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a  b  s  t  r  a  c  t

Effective  protection  of active  distribution  systems  under  changing  states  of distributed  generators  that
have  little  or  no contributions  to fault  currents  is a major  challenge.  In  case  of microgrids,  protection
need  to  be  effective  in both  grid connected  and  islanded  modes,  and  fast enough  to preserve  the  stability
of  the  generators  connected  to  the  active  distribution  network.  Intentional  time  delays  inherent  in  the
coordination  of  traditional  overcurrent  and  distance  protection  may  cause  the  distributed  generators
to  significantly  deviate  from  the  nominal  operating  conditions  during  disturbances.  This  results  in poor
power  quality  and  even  disconnection  from  the  grid.  This  paper  investigates  a novel hybrid  protection
scheme  that  combines  the  speed  of  transient  based  protection  with  the  security  of  traditional  phasor
based  protection  to overcome  the  above-mentioned  issues  in active  distribution  system  protection.  The
proposed  transient  based  protection  discriminates  the  faults  by  comparing  the  polarity  of fault  generated
transients  measured  at  the  zone  boundaries.  The  challenges  in measuring  high  frequency  transients  is
overcome  by  using  Rogowski  coil  sensors.  The  problem  of  security  during  transients  originating  from
non-fault  events  is  addressed  by  employing  traditional  phasor  based  protection  to  supervise  the transient
based  protection.  The  efficacy  of  the proposed  protection  strategy  is evaluated  by  simulating  some  typical
distribution  network  configurations  in  an  electromagnetic  transient  (EMT)  type simulation  program.
Simulation  results  demonstrate  the  increased  speed  in the  protection  operations.  As a  result,  deviations
in  frequency  and voltage  are  reduced.  Results  presented  in this  paper  also  demonstrate  the  capability  of
the  proposed  method  in fast identification  and  isolation  of faults  under  challenging  situations  such as
high  fault  resistances  and  varying  fault  inception  angles.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The penetration of Distributed Energy Resources (DER) is rapidly
growing, converting the traditional passive distribution systems
to active distribution systems. In addition to the desire for bet-
ter energy efficiency and increased utilization of renewable energy
resources, improving the grid reliability and resilience is also a
major factor driving the DER integration. Thus many of these DER
units are expected to operate in microgrids [1,2]. In order to ensure
safe and secure operation, the standards such as IEEE Standard
1547–2003 [3] have specified some generic requirements to follow
when interconnecting DER with distribution grids. Many power
utilities add special restrictions beyond these generic requirements
to their grid codes to satisfy system requirements. The protection
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systems play a major role in complying with the grid codes and the
interconnection standards.

Traditionally, distribution networks are designed to operate as
radial systems, and therefore, their protection systems are coor-
dinated considering unidirectional fault current flows. With the
introduction of DERs, the assumption of unidirectional current flow
may  not be valid and the fault current direction will depend on the
factors such as the location of the fault, and the location of the
DER units involved [4–6]. This makes the conventional protection
and coordination not directly applicable for active distribution sys-
tems. Apart from the issues due to bidirectional current flows, fault
currents produced by the DERs such as induction generators and
Photovoltaic (PV) inverters can be lower in magnitude [7] and tem-
porary in nature. Even the fault currents from small synchronous
generators can also be lower in magnitude for the faults that are far
from the generator as a result of line and transformer impedances.
Due to infeed from DERs, the fault current contributions from the
utility grid can also be reduced, especially under high impedance
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Nomenclature

CCT Critical clearing time
Cs Capacitance of the coil
DER Distributed energy resource
DG Distributed generators
EMT  Electromagnetic transient
E (t) Induced voltage in the coil
Ip (t) Primary current of the Rogowski coil
Is (t) Secondary current through the Rogowski coil
Ls Self inductance of the coil
M Mutual inductance of the coil
POI Point of interconnection
POTT Permissive overreach transfer trip
Rs Resistance of the coil
TDS Time dial setting
VR(t) Rogowski coil output voltage

faults. The reduced fault currents can increase the fault clearing
times and therefore affect the stability of DER units that stay con-
nected to the healthy parts of the network, including those in the
autonomous microgrids that may  be formed consequent to the fault
clearing. This is due to low inertias, high reactances, and poor damp-
ing associated with DER units. Several studies have shown that
short clearing times are needed to preserve the stability of DER
units [8–12]. Ref. [8] illustrates the importance of considering crit-
ical clear time (CCT) of generators while designing the protection
system. A faster protection is required to ensure the stability of
smaller DER units.

