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Abstract: The protection relay issues increase with the penetration of distributed generation (DG)
units in distribution networks. Blind protection, sympathetic tripping and failure of reclosing are the
frequent problems that are created by adding DG to the distribution networks. This research focuses
on the impact of reclosers on overcurrent relay blind protection areas with DGs embedded in the
distribution network. The protection blinding in overcurrent relays leads to a delay or non-tripping
of the relay. The conventional solution for the blinding issue is to increase the sensitivity in the
relay settings. The variation of relay settings may cause problems in the distribution network. This
paper investigates the effect of reclosers on eliminating blind areas and improves the reliability in the
presence of DG. In this way, possible blind points of the case study are detected, and recloser relays
are then installed in appropriate locations. The case study is based on realistic data of a distribution
network. The DG consists of two generators with a capacity of 4 MW. The simulation is performed in
DIgSILENT software.

Keywords: blind protection areas; protective relay; overcurrent relay; recloser; reliability

1. Introduction

Nowadays, there is an increasing demand for high-quality and reliable electrical energy, and
consequently, protection systems play a significant role in the improvement of system reliability [1,2].
One challenge for integrating different energy resources, such as distributed generation (DG), is
designing a proper protection scheme [3]. Adding DG to the distribution network changes the
electrical parameters of the power system and affects the relay protection, causing several types of
problems in the protection coordination. The presence of DG can cause many challenges, such as
protection blind spots, decreased fault levels and false tripping of feeders in the existing protection of
distribution networks [4,5]. As reinforcement, false tripping of healthy feeders may be resolved by
using a directional overcurrent (OC) relay for the circuit breaker [6]. This research concentrates on the
blinding problem of OC relays in the distribution network.

The most feasible solution for protecting blind areas is to implement new relay operation
characteristics with lower tripping limits. In many cases, this is possible and is thus a simple and
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efficient way to avoid blinding-related problems. However, some issues may arise when lowering
tripping limits:

e  Operation during a fault on an adjacent feeder
e  Extreme load/generation combinations
e  Starting currents of DG units and other rotating devices

The relay protection blinding in distribution networks is described in [7-9]. In [10,11], the authors
present some simulation results to demonstrate scenarios in which the problem may occur. The
protection blinding areas may cause delayed operation of OC relays, and in the worst situation, they
may lead to the non-tripping of the relay [12,13]. The fault current seen by an OC relay decreases due
to the DG contribution when the DG is located between the fault point and the OC relay. In [14-16], it
is estimated that about 80% to 90% of faults on overhead distribution systems are temporary. Therefore,
it is common practice to automatically reclose the breaker after tripping, while it remains open for a
short time of typically 1 to 5 s. In some cases, utilities may reclose up to three times.

Reclosers are a type of important protective devices in electric power systems that detect
overcurrent and break the fault current. Most of temporary faults in overhead distribution systems
last only from few cycles to a few seconds. Thus, with their “trip and reclose” capability, reclosers
can eliminate prolonged outages on distribution systems effectively [17]. In a conventional radial
feeder, reclosers are only expected to detect the unidirectional flow of current. Typically, a recloser
upstream from the fault location detects the fault current, trips, and goes into a predefined reclosing
sequence in order to restore service if the fault is of a temporary nature [18,19]. Optimal placement of
protection devices and distributed generators in radial feeders is important to ensure power system
reliability [20]. Reclosers have two basic functions in distribution systems: reliability and overcurrent
protection [4]. Even though the recloser curve is slightly faster than the feeder OC relay curve, when
worst-case faults are considered, it is still possible that the feeder relay to issue a trip command
before the recloser does [15]. Therefore, reclosers can improve the reliability of distribution networks.
Previously, interruptions shorter than a few minutes were not considered as a source of concerns to
most of the customers [21,22]. Most of the protective schemes used for radial distribution systems
involve the coordination of fuses, reclosers and overcurrent relays [23,24]. Optimal settings of a recloser
involve some parameters with random nature such as fault location, fault type, fault resistance and
fault nature (temporary or permanent) [22].

