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Abstract

:

The active frequency drift (AFD) method is an effective method to detect islanding in grid-connected photovoltaic systems. However, it has some inherent drawbacks, such as generating higher harmonics. In order to reduce the harmonics and non-detection zone (NDZ), various improved AFD methods have been proposed, but they still suffer from high harmonics and reduced detection speed. To overcome these limitations, this paper proposes an innovative islanding detection technique based on AFD. Analysis reveals that the proposed method reduces harmonics by 68% compared to conventional AFD and has a larger chopping factor. Therefore, this technique offers several distinct advantages, including accelerated detection speed, reduced NDZ and harm caused by disturbances, and improved power quality. Furthermore, to verify the harmonic impact of this proposed islanding detection method, simulations and analyses are conducted using simulation software of Matlab/Simulink. An experimental prototype is set up in Laboratory. The simulation and experimental results demonstrate the superiority of the proposed method.
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1. Introduction


With the advancement of the economy and the increasing consumption of fossil fuels, there is renewed interest in renewable energy sources. Among these sources, solar energy has received particular attention in recent years due to its clean and renewable attributes. It can help alleviate some of the pressure caused by traditional energy sources on power supply. However, it still faces technological challenges that need to be overcome in order to accelerate its development, one of which is islanding [1], which occurs when a Distributed Generation (DG) system operates in isolation from the grid due to disconnection.



The Distributed Generation (DG) can operate in islanding mode or in grid-connected mode. It is important to note that the unintentional islanding mode can be dangerous and should be prohibited [2]. That is why the DG system needs to stop operating when it is disconnected from the grid to prevent any damage [3,4,5,6,7,8].



Figure 1 illustrates the process of islanding, in which the DG system operates independently, posing potential safety hazards.



Despite the use of various islanding detection techniques by researchers, they cannot completely eliminate the issue [9]. Thus, further exploration of islanding detection techniques is necessary.



Islanding detection techniques can be classified into two main categories [2]: namely remote techniques and local techniques. Local techniques can be further categorized into active and passive techniques.



Remote techniques need to establish communication between the DG system and the grid, such as power line communication [10], supervisory control [11], data acquisition, and transfer-trip [12]. These techniques are generally more reliable, but they come at a higher cost than other techniques [9]. Therefore, the high implementation cost is still the main challenge of these islanding detection methods (IDMs), especially for small-scale DGs such as residential grid-connected photovoltaic systems (GCPVSs).



The voltage, rate-of-change of point of common coupling (PCC) voltage, frequency, and rate-of-change of negative sequence voltage are utilized as islanding detection indicators in passive-based methods. Once islanding occurs, the grid is unable to compensate for the mismatch between generation and load, causing the state variables to shift to a new value. Islanding can be detected by monitoring the state variables and detecting when a parameter exceeds its threshold value. However, in cases where the active/reactive power between generation and load is balanced, the state variables remain almost unchanged after islanding occurs. In such situations, passive-based methods may fail to detect the islanding.



Active techniques require interrupting the balance between the load and the DG system constantly, and the parameters can easily exceed the limits once islanding occurs. The main advantage of active techniques over passive techniques is the smaller non-detection zone (NDZ) [13].



One appealing method for active islanding detection is to drift the frequency or the PCC voltage to trigger the under-frequency relay/over-frequency relay (UFR/OFR) or under-voltage relay/over-voltage relay (UVR/OVR), respectively [14]. Multiple active techniques have been developed by researchers to improve islanding detection. These techniques include output power adjustment [15], impedance measurements [16], slip mode frequency shift [17], active frequency drift (AFD) [18,19], and automatic phase shift [20]. Among these techniques, AFD technique, which is found to be particularly effective in islanding detection, smaller NDZ and lower total harmonic distortion (THD), has drawn increasing attention from researchers and engineers [21]. Furthermore, some researchers have utilized hybrid IDMs that combine passive and active techniques to detect islanding in photovoltaic generators [22,23,24].



