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Abstract

The optimized protective systems for smart grids and microgrids have received much
attention in recent years. However, besides other selectivity constraints, less attention has
been paid to synchronous generators’ stability concerns. The stability challenges are inten-
sified in meshed grids compared to radial configurations. The literature review shows that a
knowledge gap exists in introducing a communication-aided protective scheme for meshed
smart grids, considering the stability constraints. This study tries to fill such a research
gap by proposing an optimal protection system using the communication links between
directional overcurrent relays on both sides of protection zones/distribution lines. Assign-
ing the optimum standard characteristics to protective relays is another contribution. The
introduced study is applied to the distribution portion of the IEEE 30-bus test system.
The proposed method is implemented in DIgSILENT and MATLAB to perform the
power system simulations and solve the optimization problem. The comparative test results
infer that the proposed communication-aided scheme results in a 49.57% improvement
in speed of the protection system, while there is no stability constraint violation com-
pared to conventional communication-free schemes. Test results highlight the advantages
of this research to meet the stability constraints of distributed generations and selectivity
constraints simultaneously.

1 INTRODUCTION

In recent years, the deployment of distributed generations
(DGs) has increased because DGs result in techno-economic
improvements, the capability of distribution networks operat-
ing in grid-connected and islanded modes, higher reliability,
and power loss decrement [1, 2]. The integration of DGs
with distribution networks transforms the structure of these
networks into an interconnected active structure [3, 4]. The
benefits from DGs could be maximized through the con-
cepts of smart grids and microgrids based on bidirectional
energy and data flows [5–7]. The radial architecture of conven-
tional distribution networks is transformed into meshed ones
in smart grids, which complicates protection coordination [8,
9]. The interconnected structure of these active networks in
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the presence of DGs complicates the smart grid’s protection
designs [10, 11].

Much attention has been paid to optimized protection
schemes for smart grids [12]. The optimization problem
of protection coordination can be defined as mathematical
linear/non-linear problems. It is possible to solve the opti-
mization problem for smart grids’ protection as a linear
programming (LP) problem, which considers pre-defined pick-
up current settings (PCSs) and the time dial settings (TDSs)
are optimized [13, 14]. If both TDSs and PCSs are consid-
ered to be optimized while the continuous settings are used,
the optimization problem would be a non-linear program-
ming (NLP) problem [15, 16]. A mixed-integer NLP (MINLP)
problem should be solved the optimization problem of smart
grids’ protection if both PCSs and TDSs are optimized, and
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TABLE 1 Overview of the literature on optimized protection systems for smart grids in the viewpoint of selected optimization algorithms

Optimization algorithm

Ref. Year

Electromagnetic

field optimization Firefly GA WCA

Differential

evolution (DE) (PSO)

Interior

point

method TLBO

Hybrid

algorithms Other

[28] 2001 × × × × × × × × × ×

[29] 2015 × × × × × ✓ × × × ×

[30] 2016 × × × × × ✓ × × × ×

[31] 2017 ✓ × × × × × × × × ×

[32] 2018 × × × × × × × × × ×

[33] 2019 × ✓ ✓ × × × × × × ×

[34] 2019 × × ✓ × × × × × × ×

[20] 2019 × × × ✓ × × × × × ×

[35] 2019 × × × × × × × × × ×

[36] 2019 × × ✓ × ✓ × × × × ×

[37] 2020 × × × ✓ × × × × × ×

[38] 2020 × × × × × × ✓ × × ×

[19] 2020 × × × × × ✓ × × × ×

[25] 2020 × × × × × × × × × ×

[23] 2020 × × × × × × × × ✓ ✓

[39] 2020 × × × × × ✓ × × × ×

[24] 2021 × × ✓ × × ✓ × × × ×

[22] 2021 × × ✓ × × ✓ × ✓ × ×

[40] 2021 × × ✓ × × ✓ × × × ×

[41] 2021 × × ✓ × × ✓ × ✓ × ×

[42] 2021 × × × × × × × × ✓ ×

[43] 2021 × × ✓ × × × × × × ×

[44] 2021 × × × × × × × × × ✓

Proposed method × × ✓ × × × × × × ×

at least one set of these settings has been assumed to be
discrete [17].

Moreover, several studies have been reported for optimal
protection systems for smart grids and distribution networks
by meta-heuristic optimization algorithms. Some articles have
used one optimization algorithm to solve the problem, such
as Genetic Algorithm (GA) [18], Particle Swarm Optimiza-
tion (PSO) [19], Water Cycle Algorithm (WCA) [20], and
Sin-Cos algorithm [21]. Several references have used several
optimization algorithms and compared them with each other.
For example, Saldarriaga et al. [22] have used GA, PSO, and
teaching–learning-based optimization (TLBO) to solve the opti-
mization problem, and the results of each algorithm have been
compared. In a series of other articles, such as [23], combining
optimization algorithms in hybrid approaches, for example, the
GA and PSO, has been reported. In Table 1, the comparison
of available research works in the area of optimal protection of
smart grids from the viewpoint of optimization algorithm has
been presented. The literature review and using a variety of opti-
mization algorithms illustrates the importance of developing an

appropriate optimization algorithm improve the performance
of solving the optimization problem.