The previous reports have focused more on the problems that are created by adding DG to the
distribution networks, such as blind protection, sympathetic tripping and failure of reclosing [4,5,7,8].
In [10,12,22,24-27], the recloser settings and coordination with the other protective devices such as
fuses and overcurrent relays were studied. The researchers in one study [14] replaced a new solid
dielectric with hydraulic reclosers and showed the benefits of this replacement. Another study [15]
introduced the development of an analytical mathematical model to describe the fast dynamic response
of opening and closing mechanisms of a power line recloser switch. This paper investigates the impact
of reclosers on blinding areas of OC relays with DG penetration and fault impedance in a realistic
distribution network data. The proposed investigation shows that using a recloser eliminates the
blind areas and improves the reliability. In this way, the blind areas of the case study are detected,
and then, reclosers are installed in suitable places. The limitation of the blind areas is determined by
overcurrent pickup. The effect of the DG and fault impedance are studied on DGs, feeder and recloser
relays. The research data is based on a real-time simulation, actual protection relays and real feeders of
a distribution network; this enhances the credibility and validity of the reported findings. Overall, the
main contributions of the paper are summarized as follows:

e  Detecting the fault in blinding areas in the presence of DG and fault impedance.
e Investigating the effect of DG and fault impedance on DGs, feeder and recloser relays.
e Investigating the effect of recloser on protection system and reliability.
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Section 2 presents the blind areas of an OC relay in the distribution network. The settings of the
protective relay, simulation results and reliability of the case study are described in Section 3. Moreover,
in this section, the blind points that may occur in the case study are explained.

2. Materials and Methods

Traditional distribution systems have only one source that contributes to a fault, i.e., the main
substation and protective relays are set to see a certain distance down the radial feeder; the minimum
fault current that the protective relay can detect decreases over this distance [28]. Phase-to-phase
faults with fault point impedance and arc faults are normally suitable for studies as the smallest fault
current dictates the operation of the protection system. Phase short-circuit and arc faults have the
minimum fault currents, and they may cause more blind areas than other faults [11]. In this study,
a phase-to-phase fault is used to investigate the blind areas protection. The probabilities of single
phase-to-ground, double phase-to-ground, phase-to-phase and three-phase faults are 80%, 17%, 2%
and 1%, respectively [29,30].

Of course, the fault point impedance further reduces the minimum fault current. Faults with
different impedances have been used in many papers. In [21,31], various fault resistances were
considered from 0 (solid fault) to 100 ohms. Blind areas in OC relays may cause delay in the operation
of relays and can potentially lead to the non-tripping of the relays in the worst situation. A blind spot
is more possible when DG is installed between the fault point and the feeding substation. The presence
of DG decreases the fault current seen by the relay at the same time. The effect of DG on power system
depends on the location, type and size of the installed DG. However, the fault current in the feeder
relay decreases due to the DG contribution. This happens when the total current is divided among the
feeding sources. The protection may become inoperative in the worst-case faults, thus, it should be
adjusted before the presence of DG [32].

Figure 1 shows the blinding points with DG in a simple diagram of the case study. The three
blinding points are the candidate points in the case study, which include Point 1 (the end of the main
feeder), Point 2 (the beginning of the adjacent feeder when circuit breaker (CB) ring is closed and both
feeders are fed by the main feeder) and Point 3 (local load). In this case, we have three blind points
that need two recloser relays; R1 (location of recloser 1) and R2 (location of recloser 2) are the suitable
locations for the reclosers as shown in the figure. This study considers only relay R1.

Utility System

Feeder
Adjacent

Point 2
LEGEND:

Zm: Impedance of the Main Feeder
Za: Impedance of the Adjacent Feeder
Zpc: Impedance of the DG

Za

CB Ring

Figure 1. Possible blinding points in the case study. PCC: Point of Common Coupling CB: Circuit Breaker.

