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Abstract

Much attention has been paid to optimizing smart grids (SGs) and microgrids (MGs)
protection schemes. The SGs’ operation in different operating modes (especially grid-
connected and islanded conditions) and various system configurations (such as the outage
of each of the distribution generations) adversely influence the protection system. The
adaptive protection schemes using different setting groups are suitable and reliable solu-
tions to achieve a fast protective system. However, the literature shows a research gap
in developing optimized adaptive protection schemes, focusing on constraint reduction,
besides the optimal selection of time-current characteristics for direction overcurrent relays
(DOCRs) and high-set relays (HSRs). This research aims to fill such a research gap. The
power system analyses, such as power flow and short circuit studies, are done in DIgSI-
LENT, and the genetic algorithm (GA) is used to find the optimum solutions. Test results
of the IEEE 38-bus distribution system illustrate the advantages of this study compared to
existing ones. The comparative test results emphasize that 31.78% and 21.62% decrement
in time of the protective scheme in different topologies for the distribution networks of
the IEEE 38-bus and IEEE 14-bus test systems could be achievable by simultaneously

1 | INTRODUCTION

The high penetration of renewable and non-renewable dis-
tributed generations (DGs) through the concepts of smart grids
(SGs) and microgrids (MGs) as future grids has received sig-
nificant attention in recent years [1-3]. Many benefits can be
achieved by deploying DGs in active distribution networks
(ADNs) and SGs [4-6]. However, complications have been
imposed on the SGs and MGs’ control and protection systems
due to the integration of DGs into the conventional struc-
ture of distribution networks [7, 8]. Hence, several studies in
the literature have been devoted to optimizing the protection
system of SGs and MGs [9, 10]. The topological evolution
of power distribution networks comprising DG units and the
islanding capacity of MGs have led to significant changes in the
magnitudes of short-circuit currents, consequently affecting the
reliability of protection systems in terms of loss of selectivity,

optimizing relay characteristics and HSRs compared to existing approaches.

sensitivity, and dynamic response [11, 12]. Protection and power
quality constraints are the most important issues that limit the
maximum penetration of DG in power systems. A change in
the short-circuit level due to the presence of DGs might lead to
incorrect operation of protective relays and protection miscoos-
dination [13]. Therefore, in [14], using a proposed approach and
a new objective function, the location, size, and type of DGs
were optimized to maximize DG penetration and protection
system speed and reduce power losses. It is essential to develop
a protection scheme that works propetly in various operating
conditions and system configurations and maintains fast with-
out any coordination constraint violation [15, 16]. Changes in
the network configuration and various operation modes (grid-
connected and islanded modes) of SGs influence the protection
system dramatically [17-19].

In some available research works, such as [20], the opti-
mum settings for directional overcurrent relays (DOCRs),
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TABLE 1 Literature review summary of SGs’ optimal protection

Characteristic curve type Different Adaptive protection Smart selection

Non- setting and reduction of Different network of characteristic

References  Year Standard standard groups constraints configurations curves HSRs
[11] 2022 v v 4 X
[14] 2022 4 X 4 4 4 X X
[17] 2020 4 X X 4 4 X X
[18] 2021 4 X X X 4 4 X
[20] 2017 4 X X X 4 X X
[22] 2021 4 X X X 4 v X
[23] 2021 X v X X 4 X X
[24] 2022 X 4 X X 4 X X
[32] 2020 4 X 4 v 4 X X
[33] 2021 4 X X 4 X 4 X
[34] 2021 4 X X 4 4 4 X
[35] 2022 X v 4 v 4 X X
[36] 2020 v X X v X 4 X
[37] 2022 v X v v 4 X X
[39] 2019 v X v v 4 X X
[40] 2021 X 4 X X X v v
[43] 2016 X 4 X X X v X
[44] 2019 4 X X X X v X
[45] 2019 X 4 X X X 4 X
[46] 2020 4 X X X X X X
[47] 2019 4 X X X 4 X X
[48] 2020 v X X X 4 X X
[49] 2014 X v X X 4 X X
[50] 2020 4 X X 4 X X X
[51] 2019 4 X 4 v 4 X X
[52] 2019 4 X X X X 4 X
[53] 2018 4 X X v X v X
[54] 2019 X 4 X X X 4 X
[55] 2018 4 X X X X X X
[56] 2021 4 X X X X X X
[57] 2011 4 X v 4 X X v
[58] 2006 4 X 4 4 X X X
Proposed method v X v 4 4 v v

considering all operation modes and network configurations,
have been studied. Although no selectivity constraint violation
appears in different conditions, the speed of the protection
scheme is adversely affected due to additional limits and con-
straints. Accordingly, some solutions have been introduced to
mitigate the challenges of SGs’ protection system, considering
all network operation mods only by one setting group [21,
22]. In [23], the dual characteristic curve has been used based
on a three-point coordination strategy to protect microgrids
and ADNS. In [18, 23], 2 new optimized communication-free

protection scheme has been developed. Although these meth-
ods do not require a telecommunication link, the operating
time of the relays might increase due to the consideration
of one protective setting group for all operating modes.
Also, in [24], a new protection scheme has been suggested
using dual characteristic overcurrent relays based on N—1
contingency.

It should be highlighted that changing from gtrid connected
to islanded mode will impact the short circuit level [25, 26].
Hence, the protection coordination might be adversely affected
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TABLE 2 Standard DOCRs’ characteristic coefficients [22, 45]

Item Characteristic curve type k n
1 NI 0.14 0.02
2 VI 13.5 1
3 EI 80 2

@
@
£
=
=]
= i
- 1
£ !
a ! Normally inverse (NI)
© i Very inverse (VI)
i Extermely inverse (EI)
} ~
”~
First area Second area
Current (A)
FIGURE 1 Standard characteristics of DOCRs [45]
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FIGURE 2  Operating time of DOCRs, equipped with HSR [40]

due to changes to islanded modes for ADNs and MGs. Accord-
ingly, islanding detection and appropriate cotrective actions in
protection settings can be useful [27, 28]. The islanding detec-
tion approaches can be divided into two major categories,
that is, local and communication-based ones [29, 30]. Differ-
ent local islanding detection approaches, such as active, passive,
and hybrid approaches, have been reported in the literature.
The local measurements of voltage, current, and other elec-
trical parameters are used to implement the local islanding
detection approaches. These local approaches are suitable from
the economic aspects. However, their performance might not
be desired in some cases, and non-detection conditions are
expected. On the other hand, the communication-based island-
ing detection approaches are more reliable and effective than
local ones. However, the cost of these communication-based
and required hardware and software infrastructures would be

Main relay

Operating Time (s)

HSR R2
HSRR1

Fault Current (A)

FIGURE 3 Protection coordination between the main and backup
DOCRs [17]

considerable. Both discussed islanding approaches (local and
communication-based) can be used to change the settings from
one group to another. If the communication-based islanding
approaches are selected for implementation, comprehensive
features will be achievable. Indeed, in communication-based
systems, other network configurations are also identified, in
addition to islanding detection features. Hence, more than two
setting groups and corresponding network configurations have
been considered. Using only two setting groups will be helpful if
the local islanding detection approaches are utilized to mitigate
the challenges in the protection coordination of ADNs, MGs
and smart grids due to islanded mode.

To mitigate the operating time challenges of SGs’ protection
system, considering all network configurations, adaptive protec-
tion schemes could be effective alternatives [31, 32]. In [33], a
new scheme based on adaptive protection has been reported
based on comparing Thevenin impedance in base conditions
with the Thevenin impedance measured in other operating con-
ditions. The method presented by Torshizi et al. [33] has several
advantages. However, its implementation would be technically
complicated due to structural changes in the performance of
protection relays. A new adaptive and robust protection scheme
was presented in [34], including power quality characteristics
and voltage indicators. In [35], using the concept of setting
groups (SGs), an adaptive protection scheme was proposed to
increase the reliability of the system. Connection and discon-
nection of switches and DGs result in various scenarios for
network topology changes, which have been studied by Moham-
madi et al. [35]. Ref. [30] also presented adaptive protection,
considering the constraints of DGs’ stability. In [37], a new
optimal adaptive overcurrent-based protection for large-scale
wind farms using a hybrid grey wolf optimizer and rule-based
fuzzy logic controller (GWO-FLC) scheme has been reported.
The existence of only one setting group for the overcurrent
relays (OCRs) would cause drastic miscoordination and false
tripping during fault. In order to test the performance of the
proposed GWO-FLC scheme, several OCRs based on the stan-
dard Schweitzer Engineering Laboratories industrial protection
relay (SEL-751) were developed in MATLAB/Simulink. Yousaf
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FIGURE 4

Start

The network specifications, elements, DGs, distribution lines, locations of DOCRs, and network topologies should be collected.

¥

The probable system operation modes and network configurations should be determined.

Test system is implemented in DIgSILENT.

The power flow and short circuit simulations in various network configurations and operation modes are done in DIgSILENT .

The simulated power flow and short circuit current’s results are called in MATLAB.

‘I A setting group is assigned for the s-th network configuration. |

i

| The upper and lower bounds of TDS for DOCRs should be specified. |

i

|The upper and lower bounds of PCS for DOCRs should be determined using the power flow and short circuit simulations.|

v

| The upper and lower bounds of HSR’s current and time settings should be determined. |

i

| The upper and lower bounds for the integer variables corresponding to curve types of DOCRs are specified. |

| The non-linear coordination constraints are determined. |

4>| A population is generated. |<7

Feasibility
checking?

The optimized settings for DOCRSs in various network configurations are extracted.

)

Protection simulations in DIgSILENT are done to validate the coordination constraints satisfaction.

End

Flowchart of optimizing the DOCRs settings based on the proposed optimal adaptive protection method
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TABLE 3  Short circuit currents in different configurations

Near-end fault current at the near-end of protection zones in various configurations (A)

Relay
no- Cl CZ C3 C4 CS C6 C7 C8 C‘) ClO Cll C12 C13 C14 C15
1 9560 5044 7509 7565 9275 — 8474 7491 9732 9511 9787 9534 9472 5542 9730
2 5667 4527 5490 5521 2400 — 5632 5711 — 5479 — 5652 5527 5930 4626
3 10154 5581 8386 9466 8280 8336 — 7426 10169 10153 10165 9902 10161 6616 10231
4 5810 5272 5054 2787 5623 5693 — 5779 5805 5714 5812 — 5702 5578 5786
5 8980 4490 8586 7620 7172 7007 7103 — 8976 9103 8961 9176 9149 5174 9122
6 6634 6013 3424 5397 6339 6657 6817 — 6570 5570 6591 4647 5436 6684 6365
7 6529 1601 5958 6118 6248 6823 6470 6577 — — 7230 6466 — 6435 1771
8 3418 3525 3203 3216 2156 2484 3324 3301 — 3533 — 3414 3551 3491 3953
9 7695 2909 7288 7294 6495 7522 7530 7540 — — — 7691 8176 7632 3226
10 2796 2668 2292 2543 2652 2774 2813 2527 2863 — 2871 2651 — 2741 2950
11 4593 1338 4233 4334 4424 5016 4551 4630 — 3976 — 4557 3994 4685 1500
12 7029 6332 6511 6530 3820 — 6770 6592 7630 7109 — 7019 7139 6387 7613
13 6278 5382 5936 3090 5919 5966 — 6262 6290 6266 6290 — 6275 5614 6266
14 8655 6396 5412 8055 7767 8170 8500 5060 8644 7883 8663 — 7773 7477 8471
15 9578 7654 6406 7793 8771 8837 9647 6249 9655 10046 9673 8182 — 7995 9804
16 3041 1651 2917 2920 2736 3066 3014 3160 2641 — 2636 3044 — 3125 1823
DG,

The optimal settings are applied to the DOCRs in various setting
groups.

i

The status of DGs and upstream substations connecting/
disconnecting are monitored and distinguished.

