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The incorporation of distributed energy resources (DERs) into the electricity grid yields environmental, technical, and economic benefits. However, in addition to the benefits, the widespread use of DERs causes technical issues. Islanding is a big concern in terms of equipment protection and personnel safety, and it should be detected as soon as possible. The proposed approach employs a passive islanding detection technique based on reactive power (Q). The Q was chosen following a comparison of five other indices. Comparative analysis reveals that Q has the highest sensitivity and accuracy for islanding recognition when compared to all other observed parameters. Different case studies have been performed considering the worst-case scenario to check the working efficiency of the proposed scheme that simply distinguishes the islanding conditions from non-islanding conditions, which include load, motor, and capacitor switching, various types of fault switching, DG tripping cases, and weak grid contribution. The proposed strategy is straightforward, with quick execution and simple implementation in the MATLAB/SIMULINK environment on the IEEE 1547-2018 generic test system. With a small non-detection zone, islanding is detected in 0.038 s.
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INTRODUCTION
Traditionally, a large amount of energy was produced at the generating end stations, and this generated energy at the power plants was then transmitted over long lines to the distribution and consumer ends. The trend is now toward distributed energy resources (DERs), which are utilized to generate power at lower levels. Solar systems, fuel cells, biomass, wind power plants, mini-hydro, biogas, tidal, and geothermal are examples of distributed generating resources. The energy produced by DERs is commonly referred to as distributed generation (DG). The DERs meet the majority of the load demand (Abd-Elkader et al., 2014). When a DG is integrated with the utility, the topological trends of the power system occur and the configuration of the system shifts from centralized to decentralized power generation (Manditereza and Bansal, 2016).
Positive effects are exerted on the power system by integrating the DG units with the utility. For example, DGs are environmentally friendly, and they avoid environmental contamination as compared to traditional energy generation resources, increase system flexibility, reduce power losses, and improve system efficiency (Manikonda and Gaonkar, 2019). However, along with the benefits, technical challenges arise, such as system synchronization issues, stability, system security, system upgradability, diversity, system reliability, false tripping, islanding, safety, and voltage regulation (Abd-Elkader et al., 2014; Manditereza and Bansal, 2016; Mishra et al., 2019). Among all of the technical challenges, islanding is a big concern in this case.
In an islanding condition, the utility’s supply to the load is cut off, while the load continues to receive power from the DG. Islanding is a common unintended occurrence that is dangerous not only to the power quality and system stability but also to the personnel on the site. As a result, in order to increase the performance of DERs, it is necessary to detect the moment when islanding occurs. According to the IEEE standard (IEEE-STD 1547), islanding should be identified within 2 s with no additional time delay (IEEE Standard Association, 2018).
Many researchers have presented islanding detection approaches, which are divided into two categories: remote and local techniques. Local techniques measure parameters at the DG side, whereas remote methods measure parameters at the utility side. The fundamental parameter for evaluating the performance of the islanding detection method (IDM) is the non-detection zone (NDZ). The non-detectable islanding zone is defined as the area where the islanding condition is not detected (Abd-Elkader et al., 2014; Manikonda and Gaonkar, 2019; Mishra et al., 2019).
In the case of remote methods, communication links are required for parameter observation between the utility and the DG. The benefits of these methods include high reliability and zero NDZ. But the high implementation cost is a major drawback (Papadimitriou et al., 2015; Karimi et al., 2016). The most commonly used remote techniques are power line carrier communication (PLCC) and supervisory control and data acquisition (SCADA) (Karimi et al., 2016).
Local methods are classified into three further groups, known as active, hybrid, and passive methods. In passive methods, the variation of parameters (voltage, frequency, total harmonic distortion, current, etc.) of a power system is monitored at the point of common coupling (PCC) (Manikonda and Gaonkar, 2019). The working principle of the local methods depends upon the trip signal of the relay to the circuit breaker of DG when the measured parameters at the PCC exceed the predefined threshold value (Manikonda and Gaonkar, 2019; Mishra et al., 2019). The benefits of the passive methods are their negligible impact on power quality and that they are easy to implement (Bayrak, 2015; Bayrak and Kabalci, 2016). Passive methods are unaffected by multi-inverter operation, independent of any type of DER used, and do not impact the distribution system (Bayrak, 2015; Bayrak and Kabalci, 2016; Mishra et al., 2019). However, the difficulty in selecting the threshold value and the large NDZ are the issues with these methods (Pinto and Panda, 2015; Bayrak and Kabalci, 2016). Passive methods that are commonly used are voltage phase jumps, total harmonic distortion (THD), under- and over-voltage, under- and over-frequency, power rate of change, and frequency methods (Manikonda and Gaonkar, 2019).
Some of the passive schemes use signal processing and artificial intelligence techniques combined to reduce the non-detection zone (NDZ) and to improve the performance of the islanding detection schemes. Some of the techniques classified in the literature (Faqhruldin et al., 19922014; Mohamad et al., 2011; Aljankawey et al., 2012; Heidari et al., 2013; Abd-Elkader et al., 2014; Khamis et al., 2015) based upon artificial intelligence include decision trees, artificial neural networks, random forest classifiers, naïve Bayesian classifiers, and fuzzy logic, whereas the others proposed the techniques based upon signal processing in the literature (Shyh-Jier Huang and Huang, 2001; Jang and Kim, 2004; Mohamad et al., 2011; Heidari et al., 2013; Al Hosani et al., 2015; Gupta et al., 2015; Bakhshi and Sadeh, 2016) which include S-transform, T-transform, wavelet transform, and fast Fourier transform. In signal processing schemes, by transforms, we have to analyze the signals and abstract the hidden information which was not readily present in the raw signal.
