Only one resonance peak can be identified. When the number of inverters increases, the resonant frequency decreases and the magnitude of the resonance peak is damped.



	
The frequency spectrum from an individual inverter terminal current does not tally with the frequency spectrum of grid current (summation of each inverter current) according to Figure 5b,d when   n > 1  . Two resonant frequencies for the individual inverter terminal and only one resonant frequency for the grid current.









3.2.   L C   Filters


For inverters with front-end LC filters, the Thévenin equivalent voltage (  V  t h   ) and Thévenin equivalent impedance (  Z  t h   ) are to be modified by approximating grid-side inductance of the   L C L   filter to be zero as in (14). Substituting (14) into (12), the new parameters for the   L C   filter are calculated. The same filter component values as in the   L C L   filter were used to identify the characteristics of the   L C   filter resonance. The only difference is the absence of the   L 2   inductor. The frequency response is depicted in Figure 6 to identify the resonance characteristics of a multiple inverter system with   L C   filters.


     Z  t h      =  Z 1  / /  Z c        Z  t h      =      Z 1   Z c     Z 1  +  Z c          



(14)







The findings related to the characteristics of   L C   filter resonance are as follows:




	
The equivalent impedance seen by an individual inverter (  Z M  ) seen by an individual inverter is depicted in Figure 6a. Similar to the   L C L   filter, for a single-inverter operation (  n = 1  ),   Z M   equals   Z g  , which is directly proportional to the frequency. However, for a given n (  n > 1  ), unlike   L C L   filters, only one impedance peak is identified.



	
The frequency response of   G  2 , 11    is depicted in Figure 6b, which represents the diagonal elements of the   G 2  . Only one resonance point can be seen where resonant frequencies are calculated using (15). The resonance peak decreases as n increases. In addition to the peak, a dip can also be identified, which corresponds to the maximum impedance seen by the inverter in Figure 6a.


     f  r e s , n      =   1  2 π         L 1  + n  L g     L 1  · n ·  L g  ·  C f          



(15)







	
The frequency response of   G  2 , g 1    is depicted in Figure 6d, which represents the grid current component of an inverter. Only one resonance peak can be identified. With the number of inverters increasing, the resonant frequency decreases and the resonance peak is damped.



	
The frequency spectrum of an individual inverter terminal current, tally with the frequency spectrum of the grid current (summation of each inverter current) according to Figure 6b,d.










4. Identifying Resonance Phenomenon with Field Measurements


This section provides the on-site measurements to identify the resonance phenomenon associated with solar PV inverters. Theoretical analysis carried out in Section 3 considering only the passive filter components. The advanced controlling techniques implemented by inverter manufacturers have not been considered. A multiple PV inverter system with six identical 20 kW inverters (labelled A–F) was monitored to identify the resonance phenomenon with measurements. The total power output is fed into the grid through two separate circuits. A Hioki MR8847A Memory HiCorder device recorded individual inverter current waveforms and the combined current with high-frequency current clamps. Due to the limitation of the device, only four channels, one phase from inverters A, B, and C, and one circuit of the aggregation circuit were measured. The measurement setup is illustrated in Figure 7.



Measurements of output current were obtained while varying the number of inverters in operation. Maintaining an approximately equal power output from each inverter enables consideration of the harmonic emission characteristics compared to the number of inverters. Assuming a balanced system, the power output of each inverter was approximately 16 kW, or 80% of its rated value.



For Inverter A, the variation in harmonics in the 0–5 kHz range when compared against the number of inverters in operation is shown in Figure 8. It can be seen that the maximum individual harmonic magnitude in the high-frequency range is similar in magnitude to the 11th harmonic order in the low-frequency range when a single inverter is in operation. As the number of inverters increases, the magnitude of the harmonics in the 2–5 kHz range begins to decrease. The harmonic variation shows that, with only one inverter in operation, the magnitudes of the current harmonics in the 2–5 kHz range are similar to the magnitudes of the low-frequency harmonics. The maximum individual harmonic current component of 2.2% of the fundamental occurs at 4.2 kHz for single-inverter operation. It is evident that the harmonic content above 2 kHz can be as significant as that for low-frequency harmonics.



The harmonic emissions concentrated within the 3–5 kHz can be identified as the resonance phenomena, in which peak magnitudes are decreased with the number of inverters.