With the increasing application of distributed generation (DG), especially the use of grid-connected photovoltaic systems (GCPVS), the requirements for DG are becoming more stringent. The DGs are expected to support ancillary services for boosting grid reliability. One of the interesting new topics of IDM is its interference with ancillary services. In this context, outstanding work has been conducted by Bakhshi-Jafarabadi R. et al. [25] which extensively summaries the technical requirements for GCPVS, such as LVRT (also known as fault-ride-through); reactive power control and voltage support; active power and frequency support; inertia emulation, and so on.



This paper presents an active islanding detection technique that utilizes different current injection waveforms to efficiently mitigate harmonic distortion. A Fourier analysis method is conducted, and simulation software of Matlab/Simulink is employed to simulate and analyze the harmonic distortion under the proposed islanding detection method. A prototype is set up for experimental verification. Theoretical, simulated, and experimental results indicate that the proposed method can reduce harmonics without affecting detection speed and also decrease the NDZ. Therefore, the proposed method has both theoretical and practical significance in enhancing the performance of existing islanding detection methods.



The paper is organized as follows: Section 2 presents the conventional AFD technique; Section 3 describes the principles of the proposed islanding detection technique and the improved method; Section 4 discusses simulation and experimental results. Finally, Section 5 draws a conclusion.




2. Conventional AFD Technique


2.1. Review of the Conventional AFD Technique


Compared to passive techniques, the conventional AFD method is a more effective and reliable active technique. However, it produces higher harmonics than other techniques, and the harmonic and detecting speed are mutually restricted. Despite this, conventional AFD offers several advantages: (1) The principle is simple. (2) It is easy to implement and control. (3) Its NDZ is smaller than that of the passive methods. (4) It has higher reliability. (5) It has a lower cost compared to the remote methods.



The current waveform of AFD is shown in Figure 2. As can be seen, AFD changes the output current frequency by injecting harmonic current into the converters, causing the current frequency to drift by a fixed value [2]. During normal grid-connected operation, the voltage frequency of the grid remains fixed as it is clamped by the grid, and the inverter operates at the grid frequency in synchrony [9]. However, when the utility grid power is cut and the grid is disconnected (islanding occurs), the voltage frequency will not be clamped. After islanding occurs, the current frequency offset causes the voltage frequency to drift, triggering the islanding protection device when the voltage frequency exceeds the threshold.



In Figure 2, Iref is the original reference current, IAFD is the output current of the inverter using AFD technique, and    I  r e j     is the injected harmonic current of AFD. The output current is equal to 0 during the tz period. During the   τ   period, the inverter generates a sinusoidal current, and T represents the period of the original signal.


   i  A F D    ( t ) =     I sin ( 2 π  f ′  t ) → 0 ≤ ω t ≤ π −  t z      0           → π −  t z  ≤ ω t ≤ π     I sin ( 2 π  f ′  t ) → π ≤ ω t ≤ 2 π −  t z      0           → 2 π −  t z  ≤ ω t ≤ 2 π      



(1)




where    f ′  = f (   1   1 −  C f    )  .



The chopping factor is:


   C f  =   2  t z   T   



(2)







The fundamental component of    I  r e j     is ahead of tz compared to that of IAFD, that is, the phase of    I  r e j     shifts tz relative to the phase of IAFD every half cycle. When islanding occurs, the system is no longer controlled by the grid voltage. As a result, the common coupling point voltage and inverter output current must be synchronized and satisfy the following Equations [26,27,28]:


  arg   [  R  − 1   +   ( j ω L )   − 1   + j ω C ]   − 1   = 0.5 π  C f   



(3)







The study found that the detecting effects are better with pure resistance loads compared to RLC loads. However, it was observed that the NDZ increased when using RLC loads. Several AFD methods have been proposed to address this issue, including the positive feedback strategy [29]. Although these methods can effectively reduce the NDZ, the THD may remain high.