In the active methods, the perturbations are injected into the parameters of the system to monitor the disturbances occurring due to abnormal conditions. No significant changes occur during the grid-connected state, while significant alterations in parameters occur during the islanding condition. As compared to the passive methods, these methods have nearly zero non-detection zone (NDZ) (Abd-Elkader et al., 2014; Papadimitriou et al., 2015; Bayrak and Kabalci, 2016). The perturbations injected into the system create power quality issues in active techniques (Abd-Elkader et al., 2014; Papadimitriou et al., 2015). A detailed study of the active methods is described by Al Hosani et al. (2015), Bayrak (2015), Gupta et al. (2015), Pinto and Panda (2015), Bakhshi and Sadeh (2016), Bayrak and Kabalci (2016), and Karimi et al. (2016). In the study by Valsamas et al. (2018), Voglitsis et al. (2018), Voglitsis et al. (2019a), and Voglitsis et al. (2019b), some recent active islanding detection methods are developed for inverter-based DG considering high penetration of renewables and weak contribution of a grid. These techniques have the advantage of multi-inverter applicability in power systems and zero NDZ. However, slight issues of power quality and complex algorithm techniques are still present in these methods. Besides these issues, various islanding and non-islanding cases at different mismatches are not anticipated. An active islanding method for inverter-based DG has been developed by Bakhshi-Jafarabadi et al. (2020). Fast tripping time and insignificant NDZ are the key advantages of this method. However, the implementation cost is slightly higher than that of passive methods. In the study by Sivadas and Vasudevan (2019), an active technique has been proposed for multiple inverter operations considering zero NDZ and without power quality issues. However, the algorithm is complex, and the use of a GPS module makes the scheme non-economical. The voltage negative feedback (VNF) algorithm–based active method for a grid-connected photovoltaic system has been presented by Bakhshi-Jafarabadi and Sadeh (2020). This method has the advantage of zero NDZ, fast tripping time, and no power quality problems. The algorithm complexity is kept as low as possible in this scheme. However, it is not suitable from an economical perspective. The merging of the two techniques (active and passive) is known as a hybrid technique. It includes the characteristic features of both active and passive methods. A brief discussion of this method is presented by Mishra et al. (2019).
It is perceived that, to observe the islanding detection techniques, the researchers have studied both the rate of change of the parameters and indices in the literature. 16 different rates of change have been studied by Raza et al. (2016). In this study, the passive approach is proposed for islanding detection, and the rate of change of frequency over reactive power (ROCOFOQ) is considered the most effective parameter for performance evaluation. The fastness of the proposed technique is its benefit, but it has the drawback of small NDZ. Indices have not been monitored and analyzed in this research. In the study by Raza et al. (2021), for improving the efficiency of the system, six different indices have been considered, while the method used in this research is based upon the mathematical morphology which is a passive IDM. The most sensitive parameter in this study is found out to be the reactive power in terms of better islanding detection. The method proposed is simple and has fast execution, but a large NDZ is still its major drawback. The variation in frequency and voltage indices has been analyzed by Abd-Elkader et al. (2018) to detect the islanding scenario. The technique proposed in this paper has the benefit of zero NDZ, but it offers a complex algorithm and complex mathematical calculations. In some research studies, only two indices have been considered for islanding detection study like the voltage/current of a negative sequence in which the wavelet algorithm is utilized by Taheri Kolli and Ghaffarzadeh (2020), voltage/phase angle of a positive sequence (Mishra et al., 2020), and transient index voltage/angle of a positive sequence superimposed on the current (Nale et al., 2019). These techniques have almost zero NDZ and offer huge accuracy, but the algorithm becomes complex because of the usage of the two indices. A passive method has been studied by Xie et al. (2020) using dynamic behavior of the load conditions. The NDZ of this method is very small and has fast tripping time. However, the algorithm has extensive mathematical complexity. A fast and reliable passive method with a negligible NDZ for inverter-based DG has been designed using micro-phasor measurement units (Karimi et al., 2021). These units measure the rate of change of voltage (ROCOV) and magnitudes of the ratio of voltage and current at the point of common coupling (PCC). However, multiple parameters make the algorithm slightly complex. In the study by Xie et al. (2021), the accuracy of the passive method has been improved considering the adaptive threshold. The rate of change of power factor angle is employed as the islanding detection index. This method has considered the dynamic behavior of load and offers a smaller NDZ. However, choosing an adaptive threshold by analyzing the relationship between the reactive power and the resonant frequency of load after islanding occurrence makes the scheme complex.
After a detailed literature review on islanding detection methods, we have found that most of passive islanding detection algorithms are complex and lengthy. Some of the methods have large computational burden, and some of them have used multiple combinations of parameters. The main focus of researchers was the performance analysis of parameters considering different rates of changes for better results. However, the performance analysis of indices is not anticipated in a comprehensive manner. In this paper, a methodology is developed in accordance with the IEEE 1547 standard test network.
The main contributions of the proposed approach are as follows:
• Performing a comprehensive performance analysis of parameters to find the most sensitive parameter that can easily distinguish islanding from other disturbances
• Obtaining a most suitable power system index (Q) that can easily detect minor variation
• Developing a simplest, accurate, sensitive, and fast detection method for islanding situation
• Reduced detection time
• Insignificant NDZ
• Testing the method efficacy under various load quality factors Qf
• Checking the efficacy of the proposed approach considering various non-islanding events, specifically the weak contribution of a grid
This paper is structured in the following way: System demonstration is presented in System Demonstration and Analysis of Passive Indices, and Analysis of Passive Indices discusses the performance analysis of passive systems. The proposed methodology and validation to select the sensitive indices are presented in Protection Strategy. Simulation results are discussed in Simulation Results. The NDZ of the proposed scheme, discussion, and conclusion are given in NDZ of Proposed Scheme, Discussion, and Conclusion, respectively.
SYSTEM DEMONSTRATION