5. Selection of Filter Components to Obtain Resonance at a Specific Frequency


The selection of filter components can have a large variation and depends on various factors such as the ripple attenuation at the switching frequency, the maximum ripple current allowance and the reactive power support by capacitors as shown in Figure 9. The resonant frequency variation is calculated based on the system parameters given in Table 2. These factors directly reflect on the resonant frequency where   L C L   filter components can be selected to place the resonance to a given frequency. With the known system parameters, there can be many possibilities, which can be derived for filter components. However, if the resonant frequency can be identified based on the measurements, those possibilities can be narrowed down to approximate to actual values.



Figure 9a illustrates the attenuation at switching frequency variation against the index r. The higher the grid-side inductance, the lower the switching frequency harmonic current portion that flows into the grid side. Additionally, the sizing of the inverter has to be compromised. Figure 9b provides details on how the resonant frequency changes with r for different allowed ripple current limits (k) keeping the capacitor as a constant. Similarly, Figure 9c shows how the resonant frequency varies with r for different capacitor values keeping the inverter-side inductor as a constant. Assumed r, k and x values given in Table 3 are marked as the black vertical line in Figure 9a, the red circle in Figure 9b and the blue circle in Figure 9c, respectively.



For modelling a generic PV inverter system in MATLAB/Simulink, it is important to decide on the probable filter type used by the inverter manufacturer and select appropriate filter components based on the measurements. The three key assumptions of interest related to filter design should be: ripple current attenuation at switching frequency (r); designed maximum allowed ripple current percentage (k); and maximum reactive power absorption by the capacitor (x). These parameters may be interdependent. For example, if we let r = 0.6, then there will be no possibility of selecting filter components to have a resonant frequency at 5 kHz complying with the filter design guide provided in Appendix A.



According to the system parameters given in Table 2,   L C L   filter component values were calculated such that the resonant frequency was 4.1 kHz. The value of 4.1 kHz is selected to be in line with the resonant frequency identified with the measurement setup in Section 4. Assumptions made to derive filter values are mentioned in Table 3. Considered   L C L   filter values to analyse the resonance impact in MATLAB/Simulink environment are given within brackets.




6. Simulation Results


A generic solar PV inverter system was modelled in the MATLAB/Simulink R2022b software environment to analyse resonance characteristics. A widely used control structure termed voltage-oriented control(VOC) is used to model the PV inverter using decoupled active and reactive current components in a synchronous reference frame (SRF). With the SRF three-phase AC currents and voltages are transformed into two DC components, d-axis and q-axis, making it easier to control the inverter current and voltage. The VOC-based controller guarantees fast transient response and high static performance via a current control loop [30] while maintaining a low harmonic content of the current fed to the grid. The typical PV inverter control structure is shown in Figure 10. The grid voltage and converter current are measured and fed into the   d q   controller, which generates a control signal that is used to control the inverter.



The MATLAB/Simulink model consists of four identical PV inverters and a simulation was made to capture the individual PV inverter current and the total grid current that is the aggregation of individual inverters. The filter values in Table 3 were applied and FFT analysis was performed on the current waveforms. The frequency spectrum is grouped into 200 Hz bands using the methodology detailed in informative Annex B of IEC 61000-4-7. The method specifies a measurement window of 200 ms independent of the nominal frequency [31].



For each 200 Hz band, an amplitude at the middle of the frequency band was derived using Root Sum Square (RSS). Let   Y  C f    is the amplitude of the spectrum at frequency f, and then the RSS value of band b (  Y  B , b   ) is given in (16). The same technique was used from 1 kHz to analyse the resonant frequency characteristics.


   Y  B , b   =    ∑  f = b − 95 Hz   f = b + 100 Hz    Y  C f  2     



(16)







6.1. Resonance Introduced by   L C L   Filters


The frequency resonance obtained for an   L C L   filter system in Section 3 and the frequency spectrum of output currents in MATLAB/Simulink model are depicted in Figure 11. The grid impedance has been set as a constant and the number of inverters (n) in operation is changed. The following outcomes are observed:



	
The harmonic spectrum of the individual inverter and grid current is not identical except where   n = 1  .



	
Two distinct resonant points can be identified based on the forward self-admittance presented in Figure 11a, where   n > 1  . This is identified in the inverter current harmonic spectrum in Figure 11c, where   f  L C L    occurred at approximately 4.2 kHz.



	
Due to the two resonant points in the inverter current frequency spectrum, it can be approximated as a broadband harmonic emission lying between   f  r e s , n    and   f  L C L   .



