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Abstract

:

Islanding phenomenon is one of the consequences of the emergence and development of microgrids in the power system. Injected signal cancellation is a common problem in a multi- distributed generation that has a significant influence on active islanding detection methods. In this study, this issue was analyzed by injecting a perturbation signal in the multi-photovoltaic system. Furthermore, the promising solution to eliminate injected signal cancellation was proposed in this paper. The solution was validated through mathematical explanations and simulation results.
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1. Introduction


In recent years, the penetration of dispersed generations (DGs) such as photovoltaic and wind energy in electricity systems has significantly increased. Some of the distributed generations are natively DC. The developments of DC loads and storage technologies have also considerably increased [1]. The DC grid has much more advantages such as higher system efficiency, easier integration and lower losses due to reduced conversion devices than the AC grid [2,3,4,5]. Therefore, the DC grid has been rapidly increasing in the power system. One of the major challenges with DC grid-connected DG is the detection of the unintentional islanding phenomenon. According to the IEEE 929-2000 standard [6], islanding problem occurs when the distributed network isolated from the main utility and the loads are supplied by DGs only. Based on this standard, the islanding phenomenon must be detected within 2 s to prevent damage to electrical devices and ensure the safety of maintenances. Nowadays, islanding detection has received considerable attention through recent studies.



In [7], a novel islanding detection method based on two additional compensators and positive feedback of active and reactive power control loops. The method does not have a non-detection zone, no affect on power quality and normal operation of synchronous DG. Because of it need additional compensators, it may cause the method to complicate and costly.



A novel islanding detection method for micro-grid was proposed in [8]. The method can detect islanding phenomenon in hardest condition (low active and reactive power mismatches) by using a differential morphological filter (a dilation–erosion differential filter (DED)) of the RMS signal (DEDFOR) at the point of common coupling. The method has a small non-detection zone (NDZ), fast detection time, and high accuracy. However, the method is used for double-fed induction generators (DFIGs) system.



A new passive islanding detection includes in Smart Islanding Detector (SmartID) was proposed in [9]. It combines with classical voltage and frequency relays to make a better anti-islanding protection system. The method is used to backup in case of the classical method fail. However, the combination of SmartID and classical relays also complicated.



In [10], a new islanding detection strategy for low-voltage inverter-interfaced microgrids was presented. This strategy was based on adaptive neuro-fuzzy inference system (ANFIS). The ANFIS method monitors seven inputs measured at the point of common coupling (PCC) such as root-mean square of voltage and current (RMSU and RMSI), total harmonic distortion of voltage and current (THDU and THDI), frequency, and active and reactive powers based on practical measurement in a real microgrid. The ANFIS method detects islanding condition by using its pattern recognition capability and nonlinear mapping of relation between input signals.



A novel hybrid islanding detection method for grid-connected microgrids in the case of multiple inverter-based distributed generators was proposed in [11]. This method was based on the slope of linear reactive power disturbance (RPD) and four passive criteria, namely, voltage variation, voltage unbalance, rate of change of frequency and correlation factor between the RPD and frequency variation. Islanding is detected when the frequency exceeds its thresholds. However, the cancellation issue in the case of multiple inverter-based distributed generators was ignored in this study.



In [12], a new method used the transient response of voltage waveform to detect the islanding condition. This method was based on two new criteria, namely, the peak of the transient index value (TIV) and the positive sequence superimposed phase angle at the point of common coupling.



In [13], a method based on Kalman filter (KF) was proposed to extract and filter the harmonic components of the measured voltage signal at distributed generation terminals. The islanding detected by the selected harmonic distortion (SHD) was calculated by the KF after the different changes in the power system. This changes was detected by a residual signal.



An unintentional islanding detection method based on the combination of the main criterion of switch status and the auxiliary criterion based on the no-current and difference-voltage criteria was proposed for “hand-in-hand” DC distribution network in [14]. However, the power supply reliability of the DC distribution network must be considered.