In case of a fault at the end of the feeder, the fault current is supplied from both the utility network
(I1) and DG (I2). The fault current from the utility network is reduced because of the contribution of
the local generation. If the local feeder protection settings are not adjusted to incorporate DG, the relay
may not see the fault and will not operate [25].
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Traditionally, DGs are not operated in islanded mode, and the generators need to be disconnected
from the system. The remote transfer trip opens the circuit breaker of the DG in case of a fault on
the feeder.

The worst situation for the relay in a blind area is its inability to operate in case of fault occurrence.
The relay operation depends on pickup current. When the relay cannot pick up as a short-circuit fault
occurs, the relay setting is under blinding point. The three-phase short-circuit current at any point
within the power system is obtained as follows:

I u
sc=—F/"—
V3% Zgc

where U refers to the phase-to-phase voltage at the fault location before fault occurrence, and Zgc is
the equivalent upstream power system impedance seen at the fault point.

The blind points occur when the short-circuit current (Isc) value is less than the relay pickup
current. In the case study, the pickup current of the main feeder is calculated as: Ip;cy, = 1 X I, = 400A.
Therefore, the relay is in the blind areas when the short-circuit current is less than the pick-up current:

)

Isc < 400A (2)

Therefore, the maximum impedance that causes the blind point is as follows:

u
ZBlind = o)
Sc

Parameter Zpj;,,; depends on the fault point voltage and short-circuit current. It is well known that
the voltage profile of a radial feeder decreases from the utility substation to the end of the feeder [33,34].

Table 1 shows the path impedances at each fault point. According to the single diagram of the
case study in Figure 1, the figure shows the distance from each power source to fault points (1-3). The
parameters of path lengths and impedances are given in Table A2 of the Appendix A. The maximum
path impedance of the fault points is related to point 3 because of feeder length.

®)

Table 1. Path impedances of fault points without fault impedance. DG: distributed generation.

Impedance Point 1 Point 2 Point 3
DG 0.523 O) 1.089 O 8.463 ()
Feeder 1.077 Q) 1.65 O 927 Q)

3. Results

3.1. Case Study

The case study in this research is based on a real power system. The power system includes two
20 KV feeders, which are called the main feeder and adjacent feeder. The DG is embedded on the main
feeder, and the adjacent feeder can be fed by the main feeder. Figure 2 depicts the topology of the
case study consisting of the two feeders. The length of the main feeder is 3.64 km, and it has more
energy consumption due to an industrial area. The maximum current of the main feeder is about 102
A. Moreover, the adjacent feeder has a longer length (26.76 km) with residential loads. The maximum
current of the adjacent feeder has been recorded 73 A. The main feeder consumes more energy, while
the adjacent feeder line is much longer. The DG is connected to the substation by the feeders. According
to Equation (3), an impedance more than 28.85 () causes blind areas, and the three-phase short-circuit
current is around 12.5 kA. There are two 132/20 kV transformers rated at 30 MVA in the substation.
The simulations are conducted in DIGSILENT software (version 15.1, DIgSILENT GmbH, Gomaringen,
Germany, 2016) [35].
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Figure 2. Single diagram of real distribution network with DG.
3.2. Settings of Protective Devices

The most common protection devices used in distribution systems are OC relays. The OC relays
are used as the main protection devices for radial distribution systems [30]. An OC relay measures the
current flowing through it and determines whether to send a signal to open a circuit breaker [26,36].

An OC relay trip settings are determined by “pickup current (Ip)” and “time delay” parameters.
Pickup current is the threshold current value and is sensed by current level detection principle, which
has to be exceeded for relay trip [27].

The pickup current of an OC relay is set in such a manner that it is larger than the rated current
of the feeder but less than the minimum short-circuit current of the protected zone. When the DG
unit and the substation are feeding the fault in parallel, the fault current detected by the OC relay is
reduced (due to the contribution of DG to the fault current). This causes the relay to under reach its
required protective zone. In other words, the relay is “blind” to the fault [37,38].