	
The resonant point due to multiple inverters (  f  r e s , n   ) shifts toward lower frequencies as n increases.



	
The inverter current harmonic spectrum provides a broadband resonance spectrum, which is due to the two resonant peaks. On the contrary, the narrowband resonance spectrum is seen in the grid current harmonic spectrum due to the single resonant peak.







6.2. Resonance Introduced by   L C   Filters


The resonance phenomenon created by an   L C   filter in Section 3 is compared with the MATLAB/Simulink model in Figure 12 with the grid impedance kept constant. The number of inverters (n) in operation is changed. The following outcomes are observed:



	
The harmonic spectrum of individual inverters and grid current is identical to each other at all times.



	
A single resonant point can be identified based on the forward self-admittance presented in Figure 12a as well as in the   G  g , 1    presented in Figure 12b.



	
The resonant point due to n inverters (  f  r e s , n   ) shifts toward lower frequencies as n increases.



	
Both inverter current and grid current harmonic spectra provide a narrowband resonance spectrum due to their single resonant peak.







6.3. Impact of Grid Impedance on Resonance


The impact of grid impedance on the resonant frequency is plotted in Figure 13. The number of inverters in operation has been set to three (  n = 3  ). The results show that the resonant frequency shifts towards a lower frequency range as the grid impedance increases. Whether it is a weak or strong grid, resonance shifts towards the lower frequency range when the number of inverters increases. However, this resonance shift can be further shifted downwards for a weaker grid. Thus, the grid stiffness has to be considered when multiple inverters are connected as it may interfere with the lower frequency harmonics.





7. Discussion


This section discusses the aspects of deciding the filter type used in the PV inverters in Section 4. It was observed that the individual inverter current and the aggregated current have similar (for   L C   filters) and different (for   L C L   filters) characteristics. Measuring both currents and analysing the harmonic spectra was helpful in identifying the type of filter used in the PV inverter.



7.1. Filter Type Identification Based on Measurements


Figure 14 shows the harmonic spectrum between 1.5 kHz and 7.5 kHz for Inverter A and the aggregation cable where n represents the number of inverters in operation. Similar resonance characteristics irrespective of the number of inverters in operation indicate that the PV inverter does not have an   L C L   filter.



However, it was identified that commercial PV inverters have a common core inductor placed between the line filter and the grid to reduce the high-frequency noise emitting from external sources and within the inverter itself. Figure 15 is a photograph of the internal components of one of the inverters monitored in this study.




7.2. Comparison of Field Measurements with Developed Model


The modelling of the common core reactor is challenging as both mutual and self-inductance need to be considered while verifying the model with the measurements. In differential mode, the resultant magnetic field created by all three phases could be very low, thus the parasitic capacitance impact must also be considered for accurate modelling. For a common-mode winding, the resultant magnetic field created by all three phases is relatively high and the parasitic capacitance impact can be neglected. In this study, it was modelled as a common-mode reactor in MATLAB/Simulink platform, where parasitic capacitors were neglected.



The measurement results and the MATLAB/Simulink model results are depicted in Figure 16. By measuring the filter components of a PV inverter those values were incorporated into the MATLAB/Simulink model to verify the model accuracy. Filter components were selected as   L 1   = 500 µH and   C f   = 10 µF, which satisfies the values derived for   L  1 , m i n    and   C  f , m a x   .



If only an   L C   filter was present, the current harmonic spectrum should be somewhat similar to Figure 16c,d. The resonance peak shift is substantially high. However, adding a mutual inductance block in MATLAB/Simulink to represent the common-core inductance provides quite similar characteristics seen in measurements. The resonance shift becomes much less compared to that of the   L C   filter. According to Figure 16e, there is an additional resonance point that can be identified, which is due to the self-inductance of the common-core choke. However, the impact of parasitic capacitance on this resonance has to be studied to fully understand its behaviour.




7.3. Future Works


The understanding of resonance is helpful in developing a generic solar PV model for high-frequency harmonic analysis. However, this study only considered resonant frequency and the most common   L C L   and   L C   filter types. There could be many combinations of filter components to align with a specific frequency. The advanced control techniques and different filter types (in addition to conventional filters) used in inverter manufacturers have to be identified to develop an accurate model for high-frequency analysis.