A number of solutions have been proposed in the literature to
address the aforementioned challenges associated with the active
distribution systems. In Ref. [7], a protection method based on the
symmetrical components has been presented. The authors applied
zero and negative sequence currents to protect a microgrid against
asymmetrical faults. Although this method is successful during
asymmetrical faults, it is ineffective in detecting rare three phase
faults. In Refs. [13,14], a protection method based on the admittance
measurements and inverse time tripping characteristics has been
proposed for discriminating faults in an active distribution system.
The high sensitivity to DER current infeed and fault resistance is
identified as a major drawback in this method.

Use of adaptive protection schemes that can respond to the
changing nature of the network configurations is another approach
to address the protection issues in active distribution systems
[12,15]. Ref. [16] presents an outline to determine the optimal loca-
tions for DERs and permissible capacity limits of those DERs. This
paper uses genetic algorithms to determine the optimal relay set-
tings while keeping the coordination among relays. Coordination of
the relays always associated with time delays. Faster fault location
identification can eliminate this delay without losing the protec-
tion coordination. In Ref. [17], a new adaptive protection approach
has been presented based on voltage restrained time overcur-
rent relays. Although the results are encouraging, the suggested
approach can run into trouble since it has no knowledge about the
direction of the fault. Another adaptive protection scheme, which
relies on the dual setting directional overcurrent relays operating
in both forward and reverse directions, has been proposed for a
microgrid system in Ref. [18]. Although the proposed scheme is
significantly faster than a conventional protection scheme, the use
of time coordination for overcurrent relays has made the overall
operation of protection scheme slower.

The next group of microgrid protection schemes proposed in lit-
erature are based on transient signals generated by the faults. Due
to the use of high frequency components, transient based protec-

tion schemes have faster response times. There has been number of
microgrid protection schemes based on transient signals are pro-
posed in literature. The first set of literature uses polarities of the
current transients or current transient energies to determine the
location of the fault and act accordingly [19,20]. In Ref. [21], a
travelling wave based protection scheme has been proposed for
an inverter dominated microgrid system. This scheme utilizes an
improved mathematical morphology (MM)  technique to determine
the transient polarity. Trip decision by the protection is taken with
the knowledge of fault location. This paper also focus on impor-
tant aspects such as signal processing and effects of signal noise.
Although these transient based protection methods have shown
promising results, their practical application is hindered by the fac-
tors such as bandwidth limitations of the conventional sensors and
the inability of completely preventing false tripping due to non-
fault transients.

Ref. [22] illustrates the use of directions of current transients
to discriminate fault locations and provide faster and more reli-
able protection for transmission lines. Proposed protection scheme
shows considerable enhancements of the fault detection and iso-
lation times compared to the conventional protection methods.
Limitation of this protection scheme is the possibility of malfunc-
tion due to any non-fault events that can occur in the power
network. In Ref. [20], a differential protection scheme that operates
based on the differential energy calculated using the S-transform
has been presented for a microgird system. Although the results
showed acceptable operating speed (four cycles), there is a possi-
bility of maloperation due to transients originating from non-fault
related events. Although these transient based protection meth-
ods have shown promising results, their practical application is
hindered by the factors such as bandwidth limitations of the con-
ventional sensors and the inability of completely preventing false
tripping due to non-fault transients.

The main contribution of this is paper is the development of a
hybrid protection scheme, where the operation of the conventional
protection schemes is accelerated by utilizing a transient based
technique to discriminate the faults. In conventional protection,
time-overcurrent relays are commonly used for protection of distri-
bution networks. Time delays required for coordination of adjacent
time-overcurrent relays, and the relays closer to the grid substation
have slower time current characteristics compared to the relays
at far end of distribution feeders. Traditionally, transmission lines
supplying substations are usually protected using distance protec-
tion. However, their operation can also be delayed due to needs
such as incorporating weak infeed conditions. The DER units con-
nected to the distribution grid can create weak infeed conditions
for the distance relay at the distribution side of the transmission
line. This paper proposes a protection method that ensures an opti-
mal  operation while maintaining the basic protection coordination.
Furthermore, proposed method employs Rogowski coil sensors to
extract polarities of the fault current transients. Although the use of
Rogowski coils for power system applications is fairly established
[23,24], this paper investigates their application in a novel fashion
for detecting faults transient polarities. The security of protection is
enhanced by using the traditional protection schemes to supervise
the decision of transient protection. Performance of the proposed
method was  initially evaluated using a simple microgird system
simulated in an electromagnetic transient (EMT) type simulation
program. Finally, application of the proposed method for a larger
benchmark distribution system is demonstrated.

Rest of the paper is organized as follows. Section 2 describes
the concept of the proposed hybrid protection scheme with the
help of selected application examples. Investigations carried out
using EMT  simulation studies are presented in Section 3. Finally,
conclusions of the research are presented in Section 4.
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