In distribution feeder protection, the most important variable in optimal coordination of OC
relays is the time multiplier setting (TMS). The operating time of a relay is a function of TMS, Ip and
short-circuit current seen by the relay. The operating time of relay is given by Equation (4):

_axXTMS
oo = T 5
Ifﬁ

(%) -

where «, 3 and vy are constants that are used to represent a mathematical form of an inverse-definite
minimum time (IDMT) type of OC relay characteristic. The values of 0.14, 0.02 and 1.0 are, respectively,
set for o, 3 and vy to define an IDMT OC relay. Similarly, the recloser relay also has an inverse-time OC
characteristic [39].

In this section, the OC relay settings of the DG and substation feeder are presented, and the
recloser relay settings is then adjusted. The calculation of DG protective relay at Point of Common
Coupling (PCC) is based on the generator transient stability. The overcurrent relay time constraint
settings of generators for three-phase faults should be under 0.35 s [40]. The OC pickup of the relay is:

(4)

P.S=12xI,=141x12 =170A (5)
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The formulation of relay operating time with normally inverse characteristic is given by Equation (4)

(o= 0.14, B = 0.02):

b= 91 M (6)

1,\0:02
((E) -1
The TMS of an overcurrent relay of DG is calculated as follows:
0.02
0.35 x ((116—7806) - 1)

™S = 0.14

=0.117 ~ 0.12 @)
Table 2 provides the protective relay settings of DG at the PCC point.

Table 2. Overcurrent relay settings of DG. OC: overcurrent; TMS: time multiplier setting

Current Fault

Transformer (CT) Pickup Current Curve Current (I5) T™MS Instantaneous
OC Settings ratio (Ipickup) (A) (KA) Current
200/1 0.85*In N.I 8.89 0.12 10*In

In addition, the settings of the 20 kV feeder does not change and is fixed. The relay settings of the
substation 20 kV feeder are presented in Table 3.

Table 3. Relay settings of the substation 20 kV feeder.

Instantaneous
CT Ip; (A) Curve I; (KA) TMS
OC Settings Pickup f Current
400/1 1*In N.I 12.5 0.1 10*In

Connecting DG to the distribution network boosts the severity of short-circuit. In the case study,
the short-circuit current increases to 14.31 kA after connecting DG to the main feeder.

The recloser relay settings should be set to avoid blind areas. Therefore, the recloser should operate
faster than the OC relay. The pickup current of the recloser relay is around twice the maximum feeder
current. Figure 3 shows the substation OC and recloser relays characteristic curves in DIgSILENT.

Time (S)

0,1

0,01
100 1000 10000 100000
-« Recloser Relay Substation Current (A)

Figure 3. Comparison of overcurrent relay characteristic curves of substation 20 kV feeder and
recloser relays.
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3.3. Discussion

In this subsection, the effect of fault impedance on the protection blinding areas for phase-to-phase
faults is studied. In fact, protection blinding causes non-operation or delay in the OC relay. The
priority of the research is to avoid blind areas, and the secondary goal is to improve the reliability of
the power system.

Figures 4 and 5 show the operating times of overcurrent recloser and DG relays with different
fault impedances at points 1 and 2. The short-circuit current value decreases by increasing the fault
impedance that, in turn, causes an increase in the operating time of the protective relay. The length of
the feeder (line impedance) is also effective. Line length at point 2 is more than the line length at point
1. Therefore, considering a fault with the same fault impedance, the relay operating time at point 2 is
more than that at point 1. The main feeder relay cannot operate in case of a fault impedance of more
than 40 ) at point 1 and 20 Q) at point 2. The relay of DG detects faults just with Z = 0 ohms at point 1
and cannot detect a fault at point 2. The recloser relay can detect any fault with various impedances.