8. Conclusions


All solar PV inverters consist of a front-end filter to reduce the supraharmonic emissions introduced by its PWM technique. However, accurate high-frequency harmonic modelling requires knowing the filter type as well as the filter component values, which are only available to inverter manufacturers. This paper presents the solar PV inverter modelling aspects considering the resonance impact.



	
By measuring the current flowing in both the inverter terminals and the aggregation cable, it is possible to determine the resonant frequency. This process involves connecting the inverters one at a time and then analyzing the frequency spectra to identify the dampening of the resonance peak.



	
The similarity between two frequency spectra can be used to identify the type of filter used inside the PV inverter. For   L C   filters, both frequency spectra have the same characteristics—one resonant frequency. For   L C L   filters, both spectra are not identical as the inverter current spectrum contains an additional resonant peak introduced due to the   L C L   filter components themselves.



	
Based on the resonant frequency and the filter type, filter the components that are to be selected.   n = 1   scenario selection is appropriate as n increases the system becomes more complex to derive the components.



	
Common core choke id to be considered for fine tuning of the model to replicate the frequency spectrum obtained from measurements.






Model accuracy depends on several factors, i.e., control technology, active filtering technique, parasitic components, damping resistors, passive filtering techniques, secondary emissions, neighbouring power electronic devices, etc. Thus, high-frequency modelling is a challenging task.



This paper provides a mathematical approach to understanding the resonant frequency variation within a system as the number of inverters changes. The characteristics were verified with the MATLAB/Simulink inverter model for both   L C L   and   L C   filter types. The model was subsequently updated to incorporate a common core inductor-based filter and results were compared with field measurements.
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Appendix A. LCL Filter Design Procedure


	
Design the converter-side inductance (  L 1  ) selecting the required current ripple on the converter side according to (A1), where   Δ  i  L 1 , m a x    ,   i  r , p k   ,   V  D C    and   f  s w    are the maximum allowed current ripple, rated peak current, DC bus voltage and switching frequency, respectively.


     L  1 , m i n      =    V  D C    8 ·  f  s w   Δ  i  L 1 , m a x            Δ  i  L 1 , m a x       = k ·  i  r , p k       



(A1)







	
Design the grid-side inductance (  L 2  ), which can either be the converter-side inductance alone or with a combination, which includes the grid inductance. Attention is drawn to the fact that, the resonant frequency of the system is determined by considering grid impedance. Assuming (1) is true, the outer inductance is calculated as a function of   L 1  , using the index r which is the relation between two inductances as follows.


     L 2     = r ·  L 1      



(A2)







	
Determine the value of filter capacitor   C f   based on the amount of reactive power absorption at rated conditions by the inverter as follows,


     C b     =    P  r a t e d    2 π  f n   V  L L  2           C  f , m a x      = x ·  C b      



(A3)




where   C b  ,   P r  ,   V  L L    and x are the base capacitance, rated power of the inverter, line-line voltage and the reactive power absorption as a percentage, i.e., for 5% absorption, x = 0.05.



	
Determine the required current ripple reduction at switching frequency to select a suitable value for index r. At switching frequency, transfer functions given in (7) can be re-written as:


      G 2   (  h  s w   )      =     i 2   (  h  s w   )     v i   (  h  s w   )     =    z  L C  2    ω  s w    L 1  · ∣  ω  r e s  2  −  ω  s w  2  ∣           G 1   (  h  s w   )      =     i 1   (  h  s w   )     v i   (  h  s w   )     ≈   1   ω  s w    L 1            G 3   (  h  s w   )      =     i 2   (  h  s w   )     i i   (  h  s w   )     ≈    z  L C  2   ∣  ω  r e s  2  −  ω  s w  2  ∣        



(A4)




where   h  s w    is the order of switching frequency harmonic and    z  L C  2  =   (  L 2   C f  )   − 1    . By applying (A2) and (A3), the above expression for   G 3   can be written as follows, where   a =  L 1   C b   ω  s w  2    (which is a constant).


      G 3   (  h  s w   )      =     i 2   (  h  s w   )     i i   (  h  s w   )     =   1  ∣ 1 + r ( 1 − a · x ) ∣        



(A5)







	
Verify the resonant frequency satisfying the limits in (A8) which can be re-written as follows, where   b =  L 1   C b   .


     f  r e s      =   1  2 π        1 + r   b · x · r         



(A6)







	
Set the damping to the resonance peak by adding a resistor in series with the filter capacitor (  C f  ). Damping resistor value can be determined as follows.