']

—>| The network configuration and operation mode is determined. |

| The appropriate setting group for DOCRs is activated. |

The status of any DG or
upstream substation has
changes?

| No change is applied to the activated setting group. |

| The protection system is ready to act against the faults. |

End

FIGURE 5 Flowchart of implementing the obtained optimized DOCRs
settings in test systems based on the monitoring system

et al. [38] focused on the design of a protection coordina-
tion strategy based on the dual-setting directional recloser for
the effective implementation of a fuse-saving scheme in dis-
tribution networks. Ref. [39] presented an adaptive protection

EGI EGZ

FIGURE 6 Distribution network of the IEEE 14-bus test system [22]

scheme to reduce the constraints of the optimization problem
for distinguishing the optimized relay settings and the best oper-
ating time of the protection system. Reducing the optimization
constraints is one of the crucial factors that make it possible
to achieve better results. On the other hand, constraint reduc-
tion could be useful to a better search capability in the feasible
area of the optimization problem and finding the global optima
easiet.
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(b) Near-end fault and optimum settings based on the proposed
method without limits in the number of setting groups
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(¢) Near-end fault and optimum settings based on the
proposed method with limits in the number of setting groups
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FIGURE 7 Coordination diagrams of R, and R;5 in C; configuration
(Grid-connected mode) of the distribution network of the IEEE 14-bus test
system. (a) Near-end fault and optimum settings based on the method of [22].
(b) Near-end fault and optimum settings based on the proposed method
without limits in the number of setting groups. (c) Neat-end fault and optimum
settings based on the proposed method with limits in the number of setting
groups (using three setting groups)

1000
Current (A)
(b) Near-end fault and optimum settings based on the proposed

method without limits in the number of setting groups
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(c) Near-end fault and optimum settings based on the
proposed method with limits in the number of setting groups
(using three setting groups)

FIGURE 8 Coordination diagrams of Ry, and Ry5 in C; configuration
(islanded mode) of the distribution network of the IEEE 14-bus test system.
(a) Near-end fault and optimum settings based on the method of [22]. (b)
Near-end fault and optimum settings based on the proposed method without
limits in the number of setting groups. (c) Near-end fault and optimum settings
based on the proposed method with limits in the number of setting groups
(using three setting groups)
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TABLE 4  Optimal results for different configurations (N—1 contingency) o
based on the proposed method compared to those of [22] and [67] in the ::::::: 1 23
distribution network of the IEEE 14-bus test system ;:;:;:; 2
3
Total relay’s operating time (s) 24 @
5 4
Proposed method Proposed method 19 [] 25
without limits in  with limits in the 35 2 1 g
Method of the number of number of setting ~ !
Configuration no. [22] setting groups groups 5 6 g T 1 13 23 l7 ,,"
1112 QR & 18 521
@] 6.104 4.660 6.233 @ . 16 (179
(Grid-connected N 36 14 19y 38
mode) 20 7 7 8 R 515
8
C, (Islanded 12.155 7.285 9.113 0 27 2005
mode) o 10 “ 16 30
2 21 10 ‘.“ 15
C; (Outage of 7.742 3.616 4433 - 37 @ 31
DGy) . 11 1
’ 34 32
C (Outage of 7.518 5.045 6.026 12 14
DG,) 18%®....___
35 33
Cs (Outage of 7.968 4.825 5.666 13
DGs)
C, (Outage of 5378 3783 4195 FIGURE 9 SLD of the distribution portion of the IEEE 38-bus test
Ly system [39]
C5 (Outage of 5.375 3.798 4.265
Lis) TABLE 5 Comparison of the number of constraints for adaptive
Gy (Outage of 6197 3778 4608 protection method with and without clustering of network setting groups
Li) Number of constraints Number of setting
Cy (Outage of 3.723 2.395 3.604 in the optimization groups and separate
L, 3) Scenario problem optimization problems
Cip (Outage of 4.392 2.614 3.755 1 28 1
to) 2 28 1
C1 (Outage of 3.948 3.312 3.998 3 8 1
Ls4)
’ 4 84 1
C}, (Outage of 5.572 5.361 6.539
Lsy) 5 84 1
Cy3 (Outage of 4.428 2.124 3.368 6 84 1
L¢—7) 28 3
C4 (Outage of 6.890 3.444 4.367 3 28 3
EXy)
9 28 3
Cj5 (Outage of 9.934 5.088 6.112
EX5)
Total operating 97.324 61.127 76.281

times of relays in
all
configurations

The optimal selection of DOCRSs’ characteristics is another
solution to improve the adaptive and non-adaptive SGs’ pro-
tection schemes [40, 41]. Ref. [42] reported a new protection
scheme, considering the stability of DGs, while the curve
types of DOCRs were optimized. Ahmadi et al. [43] teported
an optimization problem for optimizing the protection sys-
tem, incorporating the optimized relay characteristics. Also, the
hyper-sphere search (HSS) algorithm was selected as the opti-
mization algorithm by Ahmadi et al. [43]. The smart selection
of standard relay curves for a new double inverse relay model
has been presented in [40]. It has been noted that consider-

ing the transient stability of synchronous DGs, besides other
coordination constraints, adversely affects the speed of the
SG’s protection system. Hence, introducing a new relay model
incorporating the smart selection of relay curves could be help-
ful. In addition to optimal relay curves’ selection, the high-set
relays (HSRs) have been used by Narimani and Hashemi-Dezaki
[40]. The selection of the optimal curves for DOCRs in a
non-adaptive protection scheme, considering different network
configurations, has been reported in [22]. The combination of
different characteristic curves for overcurrent relays in [44] has
also been introduced as a suitable solution to inctease the speed
of protection designs. The use of non-standard characteristic
curves is another issue that has been considered in references,
such as [45]. Although optimization of non-standard curves
reduces the operating time of the protection system, it will not
be possible to implement it in all networks and all overcurrent
relays. The non-standard relay curves might not be adequately
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TABLE 6 GA parameters and settings

Scenario no.
Item Parameter 1 2 3 4 5 6 7 8 9
1 Number of decision vatiables 44 66 88 44 66 88 44 66 88
2 Population size 200 200 200 200 200 200 100 100 100
3 Maximum iteration 100 10000 10000 100 10000 10000 100 10000 10000
4 Crossover rate 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
5 Mutation rate 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
TABLE 7  Short circuit currents in different modes and network TABLE 8 Comparative results of optimal operating times of DOCRs
configurations (OF) under various scenarios

Short circuit current (Ir) at the near-end of DOCRs in various
topologies (A)

The value of the objective function (s)

Topology
Relay Topology Topology Topology Topology Topology Topology Base 3 (DGs
no. 1 2 3 4 5 6 Scenario no. mode Islanded outage) All modes
1 10296 1106 9309 10063 9908 9930 1 63.094 81.884 73.197 218.175
2 3967 1115 2781 3475 3631 3610 2 48.574 73.705 66.141 188.420
3 9051 916 8255 8880 8727 8749 3 43.417 60.563 48.317 152.297
4 7052 1601 5629 6396 6554 6532 4 74.847 93.532 84.673 253.052
5 8339 1108 7358 8310 7816 7910 5 (like the studies in 66.265 78.437 72.538 217.240
6 6106 1156 4862 5390 5889 5795 [22)
77598 1450 6094 894 7151 7245 0 48,768 65036 55028 168.832
3 7206 869 6430 7145 6396 6800 7 (l[lgk;])the studies in 63.094 76.666 71.180 210.940
9 11884 1688 10233 11236 11336 11428 »
48.574 65.111 61.071 174.756
10 6089 1130 4976 5810 5718 5625
9 43.417 55.331 45.135 143.883
11 10532 1352 9200 9881 10227 10154
12 2910 754 2173 2869 2526 2599
¢ g 9689 . . . . .
15 10042 1276 8786 9418 7762 9689 teristics, there is a research gap in developing a new adaptive
14 3581 857 2742 3505 3163 3236 protection scheme for ADNs, MGs and SGs, besides the smart
15 9339 1166 8192 8752 9095 9022 selection of relay curve types. Another research gap is study-
16 6570 1329 5269 6342 5997 6071 ing the Integration of the HSRs into the adaptive protection
17 6295 693 5616 5865 6205 6133 scheme of SGs. This study aims to fill such research gaps by
developing a new adaptive protection scheme for SGs, consider-
18 8878 1691 7216 8532 8182 8257 . P g P p R 7
ing various network configurations, based on the simultaneously
19 10615 1327 9337 10085 9932 10547 optimized selection of standard relay curves and HSRs. This
20 3014 809 2198 2850 2992 2386 paper is focused on reducing the selectivity constraints, besides
21 6356 1039 5305 5911 6394 5710 the discussed contributions.
2 6633 999 5679 6414 5921 6608 The proposed optimal protection scheme is applied to the

practical because the standard characteristic curves could only
adjust most installed protection relays or new commercial ones.
The literature review shows that although optimization of the
characteristic curves of OCRs has been discussed in several
works, this issue has received less attention in the form of
adaptive protection schemes.

Table 1 summarizes the literature review in the field of SGs’
optimal protection. As seen, although different studies have
been reported based on the optimal selection of relay charac-

IEEE 38-bus test system. The required inputs of the introduced
optimization problem, such as power/current passing through
the DOCRs and short circuit currents in vatious network con-
figurations, are extracted using DIgSILENT. The results of
the power system studies are exported to MATLAB, and the
genetic algorithm (GA) has been selected to find the optimum
solutions. Finally, the supplementary protection simulations
are performed in DIgSILENT based on optimized solutions
and settings to validate the proposed method and selectivity
constraints. Moreover, the obtained results are compared to
available research works to emphasize the advantages of the
proposed method. Comparing test results with non-adaptive
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TABLE 9 Coordination constraints violations for various network

configurations under different scenarios

TABLE 10 Optimized settings and operating times of DOCRs under
Scenario 1

Number of coordination constraints violations

D
Scenario no. Base mode Islanded ouct;:ge All modes
1 0 9 8 17
2 0 7 7 14
3 0 6 5 11
4 0 0 0 0
5 (like the studies in 0 0 0 0
(22))
6 0 0 0 0
7 (like the studies in 0 0 0 0
39D
8 0 0 0 0
9 0 0 0 0

schemes using only one setting group and adaptive ones, like
[39] that did not use the HSRs and optimized characteristic
curves, highlights the novelties of the proposed method. Sim-
ulation results show significant improvements by optimizing
the relay curves and HSRs in the proposed adaptive protec-
tion system. Reducing the coordination constraints and avoiding
selectivity constraints violation in different operation modes
and network configurations are other advantages of this study,
which are examined by test results.

The summary of the major contributions of this study could
be noted as follows:

- Simultaneous optimization of time and current settings of
DOCRSs relays and relay curve types;

- Optimizing the HSRs in the proposed optimal adaptive pro-
tection scheme to improve the system protection against
significant short circuit currents;

- Considering different operation modes and network configu-
rations in the proposed adaptive optimization method, while
the speed of the protection system is desired;

- The outages of DGs are considered in addition to islanded
and grid-connected modes;

- Validation of the proposed protective scheme using the
DIgSILENT protection studies.

The structure of this article is organized as follows. Section 2
presents the proposed method. In Section 3, simulation results
are given. Finally, the conclusion is reported in Section 4.

2 | THE PROPOSED METHOD

As discussed, it is crucial to propetly protect the SGs and
ADNs using the DOCRs [59, 60]. The satisfaction of protec-
tion coordination constraints and the speed of the protection
systems are two essential issues that should be simultaneously

Grid- ted
Main Backup rid-connecte:

relay TDS(s) PCS(A) relay

MROT (s) BROT (s) CTI (s)

1 0.505 21.692 NB 0.870 — —

2 0.010 21.692 4 0.578 1.621 1.043
3 0.186 23.446 1 0.225 0.570 0.345
4 0.130 23.446 6 1.080 1.679 0.599
4 0.130 23.446 12 1.080 1.589 0.509
5 0.172 42.961 3 0.869 3.096 2227
5 0.172 42.961 12 0.869 1.376 0.507
6 0.433 42.923 8 0.441 1.789 1.349
7 0.089 73.600 5 1.337 1.905 0.567
8 0.304 73.569 10 0.767 1.700 0.933
9 0.010 29.262 7 0.729 1.589 0.860
10 0.368 29.262 NB 0.328 — —

11 0.484 16.526 3 0.165 0.788 0.622
11 0.484 16.526 6 0.165 1.402 1.237
12 0.305 16.529 14 0.396 1.145 0.749
13 0.363 14.585 11 0.787 1.410 0.623
14 0.431 14.585 16 0.470 1.712 1.242
15 0.238 12.831 13 0.158 0.488 0.330
16 0.568 12.834 18 1.010 1.905 0.895
17 0.119 11.447 15 0.962 2.440 1.478
18 0.727 11.448 20 0.648 2.200 1.552
18 0.727 11.448 22 0.633 2.477 1.843
19 0.010 93.138 17 1.106 2.806 1.700
19 0.010 93.138 22 1.106 3.035 1.930
20 0.324 93.138 NB 1.438 — —

21 0.010 89.631 17 0.684 1.729 1.045
21 0.010 89.631 20 0.684 1.647 0.963
22 0.420 89.664 NB 1.411 — —

concerned [61, 62]. The direction and magnitude of short
circuit current passing through the distribution lines and cor-
responding relays are influenced by integrating the DGs into
the conventional passive distribution networks [63, 64]. Also,
the changes in the network configurations and operation modes
are other challenges in the performance of the SG’s protective
system. Por instance, the short circuit current passing through
the distribution lines in islanded mode might be less effec-
tive than in the grid-connected mode [65, 66]. Therefore, the
speed of the protection scheme against the faults in islanded
mode and selectivity constraints might be affected for islanded
mode.