In this work, the power system comprises of two doubly fed induction generators (DFIGs) in parallel that are having the capacity of 1 MW each, a parallel RLC load, and a utility grid. Transformers of the grid and wind farms are connected altogether to an 11 KV voltage level and the frequency of a 50 Hz distribution system. Circuit breakers are attached at the utility and the DG side named “C.BGrid” and “C.BDG,” respectively. A wound rotor induction generator is used in DFIGs, and IGBTs are used as semiconductor devices for the AC–DC and DC–AC conversions. The rotors are provided with the variable frequency by the AC–DC–AC converters, whereas there is the direct link of a stator winding with a power grid. For the validation of proposed passive indices, the IEEE 1547 standard test network (Xie et al., 2020) is used as depicted in Figure 1. The summary of IEEE 1547 recommended standard limits is tabulated in Table 1 (Mishra et al., 2019). The characteristics and performance of islanding recognition techniques mainly depend upon the load type. That is why the IEEE STD test network recommends using parallel RLC load as it is complex compared to other loads.
[image: Figure 1]FIGURE 1 | IEEE 1547 standard test network.
TABLE 1 | IEEE 1547 recommended standards.
[image: Table 1]ANALYSIS OF PASSIVE INDICES
Five various passive islanding detection parameters such as active power, frequency, power factor, voltage, and reactive power are analyzed in this study according to power mismatch presented in Table 2. For the comparative analysis of passive indices, we have performed various islanding and non-islanding events in accordance with the IEEE 1547 standard test network. We have enlisted the events briefly here.
TABLE 2 | Testing scenarios.
[image: Table 2]ISLANDING EVENTS
Islanding events are as follows:
a. Balanced islanding events
• When active and reactive powers of the grid are the same and kept low as much as possible (Pmin, Qmin)
• When active and reactive powers of the grid are the same and kept high as much as possible (Pmax, Qmax)
b. Unbalanced islanding events
• When the active power of the grid is less than the grid reactive power (Pmin, Qmax)
• When the active power of the grid is greater than the grid reactive power (Pmax, Qmin)
In general circumstances of islanding, it is easy to detect islanding operation in unbalanced islanding situation as compared to balanced situation. This is because either grid active power or reactive power plays a dominant role in creating large disturbances or variation in system parameters. However, when balanced islanding situation occurs, grid active power and reactive power become equal in magnitude and difficult to create minor disturbances or variation in other system parameters. We have observed these situations in simulations. Therefore, we have considered these two cases (Pmin, Qmin) as small power mismatch (S.M) and (Pmax, Qmax) as large power mismatch (L.M) as worst possible cases for analysis.
Non-Islanding Events
Non-islanding events considered balanced in this study are as follows:
a. Load injection at small mismatch (L.I-S.M)
b. Load ejection at small mismatch (L.E-S.M)
c. Capacitor injection at small mismatch (C.I-S.M)
d. Capacitor ejection at small mismatch (C.E-S.M)
e. Motor injection at small mismatch (M.I-S.M)
f. Motor ejection at small mismatch (M.E-S.M)
g. Fault operation at small mismatch (F-S.M)
h. DG tripping at small mismatch (D.T-S.M)
i. DG tripping at small/large mismatch (D.T-S.M/L.M)
j. Weak contribution of a grid at small mismatch (W.G-S.M)
Weak contribution of a grid has a significant impact on the protection strategy when islanding situations occur. This case has not been anticipated in the previous works yet. When this situation occurs, the protection method should recognize this as a non-islanding event. This case is simulated in detail in Weak Grid Contribution.
The measured values of all passive indices (voltage, frequency, active power, reactive power, power factor) in Figures 2A–E are the absolute mean values against various events (load switching, capacitor switching, motor switching, fault switching, DG tripping, and weak grid). For each parameter, we have performed various events mentioned above one by one and recorded their magnitude to compare them against all events. For the selection of parameter, islanding events’ magnitudes should be different (greater than or lower than) from those of non-islanding events. After careful observation of Figures 2A–E, we have noted that some of islanding and non-islanding scenarios have the same magnitude, and it is not clearly said that whether it is an islanding operation or a non-islanding operation. However, the reactive power (Q) in Figure 2D shows the different magnitudes of islanding events against non-islanding events. The magnitudes of islanding events are less than those of non-islanding for reactive power. This forms a basic principle of our protection strategy.
[image: Figure 2]FIGURE 2 | Parameters vs. events. (A) Voltage. (B) Frequency. (C) Active power. (D) Reactive power. (E) Power factor.
As we have considered various indices just like V(volts), f(Hz), P(W), Q(Var), P.F, all of them have different nature of magnitudes along with SI units. It is not possible to compare all the indices with different SI units for the purpose of sensitivity. We have also carefully noticed in the literature review that indices have not been compared on one scale of magnitude. However, rates of changes have been compared on the same magnitude scale. Raza et al. (2016) found df/dQ due to the highest sensitivity (magnitude) shown as compared to other rates of changes. All rates of changes have unit-less magnitudes, so they are comparable in one scale. Raza et al. (2021) performed MM-based technique for islanding detection considering indices with different SI units. They found reactive power on the basis of sensitivity by comparing islanding events with non-islanding. The magnitude of islanding events is greater than that of non-islanding events for reactive powers only. Thus, we have compared sensitivity of each separate index (Figure 2) by their islanding and non-islanding operations to find that which operation has a higher magnitude.
The main aim of performance analysis of passive indices is to find the most suitable index that can detect minor disturbances efficiently in the worst possible islanding situation. The selected parameter (reactive power) as compared to the remaining other presented indices easily shows the performance on keeping the active and reactive power mismatches as lower as possible. Furthermore, the NDZ and the detection time of the reactive power are very small compared to other analyzed indices in worst possible power mismatch cases. The reactive power has the ability to clearly distinguish islanding from non-islanding operations. However, the magnitudes of all performed events of other passive indices other than Q are intermixing that results in an unclear picture of events as can be observed in Figures 2A–E. Thus, the reactive power (Q) has been selected after a comprehensive performance analysis.
PROTECTION STRATEGY