2.2. Parameters Analysis


The grid-connected DG system will satisfy the following equation:


       P  L o a d   = P + Δ P      Q  L o a d   = Q + Δ Q      



(4)




where    P  L o a d    ,    Q  L o a d    ,   Δ P  ,   Δ Q  ,  P , and  Q  represent the active and reactive power of the load, grid, and DG system, respectively.



The DG system supplies power to the load, and any excess power is absorbed by the grid or compensates for power shortages.   Δ P  ,   Δ Q   describe the degree of matching between the DG system and the load after islanding occurs. The mismatched part is closely correlated with the NDZ. Generally, power mismatching occurs between the load and the DG system, while this mismatched part will be compensated for by the grid   Δ P  ,   Δ Q   [23,24]. Islanding detection will fail when there is a power balance between the load and the DG system (that is   Δ P = 0 , Δ Q = 0  ). The parameter(s) will be disturbed and reach a new value through the AFD techniques when the grid is disconnected. However, the parameter(s) may still be within the preset threshold for an extended period of time.



The relationship between the active and reactive power mismatch thresholds (  Δ P  ,   Δ Q  ) and the voltage/frequency thresholds can be expressed as follows [30]:


       V   V  max        2  − 1 ≤   Δ P  P  ≤      V   V  min        2  − 1  



(5)






   Q f    1 −      f   f  min        2    ≤   Δ Q  P  ≤  Q f    1 −      f   f  max        2     



(6)




where    V  max    ,    V  min    ,    f  m a x    ,    f  min     are the voltage/frequency thresholds, respectively.



The power quality standards of China are applied in this paper [31]. The voltage threshold is +7% and −10% of the nominal voltage, respectively. The frequency threshold is 50 ± 0.5 Hz. Then, for    Q f  = 2.5  , there are the following:


  − 13.37 % ≤   Δ P  P  ≤ 23.46 %  



(7)






  − 5.08 % ≤   Δ Q  P  ≤ 4.93 %  



(8)







The mismatch will affect the parameter(s) (such as frequency, voltage, amplitude etc.) of the load once islanding happens, causing the islanding detection device to work. Active techniques intentionally create a mismatch to disrupt the balance between the load and the DG system, requiring larger     Δ P  / P    and     Δ Q  / P    to drive the parameter(s) beyond the threshold with a smaller NDZ. In the AFD method, the reactive power mismatch causes an imbalance between the load and the DG by injecting distortion into the current.



The active and reactive powers are described as Equations (9) and (10):


  P = V ⋅  I 1  ⋅ cos    ϕ 1     



(9)






  Q = V ⋅  I 1  ⋅ sin    ϕ 1     



(10)




where    I 1    is the rms value and    ϕ 1    is the phase angle of the fundamental waveform. From the Equations (9) and (10), Equation (11) can be derived:


   Q P  = tan (  ϕ 1  )  



(11)







As can be seen, the phase angle of the fundamental waveform is in proportion to the reactive power generated by the distortion. The AFD method involves introducing a distortion into the current waveform in order to shift the fundamental current component by an angle of    ϕ 1   . Obviously, the NDZ will decrease by increasing the injected reactive power to current waveform, while it leads to a higher THD at the same time.



It is expected that the techniques can detect islanding, while reducing the NDZ. In AFD method, the value of    C f    needs to be quite large to ensure the effective evaluation of the AFD method, which directly affects the THD. However, the THD is limited to THDmax < 5%. It is obvious that increasing the value of    C f   , which represents the perturbation intensity, will cause the THD to increase according to Equation (2).



Although the improved AFD method reduces the THD and NDZ to some extent, it still produces higher harmonics due to the disturbance method, or it compromises the detection speed for a smaller harmonic [9]. In view of this, an improved active method is proposed, and the basic perturbation way is changed. The proposed method not only has a higher detection speed and a smaller non-detection zone, but it can also effectively reduce the harmonic content and minimize the impact on power quality associated with the disturbance method.