A novel islanding detection approach based on the relationship between the angular frequency and the derivative of the equivalent resistance observed from the small-scale synchronous generators in microgrids, including small-scale synchronous generators, was proposed in [15]. The derivative of the equivalent resistance observed from the small-scale synchronous generators approaches to zero when the islanding occurs in small-scale synchronous generator side.



In [16], we proposed an active islanding detection method by injecting perturbation signal to make the power imbalance and voltage fluctuation exceed the thresholds faster and easier in the islanding condition. This method can rapidly and efficiently detect the islanding condition. Howerver, the cancellation problem when using this method in multi-PV operation has not been considered.



Many converters are connected in parallel because of their capacity limitation in a large-scale solar system. Therefore, the cancellation issue can occur in a multi-PV operation.



On basis of the literature, no research has been conducted on the cancellation issue in multi-DG operation when using active islanding detection method. In this study, the cancellation issue when using the active Islanding Detection Method (IDM) in [16] is analyzed. Moreover, the solution improves the islanding detection method in [16] to eliminate the injected signal cancellation is proposed and verified by Matlab/Simulink. The system in this paper is the DC grid connected-photovoltaic system. The rest of this paper is organized as follows: The system description and cancellation problem are presented in Section 2. The simulation results of the cancellation problem is analyzed in Section 3. The solution for this problem is shown in Section 4. The conclusions are presented in Section 5.




2. System Description and Cancellation Problem


The injected signal cancellation in the DC grid-connected photovoltaic system is analyzed in this section.



2.1. System Description


As mentioned in the previous chapter, the cancellation signal occurs in multi-PV operation. To simplify, an operation system with two PVs is used for analysis, as shown in Figure 1.



Figure 2 shows the diagram of the system under analysis. This system consists of a 100 kW PV array, output capacitor C, DC/DC converter with maximum power point tracking (MPPT), and islanding detection program. The DC load is shown as an equivalent resistance and the DC bus is modeled as a constant voltage source. The specifications of the PV module are listed in Table 1. The inverter is used to connect the AC and DC grids. A VSC controller is modeled as a voltage source converter (VSC-detail model) to regulate the DC bus voltage (keep stable at 500 V).



The sampling time is   T s   = 5 × 10    − 5   . The simulation time is 2 s and the simulation is performed with the two following steps:




	
Step 1: Start the injection of perturbation signal at 0.4 s after system startup.



	
Step 2: The islanding event is activated at 1.2 s after system startup by disconnecting the AC grid.









2.2. Injected Signal Cancellation


By using the proposed IDM in [16] in the multi-PV system, cancellation can occur when the perturbation signals of PV1 and PV2 are in the opposite positions, as shown in Figure 3.



	
The perturbation signal factors at normal condition in normal case are n = 0.9–1.1.



	
The perturbation signal factors at normal condition in the cancellation case are n = 1.1–0.9 for PV1 and n = 0.9–1.1 for PV2.






Figure 4 describes in detail on how the injected signal cancellation can occur.



The cancellation problem is explained below:



Based on the equation in [16], after islanding, the DC-link voltage is shown in Equation (1):


   v  d c    ( t )  =  [ v  ( 0 )  −  N k  R  i  p v    ( t )  ]   e  −  1  R C   t   +  N k  R  i  p v    ( t )   



(1)




and


   N k  = 1 −  n k  D  



(2)




where:




	
   v  d c    ( t )    is the DC-link voltage at time t.



	
  v ( 0 )   is the initial DC-link voltage.



	
   i  p v    ( t )    is the photovoltaic current at time t.



	
  N k   is the output DC/DC converter current perturbation signal.



	
  n k   is the perturbation factor generated by the islanding program.



	
D is the duty cycle.



	
R is the DC load (resistor).



	
C is the capacitor.








The DC-link voltage at perturbation   N 1   from PV1 is as follows:


   v  d c 1    ( t )  =  N 1  R  i  p v    ( t )  + [ v  ( 0 )  −  N 1  R  i  p v    ( t )  ]  e  −  1  R C   t    



(3)




where:    v  d c 1    ( t )    is the DC-link voltage at time t when perturbation signal 1 is injected and,   N 1   is the perturbation signal of PV1.