From the comparative analysis of five different indices, it has been observed that the Q shows the best possible results which separate the islanding and non-islanding conditions. The basic principle of the passive method is to measure passive (on-site) parameters (e.g., voltage, frequency, THD) at the point of common coupling (PCC) upon the occurrence of islanding situation. In the proposed method, the parameter minimum absolute mean values for all islanding and non-islanding cases are taken into account and recorded within five cycles. The threshold value of a proposed parameter is selected after the performance analysis of passive indices considering various islanding and non-islanding events in the worst available cases. The threshold has been selected via a hit and trial process.
The performance analysis of passive parameters helps in the selection of the threshold. In the proposed technique, magnitudes of non-islanding events are greater than magnitudes of islanding events of Q as compared to other analyzed indices. Thus, the selected parameter clearly distinguished islanding events from non-islanding events. Whenever the magnitude of the selected parameter becomes lower than the threshold, the proposed scheme gets activated and sends a trip signal to the breaker of a DG unit. The whole operating principle can be analyzed by Eq. 1. The flowchart of the proposed strategy is shown in Figure 3:
[image: image]
where (Q)measured is the minimum absolute measured value and (Q)threshold is the already defined threshold value which defines a specific value to differentiate the islanding and non-islanding events.
[image: Figure 3]FIGURE 3 | Flowchart of the proposed scheme.
During normal operation of a power system, both DGs and grid delivered power to the load. DGs supplied almost complete power to the respective load, whereas load obtained remaining power from the grid. However, during the islanding mode, the power consumption of RLC load is entirely dependent on DGs. The power consumption of RLC load is represented by the following equations (Bakhshi-Jafarabadi et al., 2020):
[image: image]
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where f and VPCC are the frequency and voltage at the point of common coupling (PCC), while RLC shows the resistance, inductance, and capacitance of RLC load. Eqs 2–4 show the representation of active and reactive powers of load at the PCC. Power mismatch during the islanding condition depends upon DG and load profiles (Bakhshi-Jafarabadi et al., 2020).
SIMULATION RESULTS
The validation of the planned work is done by using the IEEE 1547 standard network as depicted in Figure 1. After the power system gets stable, the islanding and false tripping conditions are analyzed at 5 s. The threshold value is defined to be 0.76 MVar for this simulation study. The value of threshold has been opted in such a manner that it may clearly distinguish the various simulation cases easily. In the proposed work, the selected threshold value is represented in a manner that it trips the CB of the DG when the value of Q is less than the threshold value, while the non-islanding scenarios have large values than the threshold value.
Islanding at Power Mismatch (Pmin, Qmin)
In this situation, the active and reactive power values of DGs are 2.01 MW and 0.82 MVar, respectively, while the rest of the electricity is supplied by the utility having a minimum value of 0.14 MW active power and minimum value of 0.11 MVar reactive power in order to energize the load which is having 2.14 MW active power and 0.84 MVar reactive power. The response of this condition is shown in Figures 4A, B along with the trip signal. The measured Q in this case comes out to be 0.74 MVar which is smaller than the preset threshold and is representing the islanding condition. The scheme gets initiated and sends a trip signal to the CB of the DFIG and disconnects the DG from the load. The detection time of this condition is 0.0322 s.
[image: Figure 4]FIGURE 4 | Islanding event. (A) Islanding at Pmin, Qmin. (B) Detection time.
Islanding at Power Mismatch (Pmax, Qmin)
For this case, the active and reactive power values of DGs are 2.01 MW and 0.82 MVar, respectively, though the rest of the electricity is supplied by the utility having a maximum value of 2.00 MW active power and minimum value of 0.18 MVar reactive power in order to energize the load which is having 4.00 MW active power and 0.78 MVar reactive power. The response of this condition is shown in Figures 5A, B along with the trip signal. The measured Q in this case comes out to be 0.638 MVar which is smaller than the preset threshold and is representing the islanding condition. The scheme gets operated and sends a trip signal to the CB of the DFIG and disconnects the DG from the load. The detection time of this condition is 0.0135 s.
[image: Figure 5]FIGURE 5 | Islanding event. (A) Islanding at Pmax, Qmin. (B) Detection time.
Islanding at Power Mismatch (Pmin, Qmax)
In this event, the active and reactive power values of DGs are 2.10 MW and 0.46 MVar, respectively, whereas the rest of the electricity is supplied by the utility having a minimum value of 0.76 MW active power and maximum value of 3.30 MVar reactive power in order to energize the load which is having 1.29 MW active power and 3.28 MVar reactive power. The response of this condition is shown in Figures 6A, B along with the trip signal. The measured Q in this case comes out to be 0.3 MVar which is smaller than the preset threshold value and is representing the islanding condition. The scheme gets initiated and sends a trip signal to the CB of the DFIG and disconnects the DG from the load. The detection time of this condition is 0.0380 s.
[image: Figure 6]FIGURE 6 | Islanding event. (A) Islanding at Pmin, Qmax. (B) Detection time.
Islanding at Power Mismatch (Pmax, Qmax)
In this scenario, the active and reactive power values of DGs are 2.07 MW and 0.51 MVar, respectively, whereas the rest of the electricity is supplied by the utility having 2.0 MW active power and 2.0 MVar reactive power to energize the load which is having 4.04 MW active power and 2.11 MVar reactive power. The response of this condition is shown in Figures 7A, B along with the trip signal. The measured Q in this case comes out to be 0.37 MVar which is smaller than the preset threshold value and is representing the islanding condition. The scheme gets operated and sends a trip signal to the CB of the DFIG and disconnects the DG from the load. The detection time of this condition is 0.0249 s.
[image: Figure 7]FIGURE 7 | Islanding event. (A) Islanding at Pmax, Qmax. (B) Detection time.
Load Switching
An RLC load having the ratings of 1.1 MW and 0.35 MVar and 0.6 MW and 0.45 MVar is attached in parallel and removed from the system, respectively, to check the behavior of the proposed technique. The Qmeasured for this case comes out to be 0.82 MVar in case of attachment of load, while the removal of load gives 0.79 MVar values. Both the values are greater than the preset threshold value, so the scheme considers it a non-islanding condition and does not operate. The response of this condition is depicted in Figures 8A, B.
[image: Figure 8]FIGURE 8 | Load switching. (A) Load injection. (B) Load ejection.
Capacitor Switching