     R d     =   1  3  C f          L 1   L 2   C f     L 1  +  L 2          



(A7)







	
Maintain resonant frequency (  f  r e s   ) at a value between the half of the switching frequency (  f  s w   ) and ten times that of the nominal frequency (  f n  ) for the safe operation of inverter in order to attenuate switching frequency harmonics and to avoid interference with low-frequency harmonics disturbances.


     10 ·  f n  <  f  r e s   <    f  s w   2       



(A8)







	
The voltage drop across the filter inductors (   L 1  +  L 2   ) should be maintained below 10% of its rated value to ensure reliable voltage supply at the inverter terminals, otherwise a higher DC-link voltage will be required [6,32].


      Z  L 1   +  Z  L 2   < 0.1 ×  Z b      



(A9)











Appendix B. Two-Inverter System


Figure A1 illustrates the general arrangement of two inverters with   L C L   filters, which are connected in parallel, each inverter is represented by its Thévenin equivalent.
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Figure A1. Superposition theorem for two inverters in parallel: (a) general arrangement; (b) Inverter 1 only; and (c) Inverter 2 only. 
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For a two-inverter system, the forward-trans admittance matrix can be written as follows:


     i 2     =  G 2  ×  V i            i  2 , 1        i  2 , 2          =      G  2 , 11      G  2 , 12        G  2 , 21      G  2 , 22       ×      V  i , 1        V  i , 2           



(A10)




where   G  2 , x y    represent the forward-trans admittance seen by inverter x due to the inverter y. The diagonal elements of   G 2   matrix have identical values and off-diagonal elements have negative identical values. Each element of   G 2   matrix can be determined by applying the superposition theorem to the system as shown in Figure A1b,c.



When the second inverter connects, the grid impedance seen by Inverter 1 is altered. This can be represented by   Z M   calculated as the resultant of two parallel impedances, i.e., grid impedance and Inverter 2 filter Thévenin impedance, assuming that the second inverter voltage is zero. Likewise, multiple inverter system can be represented by the single-inverter model where grid impedance (  Z g  ) is replaced by   Z M   as follows:


     Z M     =  Z  t h   / /  Z g        Z M     =      Z  t h    Z g     Z  t h   +  Z g          



(A11)







The transfer function between   i  2 , 11    and   V  i , 1    is given by (A12).


     G  2 , 11      =    i  2 , 11    V  i , 1     =    Z c    Z 1   (  Z 2  +  Z M  )  +  Z c   (  Z 2  +  Z M  )  +  Z 1   Z c           G  2 , 11      =    k  t h     Z  t h   +  Z M         



(A12)







The coupling effect on the Inverter 1 current (  i  2 , 12   ), experienced by the Inverter 2 voltage is given by (A13).


     i  2 , 12      =    Z g    Z g  +  Z  t h      ·  i  2 , 11       



(A13)







The transfer function between   i  2 , 12    and   V  i , 2    is given by (A14).


     G  2 , 12      =    i  2 , 12    V  i , 2     =    Z g    Z g  +  Z  t h      ·  G  2 , 11         G  2 , 12      =     Z g    Z g  +  Z  t h       ·     k  t h     Z  t h   +  Z M          



(A14)







Similarly, the transfer function between grid current component of Inverter 1 (  i  g , 1   ) and Inverter 1 voltage (  V  i , 1   ) is given by (A15). This is useful to characterise the grid current component caused by each inverter.