The conventional protective schemes, considering only the
base network configuration, might not be an appropriate solu-
tion for ADNs, MG, and SGs [67, 68]. This is mainly because
the ADNs, MGs, and SGs, unlike conventional passive dis-
tribution networks, are able to work in islanded mode and
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TABLE 11  Operating times of DOCRs in islanded mode and Topology 3

under Scenario 1

TABLE 12  Optimized settings and operating times of DOCRs under
Scenario 2

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.851 — — 0.766 — —

2 4 1.721 1.897 0175  0.366 0.755 0.389

3 1 0.220 1.233 1.013 0.400 0.990 0.590

4 6 1.707 1966 0259 1461 1572 0.111
4 12 1.707 1.859 0152 1461 1722 02061
5 3 0.884 3.622 2.739 0.795 2.898 2.102

5 12 0.884 1.785 0.901 0.795 1.428 0.632

6 8 0.869 2.320 1.452 0.956 2.689 1.734

7 5 2.634 2852 0218  2.897 3.305 0.408

8 10 0.780 2.205 1.425 0.858 2.555 1.697

9 7 0.720 2.061 1.341 0.792 2.389 1.596

10 NB 0324  — — 0.356 — —

11 3 0.988 1.022 0034  1.087 1185 0.098
11 6 0.988 1.818 0.830 1.087 2.108 1.021

12 14 0.475 0.916 0.441 0.570 0.824  0.255
13 11 0.943 1128 0.185  0.962 1.117 0.154
14 16 0.563 1.370 0.806 0.676 1.233 0.557

15 13 1.359 1507 0148  1.250 1356 0.106
16 18 0.998 2.073 1.075 1.197 1.865 0.668

17 15 0.976 2.655 1.678 1.171 2.389 1.218

18 20 2.148 2394 0246 1504 1.625  0.122
18 22 2.148 2180 0032 1504 1722 0218
19 17 1.637 3.221 1.584 1.224 1.933 0.708

19 22 1.637 3.484 1.847 1.224 2.439 1.215

20 NB 1.459 — — 1.092 — —

21 17 0.694 1.985 1.291 0.519 2.338 1.819

21 20 0.694 1.891 1.197 0.519 2.227 1.708

22 NB 1432 — — 1.071 — —

*The relay pairs that do not meet the coordination constraints and minimum CRT have
been presented in separate font colours and underline format.

other network configurations besides the grid-connected opera-
tion mode. Hence, if the coordination constraints regarding the
islanded mode and other network configurations would not be
concerned with the optimal protection scheme, some miscoor-
dination and coordination constraint violations are expected.
The importance of considering various network configura-
tions and corresponding selectivity constraints is emphasized
by increasing the penetration of DGs. The modified protec-
tive scheme can be helpful, using only one setting group,
while vatious coordination constraints are concerned. How-
ever, the feasible area to find the protective settings, considering
variable network configurations by applying only one setting
group, will be challenging. Hence, much attention has been

Grid-connected

Main Backup MROT BROT CTI
relay TDS (s) PCS (A) CS relay (s) (s) (s)

1 0.378 1709 VI NB 0340  — —

2 0.018 2169  EI 4 0.309 1.373 1.063
3 0.147  31.81 El 1 0132 0.506  0.374
4 0494 8144 EI 6 0.578 1.421 0.844
4 0494 8144 EI 12 0.578 1.345  0.767
5 0.731 219.76  EI 3 0.465 2.621 2.156
5 0.731 219.76  EI 12 0.465 1116 0.651
6 0.509 95.65  EI 8 0236 0.668  0.433
7 0.283 1184  EI 5 0.715 1.612  0.897
8 0.259 74.91 EI 10 0.410 1.439 1.029
9 0.607 29.60  EI 7 0.390 1.345  0.955
10 0.510  29.80 VI NB 0176  — —
11 0.744 27120 EI 3 0.088  0.879  0.791
11 0.744 27120 EI 6 0.088 1.187 1.099
12 1.177 40.69  EI 14 0.212 1.589 1.377
13 0.211 160.9 VI 11 0.421 1.194  0.773
14 0.181 1302 EI 16 0.251 1.449 1.198
15 1.217 3847  EI 13 0.800 1.167  0.367
16 0490 9779  EI 18 0.540 1.612 1.072
17 0.656 2454  EI 15 0.514  2.066 1.551
18 0.728 1095  EI 20 0.347 1.863 1.516
18 0.728 109.5  EI 22 0.641 2.097 1.456
19 0.010 9313  EI 17 0.591 2.375 1.783
19 0.010 9313  EI 22 0.591 2.513 1.922
20 0.229 96.32 NI NB 0.769  — —
21 0.010  90.52  EI 17 0.366 1.618 1.252
21 0.010  90.52 EI 20 0.366 1.387 1.022
22 0736~ 90.74 VI NB 0.755  — —

paid to the adaptive protection schemes based on monitot-
ing the network configuration and status of DGs’ connection
and upstream substations, considering all network operation
modes and topologies [69, 70]. The main purpose of this
article is to develop a new adaptive protection scheme, con-
sidering various SGs’ operation modes and topologies. The
DOCRSs’ time and current settings would be optimized in
the proposed study, besides the relay curves and HSRs. This
paper also focuses on reducing the coordination constraints
of the optimization problem, using the adaptive scheme,
and applying separate setting groups for different network
configurations.

Various objective functions (OFs) have been reported for
SGs in the literature [71, 72]. In some references, only the
primary relays’ total operating time is considered the OF [17,
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TABLE 13  Operating times of DOCRs in islanded mode and Topology 3

under Scenario 2

Islanded mode

(Topology 2) Topology 3

Main Backup MROT BROT CTI MROT BROT CTI
relay relay (s) (s) (s) (s) (s) (s)

1 NB 0.744 0.659

2 4 1.504 1.733 0.229  0.250 0.714 0.464
3 1 0.192 1.131 0.938  0.170 0.936 0.766
4 6 0.660 0.795 0.135  1.321 1.487 0.166
4 12 0.660 0.870 0.110  1.321 1.541 0.221
5 3 0.772 3311 2.538  0.684 2.741 2.057
5 12 0.772 1.631 0.859  0.684 1.351 0.667
6 8 0.759 2.121 1.361  0.822 2.544 1.722
7 5 2.302 2.607 0.305 2492 3.127 0.635
8 10 0.682 2.015 1.334  0.738 2.417 1.680
9 7 1.630 2.884 1.254  0.681 2.260 1.578
10 NB 2.283 0.307

11 3 0.864 0.934 0.071  0.935 1.121 0.186
11 6 0.864 1.662 0.798  0.935 1.994 1.059
12 14 0.415 0.837 0.422  0.490 0.780 0.290
13 11 0.825 1.031 0.206  0.828 1.056 0.229
14 16 0.492 1.252 0.759  0.581 1.166 0.585
15 13 1.187 1.377 0.190  1.075 1.283 0.208
16 18 0.872 1.894 1.022  1.030 1.765 0.735
17 15 0.853 2.426 1.573  1.007 1.782 0.775
18 20 1.877 2.188 0.310  1.293 1.537 0.244
18 22 1.877 1.992 0.115  1.293 1.629 0.336
19 17 1.431 2.944 1.514  1.053 1.828 0.775
19 22 1.431 3.185 1.754  1.053 2.307 1.254
20 NB 1.275 0.939

21 17 0.607 1.814 1.208  0.447 2.212 1.765
21 20 0.607 1.728 1121 0.447 2.107 1.661
22 NB 1.251 0.921

*The relay pairs that do not meet the coordination constraints and minimum CRT have
been presented in separate font colours and underline format.

34, 306]. Considering the total operating time of the primary
and backup relays is another of the most well-known OFs
[39, 40]. This paper aims to minimize the total operating time
of the primary and backup relays according to (1), subject
to coordination constraints. Considering the operating times
of DOCRs in vatious network configurations and operation
modes is one of the essential strengths of this reseatch com-
pared to those only focusing on the base network configuration.
Moreover, the concerned decision variables and solutions to
improve the protection schemes of microgrids and smart grids,
such as smart selection of time-current curves and HSRs’ set-
tings, besides adaptive schemes, are different from available

references.

N,
oF =37 (71)5 RCS, CS, 0 15 117 )

.S‘l’.\'l

N, Ny N,

=2 Z +fo/ M

As shown, the operating time of primary and backup relays in
different network configurations are considered in the proposed
OF. Also, the time dial settings (TDSs), pick-up current settings
(PCSs), curve settings (CSs), the current setting of the HSRs,
and the time of HSRs are concerned with the proposed study as
decision variables. Moreover, the decision variables correspond-
ing to DOCRSs’ settings could be different in various network
configurations. The operating time of primary and backup relays
are calculated using the decision variables and SGs’ parameters,
such as short circuit current passing through the DOCRs in any
network configuration.

The standard characteristics would be assigned to DOCRs.
An integer variable has been considered for any DOCRs in a
specified network topology. The 1, 2, and 3 values for the dis-
cussed integer variable denote that normally inverse (NI), very
inverse (VI), and extremely inverse (EI) curves are selected,
respectively. The standard characteristic curves of overcurrent
relays have different applications, and their coefficients based on
IEC 60255 standard and IEEE standards are selected, as shown
in Table 2 [73, 74]. Moreover, Figure 1 shows the curves of these
standard characteristics for DOCRs.

In (2), it has been presented how the standard curve types
and corresponding coefficients are assigned to DOCRs.

[0.14  0.02] 17Cs,=1
[£,; =n,]=4[135 100] IrcCs,; =2 @
[80.0  2.00]  Orbermise.

The DOCRs can be modelled with two or three-stage charac-
teristics [40]. The overcurrent unit includes a low-set stage (I >)
and a high-set stage (I > >). For instance, RE] 523 ABB OCR
includes the low-set and high-set stages, and more details can
be found in the manufacturer’s specifications [75]. The high-
set overcurrent stage or HSR can operate with instantaneous or
definite-time characteristics. The inverse-time function of low-
set stage (I >) can be set to be inhibited when high-set stage
(I > >) starts. In this case, high-set stage (I > >) will determine
the tripping time. In Figure 2, the relay characteristic with two
stages (low-set and high-set) has been shown. The HSR facili-
tates the operating of the DOCRs against the high short circuit
current.

In this study, the DOCRs equipped with HSRs are studied.
After selecting the characteristic curve for the low-stage, the
operating time could be calculated using TDSs, PCSs, time and
current settings of HSRs, and fault current passing through the
DOCRs, as mathematically expressed in (3) [76]. Figure 2 shows
the operating time of any DOCRs, equipped with HSRs, based
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TABLE 14  Optimized settings and operating times of DOCRs under Scenatio 3
Grid-connected
Main relay TDS (s) PCS (A) CS Izs (A) Backup relay MROT (s) BROT (s) CTI (s)
1 0.736 60.83 EI 5549 NB 0.188 — —
2 0.011 22.73 EI 5520 4 0.116 0.416 0.3
3 0.155 25.84 El 5358 1 0.020 0.470 0.45
4 0.344 97.36 EI 6045 6 0.020 1.873 1.853
4 0.344 97.36 EI 6045 12 0.020 0.926 0.906
5 0.640 63.35 EI 6101 3 0.174 1.060 0.886
5 0.640 63.35 El 6101 12 0.174 1.471 1.297
6 0.158 132.6 El 5741 8 0.088 0.881 0.793
7 0.271 117.4 El 6610 5 0.020 1.787 1.767
8 0.148 317.78 EI 8363 10 0.020 1.896 1.876
9 0.068 29.46 EIl 5532 7 0.020 1.772 1.752
10 0.150 51.56 EI 6460 NB 0.066 — —
11 1.414 140.9 EI 5132 3 0.033 1.767 1.734
11 1.414 140.9 El 5132 6 0.033 1.564 1.531
12 0.746 50.74 El 6164 14 0.020 2.094 2.074
13 1.685 167.2 NI 5703 11 0.157 1.981 1.824
14 0.689 67.27 El 4498 16 0.094 1.910 1.816
15 0.126 85.98 NI 6450 13 0.032 1.658 1.626
16 0.380 249.29 NI 6015 18 0.020 1.761 1.741
17 0.188 45.56 VI 4965 15 0.020 2.415 2.395
18 1.476 259.3 EI 5584 20 0.130 2.455 2.325
18 1.476 259.3 EI 5584 22 0.240 2.763 2.523
19 0.010 93.15 El 6202 17 0.020 2.148 2.128
19 0.010 93.15 EI 6202 22 0.020 1.718 1.698
20 0.086 108.2 EI 4706 NB 0.288 — —
21 0.010 89.87 El 5847 17 0.137 2.132 1.995
21 0.010 89.87 El 5847 20 0.1137 1.928 1.791
22 0.146 139.8 EI 5549 NB 0.282 — —
on their settings. narrow range might exist for non-numeric relays.
IDS™™ < 1DS, ; < TDS™™ )
7Djtr,zi X /:k”’ﬁ / ;Fz < JFJIY
1, = < i | ’ €) In the proposed optimization problem to find the best set-
i , tings and solutions for the SG’s protective system, PCS’s upper
IHJ I[" HS

The optimization problem should be solved subject to tech-
nical limits and constraints. The upper and lower bounds for the
TDS and PCS are shown in (4)—(5). The minimum and max-
imum allowed TDS for DOCRs ate determined based on the
relay manufacturer’s specifications [77, 78]. The maximum and
minimum values of the TDS depend on the type and technol-
ogy of DOCRs [79]. In the upgraded and modernized DOCRs,
a wide range of settings could be assigned. On the contrary, a

and lower bounds should be considered, as demonstrated in
(5). Like TDS’s upper and lower limits, the PCS has some lim-
its based on the DOCRS’ specifications. Also, the minimum
allowed PCS should be more than the maximum current passing
through the relay. Otherwise, the DOCR operates under not-
mal conditions, which is not desired. Moreover, the minimum
fault current passing through the DOCR under each system
configuration should be concerned with the upper bounds of
the PCS. If the upper bound of the PCS is not considered, the
DOCR might not operate against some short circuit faults. In
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TABLE 15  Operating times of DOCRs in islanded mode and Topology 3

under Scenario 3

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.466 — — 0.248 — —

2 4 0.943 1.663 0.721 0.501 1.476 0.975
3 1 0.121 1.085 0.964 0.064 0.962 0.898
4 6 0.933 1.135 0.202 0.495 0.707 0.212
4 12 0.933 1.073 0.140 0.495 0.750 0.256
5 3 0.661 3.177 2.516 0.257 2.818 2.561
5 12 0.661 1.565 0.904 0.468 1.745 1.277
6 8 0.476 2.035 1.559 0.460 1.805 1.346
7 5 1.443 2.501 1.058 0.766 2.219 1.452
8 10 0.427 1.934 1.507 0.227 1.715 1.488
9 7 0.395 1.808 1.413 0.210 1.603 1.394
10 NB 0178  — — 0.094  — —