A capacitor bank having the rating of 0.05 MVar is attached and removed from the system to check the response of the proposed technique. The Qmeasured for this case comes out to be 0.805 MVar in case of attachment of capacitor bank, while the removal of capacitor bank gives 0.858 MVar values. Both the values are greater than the preset threshold value, so the scheme considers it a non-islanding condition and does not operate. The response of this condition is depicted in Figures 9A, B.
[image: Figure 9]FIGURE 9 | Capacitor switching. (A) Capacitor injection. (B) Capacitor ejection.
Motor Switching
A motor having the rating of 50hp is attached and removed from the system in order to check the behavior of the proposed technique. The Qmeasured for this case comes out to be 1.26 MVar in case of attachment of motor, while the unloading of motor gives 0.84 MVar values. Both the values are greater than the preset threshold value, so the scheme considers it a non-islanding condition and does not operate. The response of this condition is depicted in Figures 10A, B.
[image: Figure 10]FIGURE 10 | Motor switching. (A) Motor injection. (B) Motor ejection.
Fault Switching
To check the response of faults, various fault types are introduced in the system and are analyzed. The faults include the following:
• Three-phase fault (ABC)
• Three phase to ground fault (ABCG)
• Two-phase fault (AB)
• Two phase to ground fault (ABG)
• Single line to ground fault (AG)
A fault having a resistance of 200Ω is introduced for a short interval of 0.04 s. The Qmeasured comes out to be as follows:
• ABC = 0.839 MVar
• ABCG = 0.839 MVar
• AB = 0.81 MVar
• ABG = 0.79 MVar
• AG = 0.82 MVar
All the fault values are greater than the preset threshold value, so the system efficiently differentiates the scenario from the islanding condition and does not operate the scheme. The responses of these various faults are shown in Figures 11A–E.
[image: Figure 11]FIGURE 11 | Fault operation. (A) Three-phase fault. (B) Three phase to ground fault. (C) Double line to ground fault. (D) Single line to ground fault. (E) Two-phase fault.
DG Tripping at Various Power Mismatches
This case represents a situation of DG tripping when one of the DG units is separated from the power system due to any reason, whereas the remaining DG is still energizing the load. Thus, the event is tested in order to check the working of the proposed technique under currently imposed circumstances. The tripping of DG is initiated at 5 s. The measured value of Q is recorded at power mismatches of (Pmin, Qmin) and (Pmax, Qmax) of 0.805 MVar and 2.03 MVar which are greater than the threshold. So, the proposed method easily identifies this case as a non-islanding situation. The response of this event is shown in Figures 12A, B.
[image: Figure 12]FIGURE 12 | DG tripping. (A) DG tripping at Pmin, Qmin. (B) DG tripping at Pmax, Qmax.
Weak Grid Contribution
The proposed technique is further tested considering weak contribution from a grid. Weak grids create significant variations in parameters (voltage, current, etc.) at the PCC. Sometimes abnormal conditions occur due to the fault appearance at the grid side. This fault could be due to the lightning strike, feeder lines’ short circuit, beaker failure, etc. Four types of variations are introduced in the grid to check the efficacy of the proposed algorithm. Types of variations are tabulated in detail in Table 3. These four types of signals are injected at the PCC from the grid side. The measured values of Q recorded for table of time–amplitude pairs, modulation, ramp, and step are 0.7645 MVar, 0.85 MVar, 0.819 MVar, and 0.845 MVar which are still greater than the threshold. The behavior of this event is shown in Figures 13A–D. Hence, the proposed method recognizes this as a non-islanding event. Simulation parameters for this case are tabulated in Table 3.
TABLE 3 | Simulation parameters for time-variation amplitude with different types.
[image: Table 3][image: Figure 13]FIGURE 13 | Weak grid condition. (A) Time–amplitude. (B) Modulation. (C) Ramp. (D) Step.
Different Load Quality Factors
The worst case to verify the performance of the islanding detection method is to keep the active and reactive power mismatches as small as possible. The load quality factor of Qf = 2.5 and Qf = 1.8 regarding the IEEE standard has been employed to depict the performance of the proposed method, respectively. This high-quality factor of load can result in a large NDZ for the conventional method. For the proposed method, islanding and non-islanding operations are tested at a power mismatch of 0.1 MW and 0.1 MVar between the DG and the load. The values of R, L, and C for different Qf are
[image: image]
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The response of Qmeasured considering both scenarios is tabulated in Table 4. The Qmeasured varies at different quality factors as shown in Table 4. However, it is quite clear that Q has the ability to easily discriminate islanding events from non-islanding scenarios.
TABLE 4 | Qmeasured (MVar) for different quality factors.
[image: Table 4]Analysis of NDZ in Case of Minimum PGRID and QGRID
Practically, the NDZ of the islanding detection approach can never be zero. The NDZ of the islanding method mainly depends upon the type of DG, types of loads, and design of a strategy in accordance with the standard test or benchmark system employed. As far as our protection strategy is concerned, we kept the NDZ as low as possible for better performance of the result and accuracy. To present the worst possible case, we kept PGRID and QGRID to be 0.09 MW and 0.09 MVar, respectively. We performed this special analysis to check method effectiveness. The analysis details are tabulated in Table 5. The proposed method easily detects the islanding situation with a detection time of 0.0391 s. The measured value of Q in this case comes out to be 0.8724 MVar. The response of the method under this condition is shown in Figures 14A, B.
TABLE 5 | Qmeasured for various events.
[image: Table 5][image: Figure 14]FIGURE 14 | Minimum NDZ analysis. (A) Qmeasured at minimum NDZ for islanding. (B) Detection time.
NDZ OF PROPOSED SCHEME
One of the key factors to assess the performance efficacy of the islanding detection method is the NDZ. This is a portion where islanding strategies are not able to diagnose islanding situations. For active power NDZ, it is found by Zeineldin et al. (2006) that
[image: image]
where ΔP is the active power mismatch, V and I are the rated voltage and current, respectively, ΔV is the voltage deviation, and cos φ is the power factor.
The permissible voltage variation in the distribution network under study is 0.9 pu and 1.1 pu. Considering these voltage levels, the deviation range ΔV is between −0.1 and 1.1, respectively. The NDZ region of active power mismatch ΔP studied for this system is +0.20 MW and −0.20 MW.
For reactive power NDZ, it is found by Zeineldin et al. (2006) that
[image: image]
where V is the rated voltage, fn is the nominal frequency, Δf is the frequency deviation, and ωn = 2 × π × f.