Time operation relay (s)

IL.,,I.,I.,I-,LL[

Z=5Q Z=10Q 2Z=150Q 2Z=20Q 2Z=250Q Z=300Q Z=35Q Z=400Q Z=45Q

WFeeder MRecloser mMDG

Figure 4. Operating times of overcurrent, recloser and DG relays with different fault impedances at
point 1.

ol
w v o a

»
V]

Time Operation Relay (Sec.)
o o
w - w N

o

Z=0 Z=50 Z=10Q Z=15Q Z=20Q Z=250Q Z=30Q Z=350Q Z=400Q Z=45Q

B Feeder M Recloser MDG

Figure 5. Operating times of overcurrent, recloser and DG relays with different fault impedances at
point 2.

The operating time of the main feeder relay gradually increases with an increase in the fault
impedance at point 1. The main feeder relay operating time is around 6 s for a fault impedance of 40 ()
(Figure 4). The main feeder relay cannot detect a fault with an impedance of 45 ohms. The operating
time of the DG relay is around 1 s with zero fault impedance, while it does not operate when the fault
has impedance. In addition, the recloser relay can detect faults with 45 ohms impedance in less than 1 s.

The DG relay does not operate with a fault at point 2. The operating time of the main feeder relay
is about 4 s at Z = 20 ohms.
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Table 4 lists the operating times of the main feeder, DG and recloser relays with different fault
impedances. In the table, the blind areas in the case study are indicated with Non (non-operation). The
relay operating times are obtained by changing the fault impedance at points 1 and 2. The locations of
the relays are shown in Figure 2. The feeder and DGs relays cannot detect the fault by increasing the
fault impedance, while the recloser relay can detect.

Table 4. Relay operating times with different fault point impedances.

Fault Relay Operating Time (s)
Impedance Point 1 Point 2
(ohm)
Feeder DG Recloser Feeder DG Recloser

Z=0 0.12 1.046 0.07 0.818 Non 0.434
Z=5Q 0.376 Non 0.07 1.086 Non 0.5
Z=100 0.515 Non 0.329 1.497 Non 0.573
Z=150Q 0.687 Non 0.393 2.216 Non 0.656
Z=200 0.917 Non 0.46 3.814 Non 0.75
Z=250 1.251 Non 0.532 Non Non 0.86
Z=300) 1.792 Non 0.612 Non Non 0.989
Z=35Q0 2.844 Non 0.703 Non Non 1.146
Z=400Q) 5.828 Non 0.806 Non Non 1.338
Z=450) Non Non 0.927 Non Non 1.584

Figures 6 and 7 show the main feeder and recloser relays with a fault impedance of 25 () at points
1 and 2, respectively. The operating time of the main feeder relay is around twice that of the recloser
relay for a fault at point 1. The recloser and OC relays operate around 530 ms and 1.25 s, respectively.

Time () \

If=732A
25Q

Zs

0,01
100 1000 10000 100000
= === Recloser = Relay Substation Current (A)

Figure 6. Operating time of overcurrent and recloser relays with fault impedance 25 () at point 1.

10

Time () \

1 0.860
I~

01

25Q

If=448 A

Z

0,01
100 1000 N 10000 100000
—=== Recloser Relay Substation Current (A)

Figure 7. Operating time of overcurrent and recloser relays with fault impedance 25 () at point 2.
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The main feeder relay does not operate with a fault impedance of 25 ohms at point 2, while the
operating time of the recloser is 860 ms.

3.4. Reliability

Since a typical distribution system accounts for 40% of the cost to deliver power and 80% of
customer reliability problems, the designing and operating of distribution systems are critical for
financial success of a utility company and customer satisfaction. The reliability improvement can
be obtained in term of the reduction of outage duration. Figure 8 shows the cost versus system
reliability [41].

Total cost

Optimal cost

Investment cost

Cost

Optimal
reliability

level \‘I

System reliability 100%

Cost of interruptions

Figure 8. Cost versus system reliability [42].

Interruptions and outages can be studied using predictive reliability assessment tools that can
predict customer reliability characteristics based on system topology and component reliability data.
In order to achieve this, distribution reliability indices are calculated. Such reliability indices should be
concerned with both duration and frequency of outage [42].

The reliability of the case study is calculated by the FMEA (Failure mode and effect analysis)
method. The recloser reduces the outages and improves the reliability.