The DC-link voltage at perturbation   N 2   from PV2 is shown in Equation (4):


   v  d c 2    ( t )  =  N 2  R  i  p v    ( t )  + [ v  ( 0 )  −  N 2  R  i  p v    ( t )  ]  e  −  1  R C   t    



(4)




where:    v  d c 2    ( t )    is the DC-link voltage at time t when perturbation signal 2 is injected.



The DC-link voltage without injecting the perturbation signal is as follows:


   v  d c 0    ( t )  =  N 0  R  i  p v    ( t )  + [ v  ( 0 )  −  N 0  R  i  p v    ( t )  ]  e  −  1  R C   t    



(5)




where:    v  d c 0    ( t )    is the DC-link voltage without perturbation signal at time t after islanding occurs.



The fluctuation of DC-link voltage caused by the perturbation signal from PV1 is shown in Equation (6):


   v  d c 1    ( t )  −  v  d c 0    ( t )  = {  N 1  R  i  p v    ( t )  + [ v  ( 0 )  −  N 1  R  i  p v    ( t )  ]  e  −  1  R C   t   } − {  N 0  R  i  p v    ( t )  + [ v  ( 0 )  −  N 0  R  i  p v    ( t )  ]  e  −  1  R C   t   }  



(6)







The Equation (6) is simplified


   v  d c 1    ( t )  −  v  d c 0    ( t )  =  (  N 1  −  N 0  )  R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(7)







Equation (7) becomes


   v  d c 1    ( t )  −  v  d c 0    ( t )  =  (  n 0  −  n 1  )  D R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(8)




or


  Δ  v  1 d c    ( t )  =  (  n 0  −  n 1  )  D R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(9)







The fluctuation of DC-link voltage caused by the perturbation signal from PV2 is shown in Equation (10):


   v  d c 2    ( t )  −  v  d c 0    ( t )  = {  N 2  R  i  p v    ( t )  + [ v  ( 0 )  −  N 2  R  i  p v    ( t )  ]  e  −  1  R C   t   } − {  N 0  R  i  p v    ( t )  + [ v  ( 0 )  −  N 0  R  i  p v    ( t )  ]  e  −  1  R C   t   }  



(10)







The Equation (10) is simplified


   v  d c 2    ( t )  −  v  d c 0    ( t )  =  (  N 2  −  N 0  )  R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(11)







Equation (11) becomes


   v  d c 2    ( t )  −  v  d c 0    ( t )  =  (  n 0  −  n 2  )  D R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(12)




or


  Δ  v  2 d c    ( t )  =  (  n 0  −  n 2  )  D R  i  p v    ( t )   ( 1 −  e  −  1  R C   t   )   



(13)







Based on Equations (9) and (13), the injected signal cancellation occurs when:


  Δ  v  1 d c    ( t )  + Δ  v  2 d c    ( t )  = 0  



(14)






  2  n 0  =  n 1  +  n 2   



(15)







If   n 0   = 1 (without perturbation signal),   n 1   = 1.1, and   n 2   = 0.9, then Equation (15) is satisfied. Consequently, the fluctuation of DC-link voltage is cancelled because the perturbation signals from PV1 and PV2 have the same value but opposite directions. Thus, the DC-link voltage fluctuations have been cancelled.



The simulation result verifies the problem.





3. Simulation Testing Scenarios and Results


The system is tested under the balance case between the DC load and PV in Table 2, and the procedure is as follows:




	
The perturbation signal is injected at t = 0.4 s after the system startup.



	
The islanding condition occurs at t = 1.2 s after the system startup.








The model parameters are as follows:




	
The maximum power (each PV) is   P max   = 50 kW.



	
Switching frequency of the converter is   f s   = 10 kHz.



	
The DC bus voltage is   V  d c    = 500 V.



	
The under voltage threshold is   V  d c m i n    = 450 V.



	
The islanding threshold is 0.2346 [16].



	
The perturbation duration is T = 8 ms.



	
The perturbation signal factors at normal condition in the normal case are n = 0.9–1.1.



	
The perturbation signal factors at normal condition in the cancellation case are n = 1.1–0.9 for PV1 and n = 0.9–1.1 for PV2.