For the power system under study, the permissible range for frequency variation Δf lies between −0.5 Hz and 0.5 Hz. Thus, the NDZ of the power system regarding reactive power mismatch is 0.2128 MW and −0.2192 MW. Simulation results also tell that when power mismatch is 0.09 MW and 0.09 MVar, the proposed technique operates proficiently. Compared to conventional techniques of OF/UF (over-frequency/under-frequency) and OV/UV (over-voltage/under-voltage), the proposed method improves the accuracy and gives an insignificant NDZ as shown in Figure 15.
[image: Figure 15]FIGURE 15 | NDZ plot.
The NDZ size is determined on comparing the proposed method with the conventional passive technique (OF/UF and OV/UV) analytically. Graphically, ΔP is plotted on the x-axis, whereas ΔQ is plotted on the y-axis, respectively. This is the most general and easiest way mostly followed by researchers in which NDZ values (mathematically calculated values) on the conventional boundary (outer boundary) are compared with minimum NDZ boundary (inner boundary) values (simulation-based values) of the proposed method.
From Figure 15, it is clear that, for ΔP, the NDZ is reduced to 55% for minimum and maximum ranges. For ΔQ, the NDZ is reduced to 58.9% and 57.6% for minimum and maximum ranges. From the literature review, we have observed that there is no specific way to call the NDZ large or small. However, the following is the general way or pattern when the authors call the NDZ big or small:
a. The minimum boundary is almost near the conventional boundary (large NDZ)
b. The minimum boundary is reduced more than 50% of the conventional boundary (small NDZ)
c. The minimum boundary is almost/approx. near zero (very small/zero NDZ)
DISCUSSION
Simulation results presented in Simulation Results show that reactive power is found to be the most sensitive passive index among other five on the basis of comparative analysis. After literature review, we have noted that majority of researchers have not considered the performance analysis of various parameters and justification is to select one of them regarding minor disturbance is either absent or not enough. We have selected reactive power by comparative analysis which means the following:
• Q has showed the best performance in terms of discriminating islanding operations from other disturbances
• It has the ability to detect islanding operations in the minor disturbance scenario where other indices cannot
The protection strategy operates only when the measured value of reactive power becomes less than the threshold value. Measured values of reactive power that are greater than the threshold represent the non-islanding operations. The main achievements of the proposed scheme are as follows:
• The proposed method is applicable to any type of DG
• Suitable for multiple inverter application
• Zero power quality impacts on the distribution system
• The proposed method is independent of any kind of control scheme
• Minimized detection time
• Reduced NDZ
• Weak contribution of grid scenario is anticipated in detail to assess the proposed method’s working capability
Signal processing–based methods are fast, accurate, efficient, and reliable and have a smaller NDZ over conventional passive methods. However, the proposed method has some advantages as compared to signal processing–based methods, which are given as follows (Kim et al., 2019):
• The proposed method has a slightly economical edge over signal processing–based passive methods.
• Computational burden of the proposed method in simulation is very low as the simulation is completed within a few minutes. However, the computational burden of signal processing–based methods in simulation is varying and may depend upon the nature of a power system or types of parameter combinations employed.
• The number of steps involved in the algorithm of the proposed method is kept minimum as compared to that of signal processing methods. The signal processing methods require the additional step of feature extraction of passive parameters that decreases the algorithm simplicity.
• The selection of threshold values in case of complex systems may become very tricky when signal processing methods are employed.
Moreover, the NDZ is determined for active and reactive powers on the basis of constant current controlled inverters with DGs operating at unity power factor. Similarly, the analysis of power system parameters can also be performed for constant PQ controlled inverters.
Shafique et al. (2021) have found VPA to be best in terms of reduced NDZ with a simple, fast, and accurate method after comparative analysis of indices. We have noted that the authors used a single DFIG and performed analysis of indices on it. It means that when performance analysis of indices/rates of changes has been anticipated for different systems, different parameters may result that can have better results for islanding detection. Furthermore, a weak contribution of grid case as a non-islanding situation has not been considered in this study (Shafique et al., 2021). A brief overview of some islanding detection methods including the proposed strategies compared on the basis of detection time, non-detection zone, complexity, and concept used is presented in Table 6.
TABLE 6 | Comparison of existing islanding detection methods.
[image: Table 6]CONCLUSION
In this work, a passive islanding strategy is being developed depending upon the reactive power after the comparative assessment of five different passive indices that are frequency, power factor, voltage, active power, and reactive power. The reactive power Q has the ability to clearly differentiate between the islanding scenarios that include small imbalances between the DG and the load, huge power mismatches, false tripping, or abnormal events that include load injection and ejection, capacitor injection and ejection, motor injection and ejection, various kinds of fault switching, DG tripping, and weak grid contribution. The nominated parameter validates the usefulness of the presented strategy. The performance investigation is further carried out based upon the performance-based factors such as power quality, detection time, execution cost, load quality factors, and non-detection zone. The performance of the anticipated strategy is being authenticated and modeled on the IEEE 1547 standard testing network. The suggested strategy is simple and straightforward, with a very small non-detection zone (NDZ), and has no impact upon power quality, thus making it a better choice for real-time implementation.
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GLOSSARY
AC Alternating current
C.E Capacitor ejection
C.I Capacitor injection
D.T DG tripping
DC Direct current
DERs Distributed energy resources
DFIG Doubly fed induction generator
DG Distributed generation
F.S Fault switching
GPS Global positioning system
IDM Islanding detection method
IEEE The Institute of Electrical and Electronics Engineers
IGBT Insulated-gate bipolar transistor
L.E Load ejection
L.I Load injection
M.E Motor ejection
M.I Motor injection
MM Mathematical morphology
NDZ Non-detection zone
PCC Point of common coupling
PLCC Power line carrier communication
ROCOFOQ Rate of change of frequency over reactive power
ROCOV Rate of change of voltage
SCADA Supervisory control and data acquisition
STD Standard
THD Total harmonic distortion
VNF Voltage negative feedback
W.G Weak grid