3. Principle of the Proposed Method


By injecting the reactive power every half cycle, the parameter(s) are gradually driven out of the threshold in the AFD method, but it causes a high level of harmonic distortion. Therefore, the aim of this paper is to present a novel method that utilizes an alternative perturbation technique, resulting in reduced total harmonic distortion (THD) and improved features.



In the proposed method, the injected harmonic currents differ from those used in AFD [22,25], resulting in different inverter output currents, as depicted in Figure 3.



Where,    I  r e f     is the original reference current waveform,    I o    is the output current of the inverter, and    I  r e j     is the injected harmonic current by the proposed method. T is the period of the reference current. During the time interval tz, the current equals to zero, which determines the magnitude of the perturbation depth.



The reference current waveform under the perturbation of the proposed method can be expressed as:


  i ( t ) =     I sin ( ω t + α ) − k I                 → 0 ≤ ω t ≤ π − α     I sin ( ω t + α )                                 → π − α ≤ ω t ≤ 2 π − α     0                                                                         → 2 π − α ≤ ω t ≤ 2 π      



(12)




where  α  is the phase difference between the current of the proposed method and the original reference current, and   α = arcsin k  ,  k  is the perturbation factor. That is, the amplitude of the first half cycle is reduced by  k  on the basis of the offset.



In order to further decrease the THD, another perturbation method is proposed. The inverter output current is illustrated in Figure 4.



Where    I o    is the output current of the improved method.



Therefore, the current can be expressed as:


  I =     I sin ( ω t + α ) − k I                   → 0 ≤ ω t ≤ π − 2 α     0                                                                             → π − 2 α ≤ ω t ≤ π − α     I sin ( ω t + α )                                   → π − α ≤ ω t ≤ 2 π − α     0                                                                             → 2 π − α ≤ ω t ≤ 2 π      



(13)







The chopping factor can be described as Equation (2).



The frequency of the proposed method will be drifted by the phase-shifting. This method changes the current frequency without distorting the current waveform. Since every half cycle of the current is sine wave, the harmonic of this method can be calculated approximately as:


  T H D =   2 α   2 π   ⋅ 100 % =  α π  ⋅ 100 %  



(14)







It is calculated that THD = 2.4% using the proposed method when   k = 0.075  , that is,    C f  = 0.0238  . The injected reactive power is calculated as follows:
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Figure 4. Improved current waveform. 






Figure 4. Improved current waveform.
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The Equation (13) can be expanded in the Fourier series:


  F ( t ) =  a o  +   ∑  n = 1  ∞   (  a n  cos n ω t +  b n  sin n ω t )    



(15)






   a 1  = I ( k −   2  k 2   π  )  



(16)






   b 1  = I ( 1 −   2 k  π  )  



(17)







Equation (11) can be rewritten:


   Q P  =   π k − 2  k 2    π − 2 k   ⋅ 100 %  



(18)




when   k = 0.075  , the reactive power of the proposed improved method can be obtained:


   Q P  = 7.5 %  



(19)







According to reference [21], Equation (19) satisfies conventional AFD method law:


  T H D =  Q P   



(20)







In that way, when Q/P of both methods is set as 7.5%, according to Equations (11) and (20), the THD injected into the grid with the proposed method is 2.4%, while the THD with conventional AFD method is 7.5%. In addition, the proposed method reduces the harmonic by 68% when compared to the conventional AFD. Likewise, when both of the THD are 2.4%, the proposed method injects reactive power 7.5% to the grid, while the conventional AFD only injects 2.4%. Therefore, with the same THD as the conventional AFD, the proposed method will achieve a significantly higher Q/P ratio. This may result in larger parameter fluctuations, which may accelerate the speed of islanding detection.



Once the grid is disconnected, the frequency variation of PV with RLC load satisfies the follow equation:


  arg   [  R  − 1   +   ( j ω L )   − 1   + ( j ω C ) ]   − 1   =   tan   − 1   (   π k − 2  k 2    π − 2 k   )  



(21)







According to Equations (3) and (21), the analysis of the non-detection zone is given as Figure 5. Under the proposed method, the non-detection zone with   k = 0.09  ,   k = 0.15   are a and c, respectively; b is the distribution of the non-detection zone with    C f  = 0.046   of the conventional AFD method.