For the first test, the IDM will test two scenarios: normal and cancellation. The results are shown in the Figure 5 and Figure 6.



The result in the normal scenario is shown in Figure 5, and the cancellation scenario result is shown in Figure 6. Figure 5 shows that the islanding condition is detected after 56(ms). The IDM cannot detect the islanding condition when the cancellation problem occurs. In closing, injecting two perturbation signals in the opposite directions can make the cancellation occur completely.



The impact of the injected signal cancellation on the islanding detection method is significant based on the results. The islanding detection method cannot detect the islanding phenomenon in the cancellation scenario.




4. Improved Islanding Detection Method Based on the Proposed Solution


According to the previous section, the cancellation problem occurs by using two perturbations in the opposite directions. The main meaning of the solution is how to prevent the occurrence of cancellation.



First, the beginning of the proposed IDM uses the perturbation signal in the range n = 0–1.1. As the range of perturbation signal includes values over and below the normal value (n = 1), the injected signal cancellation caused by the perturbation signals in opposite directions can occur.



Second, to prevent the occurrence of cancellation, the perturbation signal value is changed so that the opposite signals cannot occur.



Therefore, the solution for the cancellation problem is to change the perturbation signal values in the range n = 0–1.1 to n = 0–1, and in the normal condition from n = 0.9–1.1 to n = 0.9–1. By changing this value, the injected signal cancellation is eliminated. Similar to the Equations (3)–(15), the solution is explained below:



The injected signal cancellation occurs when:


  2  n 0  =  n 1  +  n 2   



(16)







By using the new perturbation signal (  n 0   = 1,   n 1   = 1, and   n 2   = 0.9), Equation (16) becomes


  2 ≠ 1.9  



(17)







Based on Equation (17), the fluctuation of DC-link voltage caused by the perturbation signals from PV1 and PV2 cannot cancel each other. Thus, the proposed solution can solve the injected signal cancellation.



By generalizing this solution with   n k   perturbation signals (  k = 1 ÷ ∞  ), the injected signal cancellation occurs when:


  Δ  v  1 d c    ( t )  + Δ  v  2 d c    ( t )  + … + Δ  v  k d c    ( t )  = 0  



(18)




or


   n 0  −  n 1  +  n 0  −  n 2  + … +  n 0  −  n k  = 0  



(19)







Finally,


  k  n 0  =  ∑  k = 1  ∞   n k   



(20)







As   n 0   = 1 (without perturbation signal) and    n k  ≤ 1  , Equation (20) is correct when all perturbation signal values are 1 (without perturbation signal case).



With other values of the perturbation signals (with perturbation signal), Equation (20) becomes


  k  n 0  >  ∑  k = 1  ∞   n k   



(21)







For this reason, the injected signal cancellation is eliminated by using the proposed solution.



The flowchart in Figure 7 explains the detailed procedure of the proposed solution. The solution is verified by a step-by-step simulation.



The testing scenarios in Table 3 are the worst case (the power of DGs and the load are balance), and the procedure is similar to the previous testing procedure.



The model parameters are almost similar to the previous testing, only the new perturbation factors are different. The perturbation factors at normal condition in cancellation case are n = 1–0.9 for PV1 and n = 0.9–1 for PV2.



In addition, the eight-PV scenario also tests to verify the effect of the improved IDM. The parameters of the eight-PV scenario are as below:




	
Each PV module power is 50 kW.



	
Total PV power is 400 kW.



	
Load power is 400 kW.



	
DC bus voltage is 500 V.








As shown in the results in Figure 8, the injected signal cancellation occurs in two-PV scenario. With the improved islanding detection method based on the proposed solution, the islanding condition is detected after 40 ms when the islanding occurs. The solution is effective in two-PV scenario.



The results of three-PV scenario are shown in Figure 9 and Figure 10. In Figure 9, the islanding detection method can not detect the islanding phenomenon when injected signal cancellation occurs.



The results in Figure 10 show that the islanding condition is detected after 64 ms when the islanding occurs by applying the proposed solution to the improved islanding detection method in the injected signal cancellation case.