11 3 0.739 0.896 0.158 0.288 0.560 0.272
11 6 0.739 1.595 0.856 0.288 1.415 1.127
12 14 0.260 0.895 0.635 0.138 0.896 0.758
13 11 0.517 0.757 0.240 0.275 1.103 0.828
14 16 0.309 1.201 0.893 0.164 1.339 1.175
15 13 0.744 0.870 0.125 0.395 0.675 0.279
16 18 0.547 1.818 1.271 0.628 1.613 0.985
17 15 0.535 2.328 1.794 0.614 2.065 1.451
18 20 1.177 2.099 0.923 1.351 1.862 0.511
18 22 1.177 1.463 0.286 1.484 1.696 0.212
19 17 0.897 2.825 1.929 0.476 2.506 2.030
19 22 0.897 3.056 2.159 0.476 1.665 1.188
20 NB 0.799 — — 0.425 — —

21 17 0.593 1.741 1.148 0.202 1.544 1.342
21 20 0.593 1.658 1.065 0.202 1.471 1.269
22 NB 1224  — — 0.417 — —

* The relay pairs that do not meet the coordination constraints and minimum CRT have
been presented in separate font colours and underline format

(6) and (7), it has been explained how the specification limits of
DOCRs and other system constraints should be considered in
the proposed optimization problem [80, 81].

RCS™® < TS, ; < ROS™™ ®)
RCS = Mo {12147, resmn | ©)
FCS™ = Min {l_flf’mi“, R mﬂX} ™

The upper and lower bounds of the HSR’s current settings
should be considered in the proposed optimization problem, as

TABLE 16  Selectivity constraint violations under Scenarios 1-3

Islanded Topology 3

CTI
Scenario OTM (s) OTB(s) CTI(s) OTM(s) OTB(s) (s)

1 R21.721 R41.897 0.175
R4 1.706 R61.964  0.258

R41.536  R61.572  0.036
R41.536  R121.822 0.286
R4 1.706 R121.859 0.153 R111.087 R31.185 0.098
R72.634 R50.1458 0.218 R120.570 R140.824 0.255
R110.988 R32.852 0.034 R130.962 R111.117 0.154
R130.943 R111.128 0.185 R151.250 R131.356 0.106
R151.359 R131.507 0.148 R18 1.504 R201.625 0.122
R182.148 R202.394 0.246 R181.504 R221.722 0.218

R182.148 R222.180 0.032
2 R21.504 R41.733 0.229 R41.321 R61.487  0.166
R41.662 R61.795 0.133 R41.321 R121.541 0.221
R41.491 R121.699 0.208 R130.935 R31.121 0.186
R110.864 R30.934 0.071 R120.490 R140.780 0.290
R130.825 R111.031 0.206 R130.828 R111.056 0.229
R151.187 R131.377 0.190 R151.075 R131.283 0.208

R18 1.877 R221.992 0.115
3 R4 0935 R41.134 0.199

R40.935 R41.073 0.138

R181.293 R201.537 0.244
R40.497 R40.703  0.206
R40.497 R40.750 0.254
R4 0.739  R40.896 0.158 R4 0.288 R4 0.560 0.272
R4 0.517 R4 0.757  0.240 R4 0.395 R40.675 0.279
R40.744 R40.870 0.125 R41.484 R41.696 0.212

R4 1.177 R4 1.463 0.286

shown in (8). The minimum allowed current setting of the HSR
should be determined according to the maximum fault current
at the end of the protection zone of the understudy DOCR.
This is mainly to prevent the mis-coordination between the
HSR and the relays located in downstream zones. In addition,
the HSR’s maximum permitted current setting should be less
than the short circuit current value near the protection zone’s
end. Otherwise, the HSR does not operate for any fault. The
technical limits regarding the minimum and maximum HSR set-
ting based on the manufacturer’s specifications also should be
concerned with the selected upper and lower bounds of HSR’s
current settings.

]Hf,min < ]ffllj < ]HS,max (8)

5,7 — 5

The upper and lower bounds of the HSRs time setting could
be considered in the proposed optimization problem using (9).
In addition to technical limits of HSR based on relay specifica-
tions, the HSR’s time setting should be equal to or less than
the operating time of the corresponding relay by the inverse
part of the relay model at the HSR’s current setting. In (10), the
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TABLE 17  Optimized settings and operating times of DOCRs under
Scenario 4

TABLE 18  Operating times of DOCRs in islanded mode and Topology 3
under Scenario 4

Main Backup Grid-connected

relay TDS(s) PCS(A) relay

MROT (s) BROT (s) CTI (s)

1 0.606 83.400 NB 1.615 — —

2 0.010 21.692 4 0.773 1.826 1.053
3 0.102 147.63 1 0.185 0.882 0.697
4 1.871 41.892 6 1.444 1.891 0.447
4 1.871 41.892 12 1.444 2.789 1.345
5 1.783 55.365 3 1.162 3.487 2.325
5 1.783 55.365 12 1.162 1.485 0.323
6 1.827 67.667 8 0.589 0.889 0.300
7 0.689 73.569 5 1.788 2.145 0.357
8 0.924 73.569 10 1.025 1.914 0.889
9 0.010 29.262 7 0.974 1.789 0.815
10 0.151 78.745 NB 0.439 — —

11 1.991 70.805 3 0.221 1.050 0.829
11 1.991 70.805 6 0.221 1.579 1.358
12 0.162 136.50 14 0.529 1.025 0.496
13 0.378 120.98 11 1.053 1.588 0.535
14 0.212 140.37 16 0.628 0.928 0.300
15 1.939 30.706 13 0.211 0.511 0.300
16 0.496 108.16 18 1.350 2.145 0.795
17 1.534 16.572 15 1.286 2.748 1.462
18 0.224 207.96 20 0.867 2.478 1.611
18 0.224 207.96 22 0.847 2.789 1.942
19 0.010 93.138 17 1.478 3.159 1.681
19 0.010 93.138 22 1.478 3.418 1.940
20 0.049 308.87 NB 1.922 — —

21 0.010 89.631 17 0.914 1.947 1.033
21 0.010 89.631 20 0.914 1.979 1.065
22 0.806 89.631 NB 1.887 — —

maximum allowed time setting of HSRs has been presented.

Zf[—(j ,min < l‘[?(s‘ < th@,max (9)
$52 857 5yl

HS,max 57

;i < IDS;; X (10)

HS ﬂI,l
L
-1
< RS, )

The proposed optimization problem should be solved, con-
sidering the protective coordination constraints. As shown in
(11), a sufficient time interval between the operating time of the
main and backup relays in different modes is needed [22, 82].
Figure 3 depicts the coordination constraint and required coor-
dination time interval (CTI) between the primary and backup

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.939 — — 0920 — —

2 4 0.756 2.015 1.259 0.740 1.992 1.252
3 1 0.659 1.314 0.655 0.646 1.299 0.654
4 6 1.413 2.087 0.674 1.383 2.064 0.681
4 12 1.413 1.975 0.563 1.383 1.953 0.570
5 3 1.137 3.848 2.712 1.113 3.805 2.693
5 12 1.137 1.710 0.574 1.113 1.691 0.579
6 8 0.812 2.224 1.412 0.795 2.199 1.404
7 5 1.444 2.368 0.924 1.413 2.341 0.928
8 10 0.850 2.113 1.263 0.832 2.089 1.258
9 7 1.099 1.975 0.876 1.076 1.953 0.877
10 NB 0.823 — — 0.805 — —

11 3 0.909 1.749 0.840 0.890 1.887 0.997
11 6 0.909 1.997 1.088 0.890 1.773 0.884
12 14 0.993 2.203 1.210 0.972 1.957 0.984
13 11 1.974 3.418 1.444 1.932 3.035 1.103
14 16 1.179 2.438 1.260 1.154 2.165 1.011
15 13 0.880 1.794 0.914 0.862 1.593 0.731
16 18 2.533 3.700 1.167 0.937 3.286 2.349
17 15 2.413 3.033 0.620 0.892 2.693 1.801
18 20 0.977 2.735 1.757 0.859 2.428 1.569
18 22 0.977 3.079 2.102 0.859 2.734 1.875
19 17 1.194 3.488 2.294 1.050 3.097 2.048
19 22 1.194 3.773 2.578 1.050 3.350 2.300
20 NB 1.553 — — 1.365 — —

21 17 1.305 2.149 0.844 1.147 1.908 0.761
21 20 1.305 2.047 0.742 1.147 1.818 0.671
22 NB 1524  — — 1.339 — —

relays. One of the main advantages of this study is considering
the coordination constraints in various network configurations
and operation modes. In studies in the field of protective coot-
dination, the minimum CTT has been considered to be between
0.2 and 0.5 s [22, 40]. Here, a value of 0.3 s is assumed for CTI.

t;—t,; 2 CIll Vs=1:N, (10)

Figure 4 shows the step-by-step flowchart of the proposed
method to optimize the adaptive protection scheme of SGs and
ADNSs. As seen, DIgSILENT is used to simulate the under-
study SG. The required inputs of the optimization problem,
for example, the current passing through the distribution lines
in various operation modes (before a fault occurs) and short
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TABLE 19  Optimized settings and operating times of DOCRs under
Scenario 5

TABLE 20  Operating times of DOCRs in islanded mode and Topology 3
under Scenario 5

Grid-connected

Main Backup MROT BROT CTI
relay TDS (s) PCS (A) CS relay (s) (s) (s)

1 0.290 67.798  El NB 0715 — —

2 0.087 37.041  EI 4 0.433 1.912 1.479
3 0.690 26,546 El 1 0.171 0.761 0.590
4 0.246 83.477 El 6 0.809 1.980 1.171
4 0.246 83.477 EI 12 0.809 1.873 1.064
5 0.534 42927 EI 3 0.651 3.651 3.000
5 0.534 42927 EI 12 0.651 1.555 0.904
6 0.620 83.209 EI 8 0.330  0.931 0.601
7 0.411 75.554  EIL 5 1.002 2246 1.244
8 0.039 101.70 VI 10 0.574  2.004 1.430
9 0.157 36.667  EI 7 0.546 1.873 1.327
10 0.050  45.688 EI NB 0246  — —

11 0.596 92.704  EI 3 0124 0929 0.805
11 0.596 92.704  EI 6 0.124 1.653 1.529
12 0.391 43341  EI 14 0.297 1.350 1.053
13 0.417 83.629 EI 11 0.590 1.663 1.073
14 0.316 61.600  EIL 16 0352 2018 1.666
15 0.609 41381 EI 13 0.918 1.783 0.865
16 0484 63255 EI 18 0.756 2.246 1.489
17 0.156 43255 EI 15 0720 2.877 2157
18 0.237 12356 EI 20 0.486 2594 2109
18 0.237 12356  EI 22 0474 2920 2446
19 0.018 93.204 EI 17 0.828 3.307 2.479
19 0.018 93.204 EI 22 0.828 3578 2.750
20 0.022 193.92 NI NB 1.077 — —
21 0.014 94997 EI 17 0512 2.038 1.526
21 0.014 94997 EI 20 0.512 1.932 1.420
22 0.353 89.633 NI NB 1.057 — —

circuit currents, are distinguished by DIgSILENT simulations.
The number of considered network configurations and opet-
ation modes should be determined. Afterward, the upper and
lower bounds of the optimization problems corresponding to
various network configurations are selected. The GA solves the
proposed optimization problem using DOCRs equipped with
HSRs and optimized curve types. The GA is programmed in the
MATLAB environment. Furthermore, the obtained results and
optimal settings for DOCRs are implemented in DIgsILENT,
and protection studies are performed to examine the selectiv-
ity constraints and accuracy of the proposed method. Finally,
the obtained results could be assigned to DOCRs in practi-
cal within different setting groups, and suitable setting groups
would be activated according to DG connections and network
configurations status.