The method FMEA is based on the maintenance philosophy aimed at failure-free operation and
reliability-centered maintenance (RCM). The task of RCM is to perform the analysis in such a way as to
minimize the negative effects, and to help solving problems effectively or to prevent them [43].

Table 5 shows the outage rate of the case study feeder in 2018. The total outage of the main feeder
is 27.03 h that includes 15.4 h of preventive maintenance (PM) over the year.

Table 5. Outage rate of the case study feeder in 2018. PM: preventive maintenance.

Number
FOR hrs/yr
Year Cause Total Outages 1y
PM 2 2 15.4
2018 Relay Operation 22 2 0.31
Other Outages 4 4 11.32
Total Outages (hours) 27.03

The recloser location is suggested to be at the half-way point of the radial feeder, assuming a
uniformly distributed load. This would yield a 50% reliability improvement to customers upstream
from the recloser. Similarly, locations at 1/3 and 2/3 of the feeder length should be considered if two
reclosers are placed [19]. Figure 9 shows two sections with recloser relay. In case of a fault on the
feeder in section B, the recloser relay operates and disconnects the faulty section from the healthy part.
Therefore, the customers in section B and DG will remain in the power system. However, without the
recloser relay, a fault on the feeder will disconnect the customers and DG from rest of the power system.
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Figure 9. Reliability sections of the case study.

The failure parameters of the case study are as follows:

Ay =28 r4=3
Ag=17 rg=2

where A is the failure rate on the feeder, and r is the failure duration of the feeder.
Considering outage times except for PM times, the average duration of outages of the feeder

is obtained: .

Am X1,
2 m)_2.8><3+1.7><2

n 4.5
X Am
m=1

ra = =2.62 = B

For the whole feeder, the result is the same.
After installing the relay within 0.4 h, the operation averages of outages in A and B paths are
presented as follows:

n
A X1
mél( m X Tm) 2.8%0.4+22%3
rA = - = 15 =171
Y Am '
m=1
n
A X1
mél( mXTn) 28x3+17x2
g = . — = —2.62 8)
Y Am '
m=1

The average duration of power outages (hours) in section A decreases from 2.62 to 1.71 h.
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4. Conclusions

This paper studied the impact of recloser in protecting blind areas of a real distribution network
with DGs penetration using the DIgSILENT software. Due to the DG contribution in the distribution
network, the short-circuit current seen by the OC relay decreases. The blind protection issues may
cause non-operation or delay in the OC relay with fault point impedance. The limitation of the fault
point impedance is determined by the relay feeder pickup current. Increasing the relay sensitivity is
the conventional solution for the protection blind areas. In this paper, a recloser was proposed as a
way to avoid blind protection due to adding DG to the distribution network. In this way, the blind
areas of the case study were detected and then a recloser was installed in a suitable location.

As the results show, the operating time of the protective relay increases with the fault point
impedance. This causes the OC relay goes into a blind area. The recloser curve setting closes faster
than the feeder relay curve, so the recloser relay operates faster than the OC relay. Accordingly,
the protection blind areas are protected by the recloser relay. The delay in the relay operating time
decreases with fault impedance. The recloser improves the reliability of the case study. Moreover, the
total outage of the feeder is reduced to around half.
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Appendix A

The specifications of the generator are as follows: nominal power 2500 KVA, frequency 50 Hz,
nominal voltage 10.5 kV and power factor 0.8. The generator transient components parameters are
provided in Table A1.

Table Al. Generator transient components parameters.

Reactance Ohm %

Xd 115.99 263
Xq 63.259 143.4
xd’ 11.035 25
Xd” 9.148 20.7

Xq” 9.874 224
X2 9.535 21.6
X0 1.21 2.7

Line parameters are given in Table A2.

Table A2. Line parameters.

Cross-Section

Type of Conductor Voltage (kV) Area (mm2)

Resistance ((/km) Reactance ({}/km)

dog 20KV 118.5 0.2791 0.102
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