According to IEEE std. 929-2000 [32], that is    C  n o r m   = 1.01 ,  Q f  = 2.5  , c is the NDZ of the proposed method with   k = 0.15   and has a THD of 4.9%; b is the NDZ of the conventional AFD method with    C f  = 0.046  . It is evident that the conventional AFD may fail at this point, which is located on the boundary of NDZ. Nevertheless, the proposed method can successfully operate beyond the NDZ boundary. This is a noteworthy advantage as it leads to a decrease in the overall size of the NDZ by increasing the value  k  of the proposed method, which is depicted in Figure 5.



In order to illustrate the relationship between    C f    and THD, the THD and islanding detection time can be measured in simulation software of Matlab/Simulink under different    C f   . Several groups of data obtained from the simulation can then be mapped, as shown in Figure 6 and Figure 7.



From Figure 6 and Figure 7, it can be seen that as the    C f    gets increased, the detection speed accelerates, and the THD level rises. The faster the detection speed, the easier it becomes to detect, and the smaller the NDZ is. Conversely, the slower the detection speed, the more difficult it is to detect, and the greater the size of the NDZ. In other words, to reduce the NDZ, the value of    C f    must be increased. According to Figure 7, the proposed improved method in this paper has a faster detection speed and lower THD compared to the AFD method. In other words, the proposed method not only has a faster detection speed and smaller NDZ, but it also significantly reduces THD compared to the AFD method. For instance, as depicted in Figure 7 at points a and b, the detection time is similar for both methods, but the THD of the AFD method is as high as 4.18%, whereas the proposed method has a significantly lower THD of only 1.76%. Under identical conditions, the improved method shows lower harmonics and faster detection speed. In summary, the proposed improved active island detection method has better detection performance, faster detection speed, lower harmonics, smaller NDZ, and higher practical application value compared to the AFD method.




4. Results and Discussion


4.1. Simulation Results


According to the power quality standards of China [31], a detailed simulation has been conducted in the 220 V system. The voltage threshold is +7%, −10% of the nominal voltage, ensuring the stability and reliability of the system. The frequency threshold is ±0.5 Hz, a detection time of no more than 2 s has been requested, and the THD should be under 5%.



The RLC load will be resonant when   ω C =  1 /  ω L    , so the quality factor should be    Q f  =  R /   ω o  L    .



Simulation software of Matlab/Simulink is adopted to make simulation analyses. The parameters are listed in Table 1.



The injected current waveforms are illustrated in Figure 8. Under conventional AFD, the proposed method and the proposed improved methods specifically when   α = 0.08   (that is can be observed in Figure 8a–c, respectively).



This paper puts forward a novel improved method, and the results of detection are nearly identical. Based on the analysis in Section 3, it can be seen that the improved method is straightforward to implement and has a relatively low harmonic injection into the power grid, making it more practically significant. Hence, this paper adopts the improved method to conduct simulations and experiments and compare it with the conventional AFD method.



When   α = 0.08   (    t   z   = 0.255   m s  ), the detection results and harmonic analysis are illustrated in Figure 9, Figure 10, Figure 11 and Figure 12, respectively.



It can be concluded from Figure 9, Figure 10, Figure 11 and Figure 12 that it takes the conventional AFD method 2.2 s to detect the islanding. However, the proposed method is able to detect islanding in just 0.1 s when   α = 0.08   (    t   z   = 0.255   m s  ). Additionally, it also can be observed that the THD of conventional AFD is 3.04%, which is higher than the THD of the proposed method, measured at only 2.62%.



When   α = 0.09   (    t   z   = 0.286   m s  ), the detecting results and the harmonic analysis using the conventional AFD and the proposed method are illustrated in Figure 13, Figure 14, Figure 15 and Figure 16, respectively.