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.708 — — 0.723  — —

2 4 0.737 1.610 0.873 0.582 1.782 1.201
3 1 0.643 1.298 0.655 0.507 1.162 0.655
4 6 1.065 1.668 0.603 1.087 1.846 0.759
4 12 1.065 1.578 0.513 1.087 1.747 0.660
5 3 0.904 3.075 2.171 0.875 3.404 2.530
5 12 0.904 1.505 0.601 0.875 1.513 0.638
6 8 0.792 1.777 0.985 0.625 1.967 1.342
7 5 1.088 1.892 0.804 1.111 2.095 0.984
8 10 0.829 1.689 0.860 0.654 1.869 1.215
9 7 1.072 1.578 0.506 0.846 1.747 0.901
10 NB 0.738 — — 0.633 — —

11 3 0.816 2.064 1.248 0.699 1.688 0.989
11 6 0.816 2.356 1.540 0.699 1.586 0.887
12 14 0.891 2.600 1.708 0.764 1.750 0.986
13 11 1.488 2.732 1.244 1.519 2.715 1.197
14 16 0.889 1.949 1.060 0.907 1.937 1.030
15 13 0.859 1.758 0.899 0.677 1.425 0.748
16 18 1.910 2.957 1.047 0.736 2.940 2.203
17 15 1.819 2.424 0.605 0.701 2.409 1.708
18 20 0.953 2.185 1.232 0.675 2.172 1.497
18 22 0.953 2.460 1.507 0.675 2.446 1.771
19 17 0.950 2.787 1.837 0.825 2.771 1.946
19 22 0.950 3.015 2.065 0.825 2.997 2.172
20 NB 1.171 — — 1.073 — —

21 17 0.984 1.717 0.734 0.902 1.707 0.806
21 20 0.984 1.636 0.652 0.902 1.626 0.725
22 NB 1.149 — — 1.053 — —

Figure 5 shows the flowchart for implementing the obtained
optimized DOCRs settings in test systems based on the mon-
itoring system. As depicted, the optimized settings within
various setting groups are assigned to DOCRs. The statuses
of connecting/disconnecting for DGs and upstream substa-
tions are monitored, and a suitable setting group is activated
for DOCREs. If the status of any DG or upstream substation
changes, this change is monitored, and the activated setting
group is updated.

The increasing penetration of synchronous and asyn-
chronous DGs has highlighted the transient stability concerns
in the ADNs, MGs, and SGs [36, 83]. The DGs are usually
low-inertia electrical generators, and the speed of the protec-
tion schemes might affect their stability [42, 84]. Hence, besides
the selectivity constraints in the proposed study, in future
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TABLE 21  Optimized settings and operating times of DOCRs under Scenatio 6

Grid-connected
Main relay TDS (s) PCS (A) CS Izs (A) Backup relay MROT (s) BROT (s) CTI (s)
1 0.585 64.80 ElL 8428 NB 0.170 — —
2 0.030 58.51 VI 7011 4 0.020 1.260 1.240
3 0.782 24.94 El 7849 1 0.020 0.508 0.488
4 0.267 66.67 EI 7616 6 0.432 1.564 1.132
4 0.267 66.67 EI 7616 12 0.432 1.479 1.047
5 0.299 45.39 EI 8046 3 0.348 2.883 2.535
5 0.299 45.39 EI 8046 12 0.348 1.594 1.246
6 0.122 150.8 NI 9775 8 0.176 1.567 1.391
7 0.131 135.1 NI 7640 5 0.020 1.774 1.754
8 0.209 73.82 EI 8583 10 0.307 1.583 1.276
9 1.225 273.2 VI 6155 7 0.291 1.479 1.188
10 0.108 60.65 NI 7197 NB 0.131 — —
11 0.553 18.64 El 7850 3 0.066 1.482 1.416
11 0.553 18.64 EI 7850 6 0.066 1.306 1.240
12 0.549 17.16 VI 8077 14 0.158 1.748 1.590
13 0.439 44.36 NI 8404 11 0.315 1.313 0.998
14 0.945 38.20 ElL 8202 16 0.188 1.594 1.406
15 0.171 94.53 NI 6718 13 0.063 1.284 1.221
16 0.320 92.45 EI 6372 18 0.404 1.774 1.370
17 0.226 43.98 El 6851 15 0.385 2.272 1.887
18 0.374 121.9 EI 6794 20 0.259 2.049 1.790
18 0.374 121.9 EI 6794 22 0.479 2.306 1.827
19 0.017 93.44 EI 7003 17 0.442 2.612 2.170
19 0.017 93.44 EI 7003 22 0.442 2.764 2.322
20 0.401 96.28 ElL 7584 NB 0.575 — —
21 0.018 32.95 ElL 8003 17 0.020 1.780 1.760
21 0.018 3295 EI 8063 20 0.020 1.779 1.759
22 0.404 37.86 NI 7341 NB 0.565 — —

works, other stability-based constraints can be considered in
the optimization problem. The proposed adaptive scheme using
the HSRs would be effective in facilitating the satisfaction of
selectivity and stability constraints simultaneously.

3 | SIMULATION RESULTS

3.1 | First test system (the distribution
network of the IEEE 14-bus test system)

Testing the trustability of the calculations is one of the essen-
tial concerns regarding any newly developed method and its
programming. Accordingly, one test system (a benchmark case
study in [22], as one of the most relevant research works)
has been chosen. The introduced method in [22] has been
applied to repeat the available outputs. The calculations and

programming will be validated if the reported results in the
available reference are identical to the obtained results. More-
over, if the comparison of the proposed method is parametric
with different references which have the same case study,
it is useful to show the performance of the advantages of
this study. Thus, the obtained results based on the proposed
method are compared with those reported in the available
reference.

Figure 6 depicts the distribution gtid of the IEEE14-bus test
system (the understudy case study in [22]). It has been reported
in [22] that the following 15 network configurations based on
N—1 contingency exist for the distribution grid of the IEEE
14-bus test system:

- Grid-connected (C})
- The second configuration, while all upstream substations are
out of service or disconnected (islanded mode) (C5)
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TABLE 22  Operating times of DOCRs in islanded mode and Topology 3

under Scenario 6

TABLE 23  Optimized settings and operating times of DOCRs in the base
configuration under Scenario 7

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.723 — — 0.501 — —

2 4 0.582 1.364 0.782 0.403 1.403 1.000
3 1 0.508 1.704 1.196 0.351 1.143 0.791
4 6 0.020 1.413 1.393 0.020 1.454 1.434
4 12 0.020 1.516 1.496 0.020 1.376 1.356
5 3 0.769 2.606 1.837 0.606 2.680 2.075
5 12 0.769 1.484 0.715 0.606 1.500 0.894
6 8 0.623 1.930 1.306 0.433 1.950 1.518
7 5 0.020 2.055 2.035 0.020 2.077 2.057
8 10 0.737 2.085 1.348 0.453 1.853 1.400
9 7 0.020 1.949 1.929 0.586 1.732 1.146
10 NB 0.598 — — 0.438 — —

11 3 0.660 1.726 1.065 0.020 1.218 1.198
11 6 0.660 1.970 1.310 0.020 1.391 1.371
12 14 0.722 1.912 1.190 0.529 1.535 1.005
13 11 1.434 2.315 0.880 1.052 2.381 1.329
14 16 0.857 1.894 1.037 0.628 1.698 1.070
15 13 0.020 1.575 1.555 0.020 1.249 1.229
16 18 1.714 2.505 0.792 0.834 2.577 1.744
17 15 0.020 2.054 2.034 0.020 2,112 2.092
18 20 0.750 1.852 1.101 0.521 1.905 1.384
18 22 0.750 2.085 1.335 0.521 2.144 1.624
19 17 0.808 2.362 1.554 0.020 2.429 2.409
19 22 0.808 2.554 1.746 0.020 2.627 2.607
20 NB 1.050 — — 0.827 — —

21 17 0.883 1.888 1.005 0.695 1.497 0.801
21 20 0.883 1.799 0.916 0.695 1.426 0.730
22 NB 1.031 — — 0812 — —

- Third to fifth configurations, while DGs are disconnected or
out of service (C5—C5)

- 6th—13th configurations, while any line is out of service (Cyx—
Ci3)

- 14th—15th configurations, while any upstream substation is
disconnected or out of service (Ci4—C5)

3.2 | Simulation results and discussions of
the first test system

Table 3 shows the results of short circuit currents in different
configurations and operating modes.

To trust the accuracy of computations and programming,
DOCRs tripping times by applying the protection scheme of

Grid- ted
Main Backup rid-connecte

relay TDS(s) PCS(A) relay

MROT (s) BROT (s) CTI (s)

1 0.505 21.692 NB 0.870 — —

2 0.010 21.692 4 0.578 1.621 1.043
3 0.186 23.446 1 0.225 0.570 0.345
4 0.130 23.446 6 1.080 1.679 0.599
4 0.130 23.446 12 1.080 1.589 0.509
5 0.172 42.961 3 0.869 3.096 2227
5 0.172 42.961 12 0.869 1.376 0.507
6 0.433 42.923 8 0.441 1.789 1.349
7 0.089 73.600 5 1.337 1.905 0.567
8 0.304 73.569 10 0.767 1.700 0.933
9 0.010 29.262 7 0.729 1.589 0.860
10 0.368 29.262 NB 0.328 — —

11 0.484 16.526 3 0.165 0.788 0.622
11 0.484 16.526 6 0.165 1.402 1.237
12 0.305 16.529 14 0.396 1.145 0.749
13 0.363 14.585 11 0.787 1.410 0.623
14 0.431 14.585 16 0.470 1.712 1.242
15 0.238 12.831 13 0.158 0.488 0.330
16 0.568 12.834 18 1.010 1.905 0.895
17 0.119 11.447 15 0.962 2.440 1.478
18 0.727 11.448 20 0.648 2.200 1.552
18 0.727 11.448 22 0.633 2.477 1.843
19 0.010 93.138 17 1.106 2.806 1.700
19 0.010 93.138 22 1.106 3.035 1.930
20 0.324 93.138 NB 1.438 — —

21 0.010 89.631 17 0.684 1.729 1.045
21 0.010 89.631 20 0.684 1.647 0.963
22 0.420 89.664 NB 1.411 — —

[22] (based on the same setting group in vatious configurations)
have been re-identified, as demonstrated in Table 4. Compat-
ing the obtained results and those reported in [22] infers that
the calculations are trustable. Also, the proposed adaptive pro-
tection scheme, without limitations in the number of setting
groups and with a limited number of setting groups, has been
applied to the distribution network of the IEEE 14-bus test
system. Table 4 shows the comparison of results based on vat-
ious schemes. Test results infer that the operation times of the
relays in all network configurations due to N—1 contingency
have been improved in the proposed method compared to the
other two schemes. In the protection scheme based on the pro-
posed method, considering the limits in the number of setting
groups, three setting groups have been considered. The first set-
ting group is assigned to the Grid-connected mode (C}), the
second setting group is assigned to the islanded mode (C5), and
the third setting group will support all the remaining modes,
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TABLE 24  Operating times of DOCRs in islanded mode and Topology 3
under Scenario 7

TABLE 25 Optimized settings and operating times of DOCRs in the base
mode under Scenatio 8

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.781 — — 0.695 — —

2 4 0.688 1.787 1.099 0.612 1.583 0.971
3 1 0.427 1.436 1.009 0.380 1.416 1.036
4 6 0.970 1.851 0.881 0.863 1.584 0.721
4 12 0.970 2.082 1.112 0.863 1.782 0.919
5 3 0.780 3.413 2.633 0.694 2.921 2.227
5 12 0.780 1.803 1.023 0.694 1.543 0.849
6 8 0.569 1.972 1.403 1.075 1.688 0.613
7 5 1.201 2.100 0.900 1.068 1.797 0.729
8 10 0.956 2.210 1.254 0.850 1.891 1.041
9 7 0.908 1.907 0.998 0.808 1.632 0.824
10 NB 0.737 — — 1392 — —

11 3 0.812 1.997 1.185 0.965 1.968 1.003
11 6 0.812 1.991 1.179 0.965 1.704 0.739
12 14 1.267 2.005 0.738 1.128 1.796 0.668
13 11 0.944 1.847 0.903 0.840 1.821 0.981
14 16 0.902 2.243 1.341 0.803 1.920 1.117
15 13 0.822 1.880 1.059 1.553 2.444 0.892
16 18 0.907 2.100 1.193 0.807 1.797 0.990
17 15 0.864 2.690 1.826 0.769 2.302 1.534
18 20 0.582 2.425 1.843 0.518 2.076 1.558
18 22 0.582 2.731 2.149 0.518 2.337 1.819
19 17 0.993 3.093 2.100 0.884 2.648 1.764
19 22 0.993 3.346 2.353 0.884 2.804 1.980
20 NB 1.291 — — 1.149 — —

21 17 0.614 1.906 1.292 0.547 1.879 1.332
21 20 0.614 1.816 1.201 0.547 1.790 1.243
22 NB 1.267 — — 1.127 — —

that is, the outage of each of the DGs, the outage of each of
the lines, and the outage of the upstream substations (C5—Cjs).
So, in the case of considering all the topologies and operation
modes due to /N—1 contingency, the total operating times of the
relays have decreased by 21.62% and 37.19 % by applying the
proposed method with/without limits in the number of setting
groups compared to the protective schemes of [22], respectively.