     G  2 , g 1      =    i  g , 1    V  i , 1     =  G  2 , 11   −  G  2 , 12       



(A15)
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Figure 1. Passive   L C L   filter: (a) general arrangement; (b) Thévenin equivalent; and (c) control block diagram. 
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Figure 2. Transfer functions plot and damping resistor impact on resonance: (a) magnitude plot of   G 1  ,   G 2  , and   G 3  ; (b) impact of damping resistor on resonance peak of   G 2  ; (c) phase angle plot of   G 1  ,   G 2  , and   G 3  ; and (d) damping resistor impact on phase angles of   G 2  . 
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Figure 3. Magnitude Bode Plot of: (a)   G 1  ; (b)   G 2  ; and (c)   G 3  . 
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Figure 4. n identical inverters are connected in parallel. 
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Figure 5. Frequency characteristics of   L C L   filter: (a) grid impedance seen by an individual inverter; (b)   G  2 , 11    transfer function; (c)   G  2 , 12    transfer function; and (d)   G  2 , g 1    transfer function. 
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Figure 6. Frequency characteristics of LC filter: (a) grid impedance seen by an individual inverter; (b)   G  2 , 11    transfer function; (c)   G  2 , 12    transfer function; and (d)   G  2 , g 1    transfer function. 
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Figure 7. Measurement setup of solar PV system. 
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Figure 8. Inverter A harmonic spectrum up to 5 kHz (a)   n = 1   (b)   n = 2   (c)   n = 3   (d)   n = 4  . 
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Figure 9. Variation of (a) ripple current attenuation at switching frequency; (b) resonant frequency keeping   x = 0.05  ; and (c) resonant frequency keeping   k = 0.35  , against index r. 
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Figure 10. PV inverter control structure. 
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Figure 11. Resonant frequency characteristics of the LCL filter: (a)   G  2 , 11   ; (b)   G  2 , g 1   ; (c) grouped harmonic spectrum of inverter current; and (d) grouped harmonic spectrum of grid current. 
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Figure 12. Resonant frequency characteristics of LC filter: (a)   G  2 , 11   ; (b)   G  2 , g 1   ; (c) grouped harmonic spectrum of inverter current; and (d) grouped harmonic spectrum of grid current. 
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Figure 13. Resonant frequency characteristics variation against grid impedance: (a) inverter current with LCL filter; (b) grid current with LCL filter; (c) inverter current with LC filter; and (d) grid current with LC filter. 
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Figure 14. Resonant frequency spectrum: (a) inverter A current (b) aggregation cable current. 
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Figure 15. Photograph of three-phase solar PV inverter with identified filter components. 
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Figure 16. Measurement and modelling results: (a) measured inverter current; (b) measured grid current; (c) inverter current with MATLAB model considering   L C   only; (d) grid current with MATLAB model considering   L C   only; (e) inverter current with MATLAB model considering   L C   and common core reactor; and (f) grid current with MATLAB model considering   L C   and common core reactor. 
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Table 1. LCL filter values calculation by the literature.
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	Ref
	Max. Ripple

Current (Converter-Side Inductance)
	Attenuation

Rate (Grid-Side Inductance)
	Filter

Capacitance
	Remarks





	 [20]
	  ( 15  –   35 % ) ·   i  r a t e d    
	
	   15 % ·  C  b a s e     
	Ripple current: 33.5% of rated current, capacitor: 15% of the base capacitance



	 [22]
	  ( 20  –   40 % ) ·   i  r a t e d    
	   10 %   
	  ( 2  –   5 % ) ·   C  b a s e    
	Ripple current: 40% of rated current, capacitor: 2% of the base capacitance



	 [23,24]
	   10 % ·  i  r a t e d     
	   60 %   
	   5 % ·  C  b a s e     
	  L 1   calculation is different. Divided by 6 instead of 8



	 [25]
	   5 % ·  i  r a t e d     
	   20 %   
	   5 % ·  C  b a s e     
	Single phase rectifier,   L 1   calculation is different. Divided by 4 instead of 8



	 [26]
	   20 % ·  i  r a t e d     
	
	   5 % ·  C  b a s e     
	  L 2   calculated based on the maximum allowed voltage drop



	 [27]
	5 mH
	2 mH
	2  μ F
	Maximum allowed ripple current: 4 A.   f  s w    = 10 kHz, P = 4 kW,   V  d c    = 600 V










 





Table 2. System parameters.
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	Parameter
	Symbol
	Unit
	Value





	DC-link voltage
	   V  d c    
	V
	600



	Grid line voltage
	   V  L L    
	V
	400



	Grid nominal frequency
	   f n   
	Hz
	50



	Nominal power
	   P r   
	kW
	20



	Switching frequency
	   f  s w    
	kHz
	15.8










 





Table 3. Calculated filter values.






Table 3. Calculated filter values.











	Parameter
	Symbol
	Unit
	Value





	   L 2  /  L 1    ratio
	r
	
	0.30



	Maximum allowed ripple current
	k
	%
	0.35



	Maximum reactive power absorption
	x
	%
	5



	Minimum converter-side inductance
	   L  1 , m i n    
	 μ H
	290 (300)



	Minimum grid-side inductance
	   L  2 , m i n    
	 μ H
	87 (100)



	Grid inductance (assumed)
	   L g   
	 μ H
	50



	Maximum filter capacitance
	   C f   
	 μ F
	20 (20)



	resonant frequency
	   f  r e s    
	kHz
	4.1
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