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Nomenclature:  
DER: Distributed Energy Resource 
AI: Artificial Intelligence 
ANN: Artificial Neural Network 
CSI: Current Source Inverter 
DES: Digital Energy System  
DG: Distributed Generation 
ES: Expert System 
ESS: Energy Storage System 
FCL: Fault Current Limiter 
FIA: Fault Inception Angle 
GA: Genetic algorithm 
IBR: Inverter-Based Resource 
IED: Intelligent Electronic Device  
LVRT: Low Voltage Ride-Through 
OC: Over Current  
OCR: Overcurrent Relay 
PDC: PMU Data Collector 
PMU: Phasor measurement unit 
PWAM: Protective Wide-Area Monitoring 
SCADA: Supervisory Control and Data Acquisition 
SMT: Synchronized Measurement Technology 
SVM: Support Vector Machine 
TCC: Time Current Characteristics 
TL: Transmission Line 
TW: Traveling Wave 
VSI: Voltage Source Inverter 
WAM: Wide Area Monitoring 
WLS: Weighted Least Square 
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Solution: it is suggested that the system is equipped with transfer trip relays that disconnect 
RDG1 or RDG2 when R1 or R2 detects a fault [20]. 

 
Fig. 4. (a) Sympathetic tripping. (b) Nuisance tripping. 

 
2. 4. Auto-reclosers 
As some faults are temporary (e.g., caused by lightning), the system can be kept from 
outages with the use of auto-reclosers. A typical operation sequence of auto-reclosers is 
shown in Fig. 5. However, the number of fast and slow shots, as well as dead times, are 
selected based on the protection scheme and the grid specifications. 

 
Fig. 5. A typical operation sequence of auto-reclosers. 

 
An auto-recloser is installed in a power grid well upstream and its protection zone covers a 
large portion of the system as Fig. 6(A) shows. If a temporary fault happens, the recloser de-
energizes the system with a short delay as the fast shot in Fig. 5 shows. The dead time should 
give the arc enough time to quench and when the recloser reconnects after the deadtime, 
there is no longer any fault in the system. However, if the fault is permanent (e.g., a dropped 
bare conductor or broken insulator), after several dead shots, the fault still exists and the 
recloser does not reconnect anymore. In setting the recloser, there are two major schemes 
to follow as, 
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i) fuse blowing scheme in that the recloser gives the fuses enough time to blow and clear the 
fault during recloser’s slow shots. ii) Fuse saving scheme that the recloser does not let fuses 
blow by having no slow shots. 
 

 
Fig. 6. (a) Auto-recloser protection zone. (b) The sectionalizer issue arising from DER’s. 

 
As Fig. 6(b) depicts, when a recloser disconnects a system with DER’s connected to it: i) the 
contribution of the DER to the fault may not let the arc quench. ii) The asynchronous 
reclosing may result in high currents in the grid.  
Solution: for the first issue, the dead time of the recloser should be increased such that the 
protective systems of all DER’s in the recloser zone trip. As for the second issue, a 
synchronous relay should block asynchronous reclosures. 
 
2. 5. Sectionalizers 
Sectionalizers are devices that are used together with reclosers to disconnect the faulted 
feeders. When an upper recloser interrupts fault currents, a lower sectionalizer counts high 
currents (caused by a fault along their feeder) after the dead times. If a specific number of 
unsuccessful reclosures occurs, the sectionalizer disconnects the faulty feeder during the 
next dead time. 
As Fig. 6(b) shows, the problem arises from the contribution of DER’s to the fault that does 
not allow the sectionalizer to count the high currents and dead times since a fault current 
continuously flows from the DER without any interruption during the recloser’s dead times. 
 
2. 6. Unintentional Islanding 
Different contingencies, especially false tripping, may result in undesirable islanding in that a 
part of the system stays energized by DER’s while it is disconnected from the rest of the 
power grid. Islanding operation of the grids requires advanced frequency, voltage, load-
sharing control systems as well as sophisticated monitoring systems. Therefore, in most of 
the practical grids, a part of the system should not be allowed to continue working in 
islanding mode [20]. There is a significant body of research looking into islanding detection. 
Based on IEEE Standard 1547, DER’s must be switched out from the grid in 2s after the 
occurrence of islanding [19]. To this end, reliable islanding detection methods are required. 
Major types of islanding detection methods have been developed as shown in Fig. 7 [21] and 
[22]. 
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Fig. 10. A system including synchronous generators and IBR’s. The AC parts of pre-, during-, 

and post-fault voltages and currents are shown as well [23]. 
  

iii) Short Fault Current Transient, the transient of fault currents in conventional grids is mainly 
associated with the sub-transient impedance of generators and X-to-R ratio of the driving 
point impedance. However, a limited and relatively low amount of energy stored in inverters’ 
DC-bus capacitances leads to a rapid decay in the short-circuit current in converter-
dominated grids [27] and [28]. Moreover, inverters are rarely controlled to mimic the 
behavior of generators during a fault. 
Accordingly, in IBR-based grids, protection schemes have to mostly rely on voltage, 
sequential components, or extracting other features from during-fault current or voltage. 
This will be elaborated in the next sections. 
Moreover, Fig. 10 shows the voltages and currents at Bus 1. The fault is bolted A-G. The 
voltage pattern is analogous to conventional systems. However, during-fault currents are 
significantly different. It is obvious in Fig. 10 that i) the phase currents are nearly in-phase 
with one another because of the high zero-sequence current produced by the synchronous 
generator. ii) The magnitude of B-phase current is the largest although the fault is A-G. iii) 
Regardless of the inductive nature of the TL, the current and voltage of phases are somehow 
in phase [23]. 
Accordingly, protection algorithms trusting the fault-current magnitude, the phase 
differences between the phase currents, and the phase differences between currents and 
voltages are no longer reliable in heavily IBR-contaminated grids. Therefore, overcurrent, 
directional, and distance relays have no use in such grids, yet differential relays are still useful 
[23]. 
 








