Variable/Parameter/Units
(Q) Reactive power
µF Microfarad
AB Two-phase fault
ABC Three-phase fault
ABCG Three phase to ground fault
ABG Two phase to ground fault
AG One phase to ground fault
C Capacitance of load (Farad)
C.BDG Circuit breaker of the DG side
C.BGrid Circuit breaker of the grid side
cos φ Power factor
f Frequency
fn Nominal frequency
hp Horsepower
Hz Hertz (frequency unit)
Hz/s Hertz per second
I Current
KV Kilovolt
L Inductance of load (Henry)
MVA Mega-volt ampere
MW Megawatt
OF/UF Over-frequency/under-frequency
OV/UV Over-voltage/under-voltage
PDG Active power of DG (MW)
PGRID Active power of grid (MW)
PLOAD Active power of load (MW)
Pmax Maximum amount of active power delivered by the grid (MW)
Pmin Minimum amount of active power delivered by the grid (MW)
pu Per unit
QC Capacitive reactance of load
QDG Reactive power of DG (MVars)
Qf Load quality factors
QGRID Reactive power of grid (MVars)
QL Inductive reactance of load
QLOAD Reactive power of load (MVars)
Qmax Maximum amount of reactive power delivered by the grid (MVars)
Qmeasured Measured value of active power (MW)
Qmin Minimum amount of reactive power delivered by the grid (MVars)
Qref Q reference (reactive power reference input)
Qthreshold Measured value of reactive power (MVars)
R Load/fault resistance
Rg Fault ground resistance
s Seconds
V Rated voltage
Δf Frequency deviation
ΔV Change in voltage level
π 3.14 (pie value)
Ω Ohm
ωn 2 x π x f (angular frequency).
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Concept/parameters