The four-PV scenario has the similar results, the islanding condition can be detected after 48 ms when the islanding occurs by using the improved islanding detection method, but it cannot be detected by using the original one. The results are shown in Figure 11 and Figure 12.



The eight-PV scenario result is shown in Figure 13. The improved islanding detection method by applying the proposed solution can detect the islanding condition after 48 ms.



Based on the simulation results and mathematical explanations, the proposed solution eliminates the injected signal cancellation by using the improved islanding detection method based on the proposed solution in two-PV, three-PV, four-PV, and eight-PV scenarios.



Moreover, the injected signal cancellation is eliminated not only in the specified cases but also in the general case by using the improved islanding detection method. This result shows the achievement and efficiency of the proposed solution.




5. Conclusions


In this study, the islanding detection method based on perturbation signal injection and the rate of change of output power in a DC grid-connected photovoltaic system is investigated.



The impact of injected signal cancellation on the islanding detection method in [16] is significant. The islanding detection method in [16] cannot detect the islanding phenomenon but works well without injected signal cancellation (detection time is 56 ms).



The solution of using the new perturbation factors (n = 0.9–1 in normal condition) is proposed. With this solution, the improved islanding detection method can detect the islanding phenomenon after 40 ms (two-PV scenario), 64 ms (three-PV scenario), and 48 ms (four-PV and eight-PV scenarios) when the injected signal cancellation appears.



Through the mathematical explanations and simulation results, the injected signal cancellation is eliminated. Moreover, the improved islanding detection method by applying the proposed solution is correct not only in specified cases but also in the general case.
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Figure 1. Cancellation testing system. 
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Figure 2. System model under analysis. 
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Figure 3. Perturbation signals in cancellation signal scenario. 
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Figure 4. Controller perturbation signal circuit (  V  d c    is the measurement DC bus voltage;   V  p v 1    and   V  p v 2    are the PV1 and PV2 voltages, respectively;   I  p v 1    and   I  p v 2    are the PV1 and PV2 currents, respectively;   n 1   and   n 2   are the perturbation factors of IDM programs 1 and 2, respectively;   D 1   and   D 2   are the duty cycles of boost converter 1 and 2, respectively). 
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Figure 5. Islanding detection result by using the IDM in [16] in normal scenario. 
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Figure 6. Islanding detection result by using the IDM in [16] in cancellation scenario. 
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Figure 7. Flowchart of the improved IDM program (  n 0   is the perturbation factor at the beginning,   Δ V   is the voltage deviation,   E p s   is the abnormal event value,   d P   is the rate of change of output power). 
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Figure 8. Solution result in two-PV scenario. 
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Figure 9. Cancellation result in three-PV scenario. 
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Figure 10. Solution result in three-PV scenario. 
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Figure 11. Cancellation result in four-PV scenario. 
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Figure 12. Solution result in four-PV scenario. 
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Figure 13. Solution result in eight-PV scenario. 
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Table 1. Specifications of SunPower SPR-305E-WHT-D (SunPower, San Jose, CA, USA) PV module.
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	Information
	Value





	Open circuit voltage
	64.2 V



	Short circuit current
	5.96 A



	Voltage at maximum power point
	54.7 V



	Current at maximum power point
	5.58 A



	Maximum power
	305.226 W



	Parallel strings
	66



	Series-connected modules per string
	5
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Table 2. Normal and cancellation scenarios.
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	Cases
	PV1 (kW)
	PV2 (kW)
	Total PV (kW)
	Load (kW)
	Vdc(V)





	Normal
	50
	50
	100
	100
	500



	Cancellation
	50
	50
	100
	100
	500
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Table 3. Multi-PV operation scenario.






Table 3. Multi-PV operation scenario.





	Cases
	PV1(kW)
	PV2(kW)
	PV3(kW)
	PV4(kW)
	Total PV(kW)
	Load(kW)
	Vdc(V)





	2-PV
	50
	50
	0
	0
	100
	100
	500



	3-PV
	50
	50
	50
	0
	150
	150
	500



	4-PV
	50
	50
	50
	50
	200
	200
	500
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