It can be concluded from Figure 13, Figure 14, Figure 15 and Figure 16 that it takes the conventional AFD method 1.15 s to detect the islanding. However, it is only 0.1 s for the proposed method when   α = 0.09   (    t   z   = 0.286   m s  ). It can be observed that the THD of conventional AFD is 3.35%, which is higher than the THD of the proposed method, which measured only 2.91%.



Based on the detection results of two groups, the proposed method exhibits superior detection capabilities compared to the conventional AFD method under the same conditions, while maintaining a lower THD. As  α  increases, the detection time will decrease while the THD will increase.



To further confirm the effectiveness of the proposed islanding detection technique, various simulations were conducted under different islanding scenarios and only set the frequency threshold, which is ±0.5 Hz. Specifically, the simulations were conducted by changing the load resistance and load inductance, which represent the scenarios of active power mismatch and reactive power mismatch, respectively. The simulation results are presented in Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22.



The simulation results for scenarios involving only changes in load resistance, i.e., active power mismatch, are presented in Figure 17, Figure 18 and Figure 19. Based on these figures, it can be observed that the voltage changes to a new level when the grid disconnects, and the detection time is 0.01 s, 1.18 s, and 0.2 s, respectively, for Qf = 0, 1, 4, depending on the level of active power imbalance. Since this simulation only detects frequency, it takes longer to detect islanding when the active power mismatch is low, such as when Qf = 1. However, in actual GCPVS, passive detection is combined with this method for island detection. When the voltage drops below the preset value, the island is immediately detected, and a long detection time is not necessary.



The simulation results for scenarios involving only changes in load inductance, i.e., reactive power mismatch, are presented in Figure 20, Figure 21 and Figure 22. Based on these figures, it can be observed that the frequency changes to a new level when the grid disconnects, and the detection time is 0.08 s, 0.11 s, and 0.13 s, respectively, for Qf = 0, 1, 4, depending on the level of reactive power imbalance. Similarly, since this simulation only detects frequency, even when the reactive power mismatch is low, the required detection time is not long.




4.2. Experimental Results


To verify the proposed system, a prototype was constructed, and experimental testing was conducted. A solar panel simulator rated at 1.5 k W and 360 V DC voltage was used to simulate a DC source, with a reactive power of approximately 0.27 kW. The grid simulator was utilized to simulate a power grid, with an adjustable RLC parallel load.



Once the system was operating stably, as shown in Figure 23, the state parameters were set to 0 for the b and c phase voltages, while the a phase voltage was set to 220 V with a frequency of 50 Hz. The inverter power was set to 1.5 kW, and the maximum power point voltage of the DC measurement was set to 360 V. The system parameters after achieving stability are shown in Figure 24. Once the system was stable, island protection testing was conducted.



After the inverter is connected to the grid, the system operates normally. From top to bottom is the voltage and current of the system measured by a digital oscilloscope, as shown in Figure 25. When the power grid operates normally, due to the clamping effect of the grid, the inverter and grid voltage remain synchronized.



After the inverter is connected to the grid, the power of the load is first adjusted to match the output power of the inverter with the required power of the load, and the RLC load resonates. Once the load resonance has occurred, the inverter can provide the required power to the load, and the power grid no longer needs to supply voltage. Consequently, the current at the grid end is very small, typically around 1% of the normal value, as shown in Figure 26. Figure 27 shows the system voltage Urms1 and current Ifnd1, active P1 and reactive Q1 parameter values measured by the power analyzer after resonance. The system voltage stabilizes at around 220 V with slight fluctuations, and at this time, the grid terminal current is 1% of the fundamental frequency current. As shown in Figure 27, the active and reactive powers of grid are also very small. If anti-islanding measures are not taken after load resonance when the grid is disconnected, the islanding state can be maintained during operation.



The voltage and current waveforms were measured using a power analyzer and are depicted in Figure 28 and Figure 29. The top-down waveforms show the system voltage waveform and the grid current waveform obtained using the conventional AFD method and the proposed method, respectively. The RMS voltage and current were measured at 220 V and 6.5 A, respectively, with a frequency of 50 Hz.