Reactive power variation
Voltage and frequency variations

Rate of change of exciter voltage
over reactive power
Rate of change of reactive power

ROCOF and voltage-frequency
variations

Rate of change of frequency over
reactive power

Reactive power variation
(mathematical morphology)
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and FV W + WU + ROCOF
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Parallel inductive impedance
switching FFT (dv/dt)

Goertzel, impedance estimation,
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Negative sequence voltage and
current

VPA diference and ROCOVPAD
UF/OF, ROCOF, ROCOV,
ROCOPAD, VPA

State variables and RC load strategy

RMSy, RMS, THDy, THD, 1, P, and
Q and ANFIS-based approach
Gibbs phenomenon-based
algorithm, ROCOF, THDy, RMS,
RMSy, RMS;, THD, THDy, THD, F,
Q, and SVM-based algorithm
Voltage phase angle variation

Method

Passive
Passive

Passive
Passive
Passive
Passive
Passive
Hybrid
Hybrid
Hybrid
Active

Active
Passive

Remote
Passive

Hybrid
Hybrid
Hybrid
Passive

Passive

NDZ

Small

Very
small
Very
small
Small
Small
Zero
Small
Zero
Zero

Zero
Zero

Zero
Zero

Zero
Very
Very
Very

small

Very
small

Detection

time
(s)

<0.038
<0.3

<2
0.10
<017

02
<08
0.017

<0.0195

0.08

<2

<056
0.02

<0.014
<0.06

0.12
<0.040
<0.165

0.040

<0.093

Algorithm
complexity

Easy
Complex

Moderate

Moderate
Complex
Moderate
Simple

Complex
Complex

Complex
Complex

Moderate
Moderate
Moderate
Moderate

Easy

System
type

Multiple DGs

Multiple DGs
Synchronous
DG

Multiple DGs
Multiple DGs
Synchronous
DG

Multiple inverter
based

Inverter based
Multiple
Muiltiple inverter
based

Inverter based
Inverter based

Multiple DGs
Multiple DGs

Inverter based
Multiple DGs
Multiple DGs
Multiple DGs

Inverter based

issues

No
No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes
No

No
No

No

No

No

No

No

w.G
case

Yes
No

No

No

No

No

No

No

No

No

No

No
No

No
No

No

No

No

No

No

Parameter
analysis

Yes
No

No
No
No
Yes
Yes
No
No
No
No

No
No

No
No

No
No
No
No

Yes





OPS/images/fenrg-10-830750-t002.jpg
Testing situations Grid Load DG

P (MW) Q (Mvar) P (MW) Q (MVar) P (MW) Q (MVan)
1S18nGiNg (Pr, Qi) 014 011 214 084 201 0.82
1S18nding (Prsax, Qi) 200 0.18 400 078 202 082
181anding (P, Qir) 076 330 1.29 328 210 046
181810iNg (Prvax, Q) 200 200 404 211 207 051
Load injection (L) 014 011 214 084 201 082
Load ejection (LE) 054 052 204 1.11 202 071
Capacitor injection (C.) 0.14 011 214 084 201 0.82
Capacitor ejection (C.E) 068 058 1.94 081 202 085
Motor injection (ML) 0.14 011 214 084 201 082
Motor ejection (M.E) 0.18 015 214 087 203 083
Fault operation (F) 0.14 0.1 214 0.84 201 0.82
DG tripping (D.T)-SM (Pr. Q) 0.14 011 214 084 201 082
DG tripping (D.T-LM (Prmaes Qmad 200 200 4.04 211 207 051

Wezak grid (W.G) 0.14 011 214 084 201 082
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