In addition to comparing the obtained results with other
available references in the same case study, the DIgSILENT
protection simulations based on optimized settings have been
done to guarantee the trustability of the computations and
programming; For a typical representation of DIgSILENT sim-
ulations, the coordination diagrams of Ry, and Rj5 in C)
(Grid-connected mode) and C), (Islanded mode) configurations
for near-end faults are depicted in Figures 7 and 8. As revealed

Grid-connected

Main Backup MROT BROT CTI
relay TDS (s) PCS (A) CS relay (s) (s) (s)

1 0.378 1709 VI NB 0340  — —

2 0.018 2169  EI 4 0.309 1.373 1.063
3 0.147 31.81 El 1 0132 0.506  0.374
4 0494 8144 EI 6 0.578 1.421 0.844
4 0494 8144 EI 12 0.578 1.345  0.767
5 0.731 219.76  EI 3 0.465 2.621 2.156
5 0.731 219.76  EI 12 0.465 1116 0.651
6 0.509 95.65  EI 8 0236 0.668  0.433
7 0.283 1184  EI 5 0.715 1.612  0.897
8 0.259 74.91 EI 10 0.410 1.439 1.029
9 0.607 29.60  EI 7 0.390 1.345  0.955
10 0.510  29.80 VI NB 0176  — —
11 0.744 27120 EI 3 0.088  0.879  0.791
11 0.744 27120 EI 6 0.088 1.187 1.099
12 1.177 40.69  EI 14 0.212 1.589 1.377
13 0.211 160.9 VI 11 0.421 1.194  0.773
14 0.181 1302 EI 16 0.251 1.449 1.198
15 1.217 3847  EI 13 0.800 1.167  0.367
16 0490 9779  EI 18 0.540 1.612 1.072
17 0.656 2454  EI 15 0.514  2.066 1.551
18 0.728 1095  EI 20 0.347 1.863 1.516
18 0.728 109.5  EI 22 0.641 2.097 1.456
19 0.010 9313  EI 17 0.591 2.375 1.783
19 0.010 9313  EI 22 0.591 2.513 1.922
20 0.229 96.32 NI NB 0.769  — —
21 0.010  90.52  EI 17 0.366 1.618 1.252
21 0.010  90.52 EI 20 0.366 1.387 1.022
22 0736 90.74 VI NB 0.755  — —

by test results, the coordination constraints have been satisfied
for all studied schemes.

3.3 | Second test system (the distribution
portion of the IEEE 38-bus test system)

The proposed method has been applied to the distribution por-
tion of the IEEE 38-bus test system. Figure 9 shows the single
line diagram (SLD) of the test system [39]. The voltage level
of the understudy test system is 12.66 kV with 33 buses and 5
manoeuvte lines. If the manoeuvre lines are in the open posi-
tion, the network will be radial, and if the manoeuvre lines are
closed, the network will be able to operate as an interconnected
ring network. Here, the protective coordination of the network
in the closed condition of all manoeuvre lines will be studied.
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TABLE 26  Operating times of DOCRs in islanded mode and Topology 3

under Scenario 8

Islanded mode (Topology
2) Topology 3

Main Backup MROT BROT MROT BROT CTI

relay relay (s) (s) CTI(s) (s) (s) (s)

1 NB 0.589 — — 0.546 — —

2 4 0.671 1.428 0.757 0.481 1.416 0.935
3 1 0.417 1.419 1.003 0.299 1.266 0.968
4 6 0.731 1.479 0.748 0.678 1.417 0.739
4 12 0.731 1.664 0.933 0.678 1.594 0.916
5 3 0.621 2.728 2.107 0.546 2.613 2.068
5 12 0.621 1.586 0.966 0.546 1.380 0.835
6 8 0.555 1.576 1.021 0.845 1.510 0.665
7 5 0.905 1.678 0.773 0.840 1.608 0.768
8 10 0.932 1.766 0.834 0.668 1.692 1.024
9 7 0.886 1.524 0.638 0.635 1.460 0.825
10 NB 0.661 — — 1.094  — —

11 3 0.729 2.356 1.627 0.759 1.761 1.002
11 6 0.729 2.349 1.620 0.759 1.524 0.766
12 14 1.137 2.366 1.228 0.886 1.606 0.720
13 11 0.712 1.476 0.764 0.660 1.629 0.968
14 16 0.680 1.793 1.112 0.631 1.718 1.086
15 13 0.801 1.843 1.041 1.220 2.187 0.966
16 18 0.684 1.678 0.995 0.634 1.608 0.974
17 15 0.651 2.150 1.498 0.604 2.060 1.455
18 20 0.568 1.938 1.371 0.407 1.857 1.450
18 22 0.568 2.182 1.615 0.407 2.091 1.684
19 17 0.790 2.472 1.682 0.695 2.369 1.674
19 22 0.790 2.674 1.884 0.695 2.562 1.867
20 NB 0.973 — — 0.903 — —

21 17 0.463 1.523 1.060 0.430 1.681 1.251
21 20 0.463 1.451 0.988 0.430 1.601 1.171
22 NB 0.955 — — 0.886 — —

In the studied network, 3 DGs have been installed in buses
7, 25, and 31. The capacity of each of the mentioned DGs is
considered to be 3 MVA. 22 DOCRs are used to protect this
system, which is located at the beginning and end of distribution
lines. The locations of DOCRs have been depicted in Figure 9.
Each relay might have 1 or 2 backup relays. Hence, in this test
system, 28 pairs of DOCRs should be considered to satisfy the
coordination constraints.

The distribution portion of the IEEE 38-bus test system
has been simulated in DIgSILENT to perform the power flow
and short circuit studies. Then, the GA has been programmed
in the MATLAB environment to optimize the protection
coordination problem.

The following topologies are considered in the proposed
optimal protection scheme:

* Topology 1 (Base grid-connected mode): All DGs and
upstream substations are available in base mode.

* Topology 2 (Islanded mode): All DGs are available, while the
upstream grids and substations are out-of-service.

* Topology 3: All DGs are disconnected, and only upstream
grids and substations supply the distribution system.

It should be noted that the limits in the number of setting
groups of DOCRs should be concerned with the optimal pro-
tection schemes. Hence, the above operation modes have been
considered, which are more probable. If the number of DOCRs’
setting groups is more than 3, or it is possible to change the pro-
tection settings dynamically, the following additional topologies
could be considered:

* Topology 4: All DGs and external grids are available except
the DG unit installed in Bus 7.

* Topology 5: All DGs and external grids are available except
the DG unit installed in Bus 25.

* Topology 6: All DGs and external grids are available except
the DG unit installed in Bus 31.

Clustering the topologies and operation modes of SGs,
including N—1 contingency, in the proposed adaptive protective
scheme can be considered for future work.

3.4 | Various studied scenarios for the second
test system

The following scenarios based on non-adaptive and adaptive
approaches, considering and neglecting the changes in network
configurations, optimizing the relay curves, and using the HSRs
are studied:

- Scenario 1: A non-adaptive protection scheme is used.
Also, the protective settings are optimized, while
only the base network configuration and corre-
sponding coordination constraints are concerned.
The HSRs are not used in this scenario, and the
pre-defined relay curves are assigned to DOCRs.
Scenario 2: A non-adaptive protection scheme is
used. Also, protective settings are optimized, while
only the base network configuration and corre-
sponding coordination constraints are concerned.
The HSRs are not used in this scenario, while the
relay curves are optimized.

Scenario 3: A non-adaptive protection scheme is
used. Also, protective settings are optimized, while
only the base network configuration and corre-
sponding coordination constraints are concerned.
The HSRs are used in this scenario while the relay
curves are optimized.

Scenario 4: A non-adaptive protection scheme
is used. Also, protective settings are optimized,
considering different network configurations and
operation modes. The HSRs are not used in this
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TABLE 27  Optimized settings and operating times of DOCRs in base grid-connected mode (Topology 1) under Scenario 9

Grid-connected
Main relay TDS (s) PCS (A) CS Izs (A) Backup relay MROT (s) BROT (s) CTI (s)
1 0.736 60.83 El 5549 NB 0.188 — —
2 0.011 22.73 EIL 5520 4 0.116 0.416 0.3
3 0.155 25.84 EI 5358 1 0.020 0.470 0.45
4 0.344 97.36 EI 4870 6 0.020 1.873 1.853
4 0.344 97.36 EI 4870 12 0.020 0.926 0.906
5 0.640 63.35 EI 6101 3 0.174 1.060 0.886
5 0.640 63.35 EI 6101 12 0.174 1.471 1.297
6 0.158 132.6 ElL 8150 8 0.088 0.881 0.793
7 0.271 117.4 EL 6610 5 0.020 1.787 1.767
8 0.148 317.78 EI 6763 10 0.020 1.896 1.876
9 0.068 29.46 EI 5532 7 0.020 1.772 1.752
10 0.150 51.56 EI 6460 NB 0.066 — —
11 1.414 140.9 EI 5132 3 0.033 1.767 1.734
11 1.414 140.9 EI 5132 6 0.033 1.564 1.531
12 0.746 50.74 EI 6164 14 0.020 2.094 2.074
13 1.685 167.2 NI 5703 11 0.157 1.981 1.824
14 0.689 67.27 EI 4498 16 0.094 1.910 1.816
15 0.126 85.98 NI 6450 13 0.032 1.658 1.626
16 0.380 249.29 NI 6015 18 0.020 1.761 1.741
17 0.188 45.56 VI 4965 15 0.020 2.415 2.395
18 1.476 259.3 EI 5584 20 0.130 2.455 2.325
18 1.476 259.3 EI 5584 22 0.240 2.763 2.523
19 0.010 93.15 EI 6202 17 0.020 2.148 2.128
19 0.010 93.15 EI 6202 22 0.020 1.718 1.698
20 0.086 108.2 ElL 4706 NB 0.288 — —
21 0.010 89.87 ElL 5847 17 0.137 2.132 1.995
21 0.010 89.87 EI 5847 20 0.1137 1.928 1.791
22 0.146 139.8 EIL 5549 NB 0.282 — —

scenatio, and the pre-defined relay curves are
assigned to DOCRs.

Scenario 5: A non-adaptive protection scheme
is used. Also, protective settings are optimized,
considering different network configurations and
operation modes. The HSRs are not used in this
scenario, while the relay curves are optimized. The
studies under Scenario 5 will be like those in [22].
Scenario 6: A non-adaptive protection scheme
is used. Also, protective settings are optimized,
considering different network configurations and
operation modes. The HSRs are used in this
scenario while the relay curves are optimized.
Scenario 7: An adaptive protection scheme is used.
Also, protective settings ate optimized, considet-
ing different network configurations and operation
modes. The HSRs are not used in this scenatio,

and the pre-defined relay curves are assigned to
DOCRs. The studies under Scenario 5 will be like
those in [39].

Scenario 8: An adaptive protection scheme is used.
Also, protective settings are optimized, consider-
ing different network configurations and operation
modes. The HSRs are not used in this scenario,
while the relay curves are optimized.

Scenario 9: The proposed adaptive protection
scheme is used. Also, protective settings are opti-
mized, considering different network configura-
tions and operation modes. The HSRs are used in
this scenario while the relay curves are optimized.

In Table 5, the number of selectivity constraints under var-

ious scenarios has been presented. As seen, the number of

coordination constraints would increase due to considering

85U8017 SUOWIWIOD BAIE8.D 8|qed!(dde au Aq pausenob ae Ssolie YO 8sn JO s3I0} AeiqI T 8UI|UO /8|1 UO (SUONIPUOD-PUB-SWLBH WD A8 | 1M ATeIq 1 BU1UO//:SANY) SUORIPUOD pue swie | 8y} 89S *[£202/T0/52] Uo AriqiTauliuo Aeim AisieAiun ueiweyog 18/ Aq 6592T ZPIB/6Y0T OT/I0p/LLI00" A8 1M ARe.q 1 jpul U0 Yo Jessa .1 1//:SAny Wo.j papeo|umod ‘vz ‘2202 ‘S698TSLT



5104 ATAEE-KACHOEE ET AL.
TABLE 28  Optimized settings and operating times of DOCRs in islanded mode (Topology 2) under Scenario 9

Islanded mode (Topology 2)
Main relay TDS (s) PCS (A) CS Izs (A) Backup relay MROT (s) BROT (s) CTI (s)
1 0.347 53.47 ElL 1341 NB 0.358 — —
2 0.010 24.53 EIL 1334 4 0.529 1.210 0.681
3 0.073 227.15 El 1295 1 0.020 1.863 1.843
4 0.162 85.58 EI 1219 6 0.020 1.253 1.233
4 0.162 85.58 EI 1219 12 0.020 1.598 1.578
5 0.302 55.68 EI 1474 3 0.528 2.311 1.783
5 0.302 55.68 NI 1474 12 0.528 1.983 1.455
6 0.074 116.56 ElL 3590 8 0.556 2.169 1.614
7 0.128 103.19 ElL 1597 5 0.020 2.310 2.290
8 0.070 279.86 VI 1634 10 0.829 2.181 1.352
9 0.032 25.90 El 1337 7 0.020 1.882 1.862
10 0.071 45.32 EI 1561 NB 0.643 — —
11 0.666 123.85 EI 1240 3 0.020 1.970 1.950
11 0.666 123.85 EI 1240 6 0.020 1.965 1.945
12 0.352 44.60 EI 1489 14 0.921 1.740 0.819
13 0.794 146.97 NI 1378 11 0.020 1.788 1.768
14 0.325 59.13 ElL 1087 16 0.656 1.742 1.087
15 0.059 75.58 NI 1558 13 0.020 1.650 1.630
16 0.179 219.12 NI 1453 18 0.614 2.032 1.419
17 0.089 40.05 VI 1200 15 0.020 1.821 1.801
18 0.695 227.92 El 1349 20 0.568 1.642 1.074
18 0.695 227.92 EI 1349 22 0.568 1.849 1.281
19 0.015 81.88 EI 1499 17 0.020 2.095 2.075
19 0.015 81.88 EI 1499 22 0.020 2.265 2.245
20 0.129 95.11 NI 1137 NB 0.874 — —
21 0.015 79.00 ElL 1413 17 0.533 1.883 1.350
21 0.015 79.00 EI 1413 20 0.533 1.794 1.261
22 0.138 122.88 NI 1341 NB 0.857 — —

the different network configurations. On the other hand, it
is inevitable to neglect the various configurations because
some coordination constraints might happen. The results in
Table 5 show that the adaptive protection scheme could be an
appropriate alternative for optimal protection coordination of
SGs, considering different configurations, while the number of
selectivity constraints does not increase.