The experimental results showed that the distortion of the current generated by the proposed method was smaller than that of the AFD method. This finding is significant as it demonstrates the effectiveness of the proposed method in reducing distortion during the current generation process.





5. Conclusions


Islanding in a grid-connected photovoltaic system has the potential to cause significant damage and threaten the safety of both electrical repair personnel and users. Therefore, it is imperative to implement measures to prevent or detect islanding in grid- connected photovoltaic systems. The most common method combines active and passive methods, with the active frequency drift (AFD) method being an effective active method due to its smaller non-detection zone (NDZ) and lower cost. However, the AFD method can introduce higher harmonic distortion to the system and requires careful consideration of the detecting speed and NDZ. Although an improved AFD method has been developed to optimize the NDZ, it still exhibits high harmonic distortion. To address this limitation, an innovative method has been proposed to effectively decrease harmonic distortion during AFD islanding detection. The proposed method utilizes different injecting harmonic currents compared to AFD. After Fourier analysis and laboratory experiments, it was found that the harmonic distortion of the proposed method is reduced by 68% compared to conventional AFD, while the chopping factor is larger than that of conventional AFD. These results demonstrate that the proposed method effectively decreases harmonic distortion without compromising detecting speed or increasing the non-detection zone. Therefore, the proposed method represents a significant advancement in the quest to enhance the safety and efficiency of islanding detection in photovoltaic systems.
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Figure 1. Schematic for islanding event description. 
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Figure 2. Current waveform of AFD. 
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Figure 3. Proposed current waveform. 
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Figure 5. NDZ for different    C  n o r m    . (The non-detection zone with   k = 0.09  ,   k = 0.15   are a and c, respectively; b is the distribution of the non-detection zone with    C f  = 0.046   of the conventional AFD method). 
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Figure 6. Relationship between    C f    and THD (B—proposed improved method; C—conventional AFD method). 
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Figure 7. Relationship curve between THD and detection time (B—proposed method; D—conventional AFD method). 
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Figure 8. Simulation current waveform of conventional AFD and the proposed method. (a) is current waveform of conventional AFD, (b) is current waveform of the proposed method and (c) is current waveform of the proposed improved methods when   α = 0.08  . 
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Figure 9. Result of conventional AFD method. 






Figure 9. Result of conventional AFD method.



[image: Processes 11 01838 g009]







[image: Processes 11 01838 g010 550] 





Figure 10. Result of the proposed method. 
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Figure 11. THD of conventional AFD. 
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Figure 12. THD of the proposed method. 
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Figure 13. Result of conventional AFD. 
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Figure 14. Result of the proposed method. 
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Figure 15. THD of conventional AFD. 
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Figure 16. THD of the proposed method. 
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Figure 17. Result with Qf = 0. 
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Figure 18. Result with Qf = 1. 
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Figure 19. Result with Qf = 4. 
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Figure 20. Result with Qf = 0. 
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Figure 21. Result with Qf = 1. 
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Figure 22. Result with Qf = 4. 
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Figure 23. Grid parameters. 
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Figure 24. State parameters of the inverter after stabilization. 
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Figure 25. Voltage and current during normal operation of the power grid. 
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Figure 26. Voltage and current of the system after load resonance. 
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Figure 27. Parameters after load resonance. 
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Figure 28. Waveform of the conventional AFD method. 
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Figure 29. Waveform of the proposed method. 
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	Components
	Parameters





	active power
	4.585 kW



	reactive power
	47 Var



	quality factor
	2



	resonant frequency
	50.2 Hz



	L (inductance)
	16.724 mH



	C (capacitance)
	601.026 μF



	R (load)
	10.55 Ω



	Grid
	220 V, 50 Hz



	Inverter
	DC/AC converter topology, 1.5 kW



	current and voltage controllers for inverter
	PID



	PV array
	maximum power point voltage, 360 V
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