One of the crucial issues in solving optimization problems by
meta-heuristic algorithms is to ensure optimal global solutions
and the reproducibility of problem-solving [22, 40]. Therefore,
the proposed optimization problem for different scenarios has
been run ten times to ensure the optimal global solution. The
results presented are based on the best results obtained. In
addition, statistical studies have shown optimization problem
solving, reproducibility, and acceptable standard deviation in the
final optimal solutions. In addition, the settings of the genetic
algorithm are determined based on the sensitivity analysis based

on convergence and the optimality criteria. Table 6 presents the
selected settings for the GA to solve the proposed optimization
problem under various scenarios.

3.5 | Testresult for the second test system

Table 7 shows the results of short circuit currents in differ-
ent operating modes and network configurations. Test results
infer that changes in the magnitude of short circuit current
passing through the DOCRs in various network topologies are
considerable that might affect the protection schemes.

Table 8 shows the optimum values of the OF, including the
operating times of main and backup relays, under various sce-
narios. There is one set of settings under Scenarios 1-6, and

the operating times of DOCRs in islanded mode and Topology
3 are calculated using the discussed settings. There are different
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settings for grid-connected mode, islanded mode, and Topology
3 under Scenarios 7-9. Moreover, the coordination constraint
violations under various scenarios are described in Table 9.

The comparative analyses show that the protection sys-
tem under Scenatios 1-3 might not wotk propetly in islanded
mode and Topology 3. This is mainly because of neglecting
the selectivity constraints under these scenatios. The number
of coordination constraint violations under Scenarios 1-3 is
considerable, which illustrates the importance of considering
different topologies in the protection scheme of smart grids.

The problem of coordination constraint violations has been
solved under Scenarios 4-6. However, the operating times of
DOCRs have increased. It is concluded that a 15.98% incre-
ment in the operating time of the protection system appears
due to considering different network configurations (Compari-
son of Scenarios 2 and 5). Although the speed of the protection
scheme is influenced by considering various network configura-
tions and their constraints, these schemes would be better than
conventional ones with considerable coordination constraint
violations.

The advantages of the proposed adaptive protective scheme
have been highlighted according to comparative test results. Test
results infer that the operating time and speed of the protec-
tion schemes under Scenarios 7-9 have been improved while
there is no coordination constraint violation. The comparative
test results between the proposed method (Scenario 9) and Sce-
nario 5 (like the studies in [22]) show a 33.76% improvement
in the speed of the protective scheme by applying the proposed
adaptive scheme using the HSRs and optimal curve selection.

As revealed by test results, the smart selection of relay curves
is an effective solution to improve the speed of the protection
system. Regardless of the non-adaptive and adaptive schemes,
optimizing the relay characteristics has improved the operating
time of DOCRs. Furthermore, the HSRs are good solutions
to decrease the operating time of DOCRs and the protective
scheme of smart grids.

Test results imply that a 17.15% improvement in operating
time of DOCRs appears by optimizing the relay characteris-
tics under Scenario 9 compared to Scenario 8. Also, a 31.78%
decrement in time of the protective scheme in different topolo-
gies could be achievable by simultaneous optimization of relay
characteristics and HSRs under Scenario 9 (the proposed
method) compared to Scenario 7 (like the studies in [39]),
which is an adaptive protection scheme with pre-defined relay
characteristics and without HSRs.

Table 10 presents the optimized time dial settings and pick-
up current settings of DOCRs under Scenario 1. As noted,
under Scenatio 1, only the base configuration (grid-connected
mode, including all DGs) is considered. As seen, the main relay
operating time (MROT), backup relay’s operating time (BROT),
and CTT for various fault locations imply that the selectivity
constraints have been met.

The optimal total operating times of main and backup relays
for the base configuration under Scenatio 1 is 63.094 s. If the
optimal DOCRs’ settings are determined according to the base
configuration (under Scenario 1), the operating time of main
and backup relays in islanded mode and Topology 3 would be

as shown in Table 11. The relay pairs that do not meet the coor-
dination constraints and minimum CRT have been presented in
separate font colours and underline format. Test results infer
that some coordination constraint violations occur in other
network topologies. Test results imply that considering vari-
ous network configurations and operation modes is necessary
to determine the optimum relay settings. Otherwise, coordi-
nation constraint violations are inevitable. The reason for the
violation of such constraints is that under Scenarios 1-3, only
the base mode of the network has been considered, and other
modes and network topologies have not been concerned with
the optimization problem. The total operating times of DOCRs
in islanded mode (Topology 2) and Topology 3, using the opti-
mal settings under Scenario 1, would be 81.884 and 73.197 s,
respectively. The speed of the protection scheme in Topolo-
gies 2 and 3 is less than the base grid-connected mode. This
is mainly expected because of the short circuit current through
the DOCRs’ decrement in islanded mode and the outage of
DGs. However, the coordination constraint violation will not be
acceptable.

Figure 10 shows the coordination diagrams of two typi-
cal relays (Relays 4 and 6) based on DIgSILENT protection
studies in the base grid-connected mode, islanded mode, and
Topology 3. The protection studies in DIgSILENT approve the
obtained results presented in Table 11. It is concluded that a
mis-coordination might appear between these discussed relays
in the islanded mode and Topology 3 under Scenario 1.

Table 12 demonstrates the optimized current and time
settings of DOCRs under Scenario 2. Also, the optimal chat-
acteristic curves for DOCRs have been presented in Table 12.
Comparing the obtained test results under Scenarios 1 and 2
illustrates the advantages of smart selection of characteristic
curves for DOCRs. The total operating times of DOCRs under
Scenario 2 would be 48.574 s, which is 14.52 s (23.01%) less than
Scenario 1. Test results approve the advantages of optimizing
the characteristic curves. If the optimized settings of DOCRs
under Scenario 2 are applied to the understudy test system, the
operating times of main and backup relays in islanded mode and
Topology 3 would be as shown in Table 13. As revealed by test
results, it is inferred that all selectivity constraints might not be
satisfied by applying the obtained solutions under Scenario 2.

Figure 11 shows the protection studies in DIgSILENT
according to optimized settings under Scenatio 2 for two typical
relays (4 and 6) in various topologies. A similar problem with
Scenario 1 also appears under Scenario 2. The sufficient coordi-
nation time intervals have not been satisfied for Relays 4 and 6
in islanded mode and Topology 3 under Scenario 2.

Test results under Scenario 3 ate shown in Table 14. The
optimized settings for DOCRs, including time and current set-
tings for inverse characteristics, types of time—current curves,
and HSR settings, under Scenario 3 have been demonstrated.
The results under Scenario 3 have been obtained, considering
only the base grid-connected topology.

Table 15 presents the operating time of DOCRs in islanded
mode and Topology 3 according to settings under Scenario 3.
The decrements in operating times of DOCRs are considerable
under Scenario 3 compared to Scenario 1. The comparative test
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TABLE 29  Optimized settings and operating times of DOCRs in Topology 3 under Scenatio 9

Topology 3

Main relay TDS (s) PCS (A) CS Izs (A) Backup relay MROT (s) BROT (s) CTI (s)
1 0.546 55.54 ElL 3574 NB 0.416 — —

2 0.008 20.75 EIL 3555 4 0.366 1.245 0.878
3 0.115 29.75 EI 3451 1 0.228 1.249 1.022
4 0.255 88.89 EI 3449 6 0.020 1.289 1.269
4 0.255 88.89 EIL 3449 12 0.020 1.450 1.430
5 0.475 57.84 VI 3929 3 0.416 1.921 1.505
5 0.475 57.84 EIL 3929 12 0.416 1.581 1.165
6 0.117 121.06 EIL 7197 8 0.303 1.730 1.426
7 0.201 107.19 EI 4257 5 0.020 1.842 1.822
8 0.110 29.31 VI 4355 10 0.509 1.938 1.429
9 0.050 26.90 El 3562 7 0.020 1.672 1.652
10 0.111 47.07 EI 4160 NB 0.393 — —
11 1.049 128.64 EI 3305 3 0.020 1.391 1.371
11 1.049 128.64 EI 3305 6 0.020 1.387 1.367
12 0.554 46.33 EI 3970 14 0.675 1.396 0.721
13 1.250 152.65 NI 3673 11 0.020 1.287 1.267
14 0.511 61.42 EI 2896 16 0.481 1.562 1.081
15 0.093 78.50 NI 4154 13 0.020 1.649 1.629
16 0.282 76.18 NI 3874 18 0.298 1.463 1.164
17 0.139 41.60 VI 3198 15 0.020 1.873 1.853
18 1.095 236.74 EI 3596 20 0.310 1.689 1.379
18 1.095 236.74 EI 3596 22 0.310 1.902 1.592
19 0.007 85.05 EI 3994 17 0.020 1.762 1.742
19 0.007 85.05 EI 3994 22 0.020 1.906 1.886
20 0.064 98.79 VI 3031 NB 0.688 — —
21 0.007 82.05 EI 3766 17 0.327 1.328 1.000
21 0.007 82.05 EI 3766 20 0.327 1.265 0.937
22 0.108 127.64 VI 3573 NB 0.675 — —

TABLE 30  Operating times of relays 4 and 6 based on the proposed method and under various topologies for 3-phase short circuit

Fault

locati Operating time (s) in Topology 1 Operating time (s) in Topology 2 Operating time (s) in Topology 3

ocation

Resistance  3-phase R4 RG CTI R4 R6 CTI R4 RG CTI
short circuit

R=0 10% 0.020 1.979 1.959 0.020 1.542 1.522 0.020 1.455 1.435
50% 0.020 2.176 2.156 0.020 1.928 1.908 0.020 1.656 1.636
90% 0.020 2.644 2.624 1.103 3.124 2.021 0.020 1.998 1.978

R=1Q 10% 0.020 2.074 2.054 0.020 1.740 1.7200 0.020 1.732 1.712
50% 0.020 2.405 2.385 0.020 1.980 1.960 0.020 2.005 1.985
90% 0.020 2.669 2.649 1.263 3.615 2.352 0.020 2.462 2.442

R=8Q 10% 0.322 5.602 5.280 0.799 15.491 14.692 0.528 9.698 9.170
50% 0.343 5.998 5.655 0.853 16.705 15.852 0.563 10.416 9.853
90% 0.368 6.491 6.123 0.920 18.238 17.318 0.606 11.313 10.707
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TABLE 31  Operating times of relays 4 and 6 based on the proposed method and under various topologies for 2-phase short circuit
lFamtt‘ Operating time (s) in Topology 1 Operating time (s) in Topology 2 Operating time (s) in Topology 3
ocation

Resistance  2.phase R4 R6 CTI R4 R6 CTI R4 R6 CTI
short circuit

R=0 10% 0.020 2.628 2.608 0.020 2.069 2.049 0.020 1.926 1.906
50% 0.020 2.891 2.871 0.926 2.595 1.669 0.020 2.193 2.173
90% 0.020 3.516 3.496 1.467 4.249 2.782 0.020 2.648 2.628

R=1Q 10% 0.020 2.755 2.735 0.928 2.600 1.672 0.020 2.295 2.275
50% 0.020 3.038 3.018 1.152 3.274 2122 0.020 2.648 2.628
90% 0.020 3.555 3.535 1.557 4.531 2.974 0.210 3.486 3.276

R=8Q 10% 1.139 23.512 22.373 2.047 50.280 48.233 1.553 34.622 33.069
50% 1.218 25.496 24.278 2.193 55.527 53.334 1.662 37.830 36.168
90% 1.315 28.032 26.717 2.374 62.516 60.142 1.797 40.010 38.213

results show that optimizing the relay characteristics and HSRs
improves the protective scheme’s performance.

The considerable coordination constraint violations under
Scenario 3 in islanded mode and Topology 3 illustrate the
importance of considering various network configurations and
related constraints in the optimization problem.

Figure 12 depicts the coordination curves of typical DOCRs
(Relays 4 and 6) in the base configuration, islanded mode, and
Topology 3 according to DIgSILENT protection simulations
based on optimized settings under Scenario 3. As revealed by
Figure 12, the time interval between the operating times of main
and backup relays does not satisfy the selectivity constraints in
islanded mode and Topology 3. The supplementary simulations
in DIgSILENT approve the calculations in the proposed study.

The summary of selectivity constraints under Scenatios 1—
3 has been demonstrated in Table 16. The presented results
in Table 16 emphasize that it is necessary to concern the
various network configurations in designing the SG’ pro-
tection scheme because the SGs are allowed to operate in
grid-connected/islanded mode and other configurations.

Table 17 presents the optimized settings and operating times
of DOCRs under Scenatio 4, whetre all configurations and
corresponding constraints have been considered in one opti-
mization problem. Table 18 shows the operating times of
DOCRSs in islanded mode and Topology 3 under Scenario 4.
It is concluded that it is possible to mitigate the selectivity con-
straint violations using the solutions under Scenario 4. However,
the operating times of DOCRs have increased under Scenario 4
compared to Scenatio 1.

Figure 13 shows the results of DIgSILENT simulations
based on the optimized settings for typical relays (4 and 6)
under Scenario 4. The simulation results approve the accu-
racy of the proposed method and calculations. Also, comparing
the time intervals between relays 4 and 6 under Scenarios 4
and 1 illustrates the advantages of considering various network
configurations in the optimization problem. Although the oper-
ating times of DOCRs increase under Scenatio 4, the probable
coordination constraint violations are omitted.

Table 19 presents the optimal setting of DOCRs under
Scenario 5. As discussed, under Scenario 5, one set of set-

tings is applied to all DOCRs to protect the smart grids in
various topologies. Optimizing the relay curves is the main
difference between this scenario and Scenario 4. Also, compar-
ing this scenario and Scenatio 2 without considering different
configurations in finding the optimized settings would be
helpful.

In Table 20, the operating times and CTIs between the pri-
mary and backup relays in islanded mode and Topology 3 under
Scenario 5 have been demonstrated. It is concluded that there
is no coordination constraint violation under Scenatio 5. The
operating times have been improved compared to Scenario 4
because of optimal relay curves. However, a significant incre-
ment in operating times of DOCRs has occurred compared
to Scenario 2, which is inevitable. If the system has not been
equipped with communication systems and modernized relays,
it is appropriate to apply the optimal settings under Scenatios
4-06.

In Figure 14, the results of DIgSILENT simulations based
on the optimized settings for typical relays (4 and 6) under Sce-
nario 5 have been shown. The simulation results approve the
accuracy of the proposed method and calculations. Also, com-
paring the time intervals between relays 4 and 6 under Scenarios
5 and 2 illustrates the advantages of considering various network
configurations in the optimization problem. Although the oper-
ating times of DOCRs increase under Scenario 5, the probable
coordination constraint violations are omitted.

Table 21 shows the optimized settings for DOCRs under Sce-
nario 6, while the relay curves have been optimized and HSRs
have been used. Also, all network configurations have been con-
cerned with the optimization problem under Scenario 6. In
Table 22, the operating times of relays in islanded mode and
Topology 3 have been presented. As seen, there is no selectiv-
ity constraint violation under Scenario 6 in islanded mode and
Topology 3. Moreover, the advantages of optimal curves and
HSRs have been highlighted based on comparative test results
with Scenarios 4 and 5.

Figure 15 depicts the simulations in DIgSILENT for relays
4 and 6 under Scenario 6 in various network operation
modes. Simulation results infer that these two typical relays are
coordinated in various network topologies.
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FIGURE 10 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 1; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

Table 23 shows the optimized settings of DOCRs under
Scenario 7 in base network configurations. As discussed, an
adaptive protection scheme is studied under Scenario 7. Hence,
separate sets of settings are applied to DOCRs in different net-
work configurations. The operating times and CTIs in other
configurations have been demonstrated in Table 24.

Figure 16 shows the simulation results in DIgSILENT
according to Scenario 7 for two typical relays (4 and 6). As seen,

FIGURE 11 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 2; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

the required time interval exists between the operating times of
primary and backup relays in different topologies.

As shown in Table 25, there is no coordination violation
between the primary and backup relays under Scenario 7 in
different topologies. The advantages of the adaptive protective
scheme have been highlighted by comparing test results under
various scenarios. It should be noted that the speed of the pro-
tective scheme under Scenario 7 is more than in Scenatio 4. The
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FIGURE 12 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 3; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

protective scheme’s performance improvements under Scenatio
7 are because of different settings for various network topolo-
gies. Indeed, better solutions could be found in the adaptive
scheme because the feasible area of the optimization problem
is extended by decreasing the constraints.

Table 25 shows the optimized settings of DOCRs under
Scenario 8 in base network configurations. As discussed, an
adaptive protection scheme is studied under Scenario 7. Hence,
separate sets of settings are applied to DOCRs in different net-
work configurations. Under this scenario, the optimal curves

FIGURE 13 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 4; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

have been assigned to DOCRs in the adaptive scheme. The
operating times and CTTs in other configurations have been
demonstrated in Table 26.

Test results illustrate that the performance of the SG’s pro-
tection schemes could be improved by optimizing the relay
characteristics. The EI and VI characteristics have been assigned
to DOCRs under Scenario 8. Studying the operating times
of relays under Scenario 8 in different network configurations
shows that the coordination constraint violations have been
mitigated.
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FIGURE 14 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 5; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

Figure 17 shows the simulation results in DIgSILENT
according to Scenario 8 for two typical relays (4 and 6). As seen,
the required time interval exists between primary and backup
relays’ operating times in different topologies. The operating
times of main and backup relays have been decreased under
Scenario 8 compared to Scenatio 7. The simulations in DIgSI-
LENT infer that optimizing the relay characteristic could be an
appropriate solution to improve the protection of smart grids.

The convergence diagrams of solving the proposed opti-
mization problem under Scenario 9 corresponding to various
network configurations have been shown in Figure 18. The
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FIGURE 15 Coordination diagram of Relays 4 and 6 based on optimized

settings under Scenario 6; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

optimum values of the OF have been shown in convergence
diagrams. Moreover, statistical analyses have been done to
guarantee that obtained results are global optima and repetitive.

The optimized settings of DOCRs, including the current
and time settings, relay curves, and HSRs’ settings, for vatious
network configurations have been shown in Tables 27-29. In
the proposed adaptive protective scheme (Scenario 9), different
sets of settings are applied to DOCRs based on the status of
DGs and upstream networks. Comparing the operating times
of DOCREs in various network topologies with other scenarios
illustrates the advantages of the proposed method.
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FIGURE 16 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 7; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

In the proposed adaptive protection scheme, based on opti-
mal relay curves and HSRs, there is no coordination constraint
violation, while the speed of the protective scheme is desired.
The simultaneous benefits of adaptive schemes, optimal relay
characteristics, and HSRs have improved the proposed method
effectively.

Figure 19 depicts the protection studies for two typical
DOCRs (Relays 4 and 6) in DIgSILENT based on the obtained
results by the proposed protective scheme (Scenario 9). Simu-
lation results are used to examine the accuracy of calculations
in the proposed optimization problem. Simulation results infer

FIGURE 17 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 8; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

that the coordination constraints have been satisfied in the
proposed optimization problem.

3.6 | Sensitivity analysis

The amount of fault resistance, type of fault (fault phases), and
fault distance to the relay location are effective parameters that
can affect the performance of the proposed protection sys-
tem. Therefore, in the sensitivity analysis, the performance of
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FIGURE 18 Convergence diagram of optimization problem solving by
the GA under Scenario 9; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

the protection system against changes in these parameters has
been evaluated. Sensitivity analyses show that the performance
of the proposed scheme (under Scenario 9) has good robustness
against changes in the mentioned parameters.

To validate and analyze the proposed method, it has been
examined for different types of faults and locations. For exam-
ple, the sensitivity analysis results for two typical relays (relays
4 and 6) have been presented. In Table 30, the results of inves-
tigations for 3-phase faults in different network topologies and
at different locations have been reported. Also, in Table 31, the
test results for two-phase faults are shown.

As can be seen, the operating time of the relays increases
by moving the fault location from near the relay (10% of the
line) to a distance from the relay (90% of the line). In this case,
the time interval between these relays satisfies the selectivity
constraints, and because of the use of HSRs, the speed of the
primary protection operation is desirable.

It has been tried to show that the obtained results are robust
against the fault current changes due to changes in the fault
location and impacts of fault resistance. The sensitivity analy-
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FIGURE 19 Coordination diagram of Relays 4 and 6 based on optimized
settings under Scenario 9; (a) base grid-connected mode (Topology 1), (b)
islanded mode (Topology 2), and (c) Topology 3

sis has been performed via changes in the fault resistance, and
test results implied that up to 8 Ohm, the selectivity constraints
based on optimized settings would be met. On the other hand,
the 8 Ohm is a significant value representing the high impedance
faults compared to load impedances.

4 | CONCLUSION

Although different studies have been done in the field of
optimal protection of smart grids, there is a research gap in

85U8017 SUOWIWIOD BAIE8.D 8|qed!(dde au Aq pausenob ae Ssolie YO 8sn JO s3I0} AeiqI T 8UI|UO /8|1 UO (SUONIPUOD-PUB-SWLBH WD A8 | 1M ATeIq 1 BU1UO//:SANY) SUORIPUOD pue swie | 8y} 89S *[£202/T0/52] Uo AriqiTauliuo Aeim AisieAiun ueiweyog 18/ Aq 6592T ZPIB/6Y0T OT/I0p/LLI00" A8 1M ARe.q 1 jpul U0 Yo Jessa .1 1//:SAny Wo.j papeo|umod ‘vz ‘2202 ‘S698TSLT



ATAEE-KACHOEE ET AL.

| 5113

developing an adaptive protective scheme, considering differ-
ent network operations, with simultaneous optimal selection
of relay characteristics and HSRs. This paper has tried to fill
such a research gap. The proposed method has been developed
based on using different sets of settings for various network
configurations, while the optimized relay characteristics have
been assigned to DOCRs. The proposed method has also been
improved by using the HSRs. In this article, there is no coordi-
nation constraint violation by taking into account the different
modes of network operation, while the speed of the protec-
tion system is appropriate. Also, the use of a high-set stage
for DOCRs has been studied, which has greatly improved the
performance speed of the relays, particularly the main relays,
against the considerable short circuit currents. The introduced
method has been applied to the distribution portion of the
IEEE 38-bus test system. The comparative test results illus-
trated that a 31.78% and 21.62% decrement in time of the
protective scheme in different topologies for the distribution
networks of the IEEE 38-bus and IEEE 14-bus test systems
could be achievable by simultaneous optimization of relay char-
acteristics and HSRs compared to existing approaches, which
used an adaptive protection scheme with pre-defined relay
characteristics and without HSRs.

Extending the proposed study based on stability-oriented
protection coordination will be one of the interesting future
research works because the DGs are usually low-inertia
machines in the ADNs, MGs, and SGs. Clustering the network
configurations within the proposed adaptive protection scheme
is another useful issue than can be developed in further works
to support the numerous configurations.

NOMENCLATURE

Indices

Z,m  Index of main relay
b, 7 Index of backup relay
s Index of network configuration

Parameters

OF  Objective function
Total operating time of main and backup relays in

N

different operating modes
N,  Number of different operating modes
s Different configurations and operating modes
IDS,;; Time dial setting of the /th relay in the sth

configuration
RCS,;  Pick-up current setting of the /th relay in the sth

configuration

CS,; Characteristic curve type of the ith relay in the
s-th configuration

A PZH High set element setting value of the /th relay in
the s-th configuration

lfs High set element operating time in the s-th

configuration
N, Number of primary relays

N, Number of backup relays
t,;  Operating time of the i-th primary relay under the
s-th configuration
#,;  Operating time of the j-th backup relay under the
s-th configuration
k,;and z,;  Standard relay characteristic’s coefficient of the 7
th relay in the s-th configuration
t,; Operating time of the /th relay in the s-th
configuration
1§ fz Fault current of the /~th relay in the s-th configu-
ration
YDA";??“ Minimum permitted time dial setting of the /th
relay in the s-th configuration
IDST™  Maximum permitted time dial setting of the 7th
relay in the s-th configuration
ijf;m Minimum permitted Pick-up current setting of the
7~th relay in the s-th configuration
RCST™ Maximum permitted Pick-up current setting of
the /th relay in the s-th configuration
1 {;Md’max Maximum current flowing through the i-th relay
in the s-th configuration
1 Z’mm Minimum fault current flowing through the /th
relay in the s-th configuration
]_rim’mm Minimum permitted high set element /th relay in
the s-th configuration
[:;[J',max Maximum permitted high set element /th relay in
the s-th configuration
z‘g‘y’mm Minimum permitted high set element for the /~th
relay in the s-th configuration
fﬁy’max Maximum permitted high set element for the /~th
relay in the s-th configuration
C7l  Minimum coordination interval between main
and backup relay
RCS™  Minimum pickup current setting of relays based
on manufacturet’s specifications
RCS™* Maximum pickup current setting of relays based
on manufacturer’s specifications
Abbreviations

OF  Objective function
GA  Genetic algorithm

DOCR

Ditectional overcurrent relay

DG Distribution generation
NB  No backup relay

MROT
BROT

Main relay’s operating time
Backup relay’s operating time

SG  Smart grid
MG Microgrid

ADN

Active distribution netwotk

HSR High-set relay
NI Normally inverse

VI Very inverse

EI Extremely inverse
TDS Time dial setting
PCS  Pickup current setting

CS Curve setting
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CTI Coordination time interval
SLD Single line diagram
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