The inverter-based DGs have steadily increased in recent
years. However, most of the available DGs, particularly in devel-
oping countries, are synchronous generators (SGs) [24]. The
SG-based DGs play a crucial role in energy supply and energy
system restoration in sensitive areas such as hospital commu-
nities and municipal installations [25, 26]. Also, the detailed
statistics of Iran’s electricity industry for strategic management
[27] show that 243 and 270 MW gas-consumer DGs, which are
SGs, were installed in 2018 and 2019, respectively. On the other
hand, only 100 and 53 MW renewable DGs, which are usually
inverter-based DGs, were installed in these two years. The anal-
yses of statistics for DGs in developing countries like Iran can
be useful to justify the fact that although inverter-based DGs
are steadily increasing, SG-based DGs have a significant share
of whole DGs in some areas/countries.

SGs are sensitive to sudden network disturbances due to
technical characteristics, for example, low inertia time constants
[25, 45, 46]. During significant interruptions, that is, short cir-
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FIGURE 1 Conceptual overview of stability constraints in optimal
protection schemes; (a) Faster operating of the protective relays than CCT, (b)
Selectivity and stability constraints in radial distribution networks
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FIGURE 2 A typical ring/meshed distribution system

cuit faults (SCFs), SGs’ speed and load angle drastically change
[34]. The duration of SCFs and the operating times of protective
relays in the network might affect the stability of SGs [47]. If the
operating time of the DOCR is more than the critical clearing
time (CCT), the SGs will become unstable [48]. The instability
of SGs causes problems such as power outages of urban emer-
gency services and the blackout due to cascading events [49]. So
it is necessary to consider the transient stability constraints of
SGs in the protection schemes.

Although several research works have been developed in
optimal protection schemes of smart grids and distribution net-
works, less attention has been paid to concern the stability
constraints of DGs, besides other constraints like selectiv-
ity and coordination ones. For instance, Saldarriaga et al.
[22] proposed a new optimization problem for protection
systems based on standard and non-standard characteristics
that neglected the SGs’ stability issues. A new solution has
been reported in [40] for optimum coordination of directional
overcurrent relays (DOCRs) under various configurations. In
[36], a new solution was reported based on network sta-
tus monitoring using communication infrastructures. None
of the discussed references in the literature considered the
stability constraints in their developed optimal protection
schemes.

In a few available references, the stability constraints of
SGs have been studied with the reported optimal protection
schemes. In [50], new optimal protection coordination was
presented based on the DGs’ stability constraints. The double-
inverse DOCRs were used to implement the proposed optimal
protective coordination. Aghdam et al. [34] developed stability-
oriented optimization problems using communication systems
for the radial grid’s protective systems. In addition to optimizing
PCSs and TDSs to improve the protection system, one solution
is intelligently selecting the characteristic curves for DOCRs
[51]. Reference [24] has suggested a solution by optimizing
the characteristic curves of DOCRs for the protection prob-
lem. In [24], an optimization problem using a double-inverse
based on stability constraints in radial distribution networks
has been presented. Yazdaninejadi et al. [25] studied the
protection problem in ring distribution networks, considering
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FIGURE 3 SLD of a typical ring/meshed smart grid
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FIGURE 4 Conceptual architecture of the introduced communication-aided protection scheme, considering stability constraints, (a) stability constraint
violations in meshed grids by the communication-free scheme, (b) stability constraints satisfaction by the introduced communication-aided scheme, and (c) logic of
the proposed scheme using the tripping signal from another side’s DOCR

TABLE 3 Standard constants for inverse time-current curves

Item Curve A B CS

1 NI 0.14 0.02 1

2 VI 13.5 1 2

3 EI 80 2 3

SG stability constraints. The coordination time interval (CTI)
and CCT constraints have been satisfied by intelligently select-
ing the characteristic curves of the relays, besides other decision
variables.

Another important feature of available references is their
objective function (OF). Different objective functions have
been used in existing research works in the optimal protection
of smart grids and distribution networks. The total operating
time of the primary is one of the well-known objectives, which
have been used in some references, that is, [31]. Selecting the
total operating time of the primary relays (PRs) and back-up
relays (BRs) as the objective function can be seen in others,
like [40]. Although these two types of objectives based on the
operating time of relays are popular, other combinational
objectives, using protective relays’ operating time, have been
reported. For instance, in [36], the square time of the PRs with
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FIGURE 5 Flowchart of the introduced communication-aided protective system according to stability issues of SGs

the square of the difference between the time of the BRs and the
coordination time interval have been combined as the objective
function [36].

Table 2 summarizes the literature review on protection coor-
dination in smart grids incorporating transient stability of SGs.

As can be seen, in most of the available studies, the protective
coordination has been done without considering SGs’ stability.
The literature review shows that although the transient sta-
bility of DGs has been considered in some research works,
there is a research gap in developing a communication-aided
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FIGURE 6 Single line diagram (SLD) of the distribution portion of the IEEE 30-bus test system
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TABLE 4 Electrical parameters of SGs

Item Parameter Value

1 Rated power (MVA) 15

2 Rated power factor 1

3 T ′
d

(p.u) 0.53

4 T ′′
d

(p.u) 0.03

5 Xd (p.u) 1.5

6 X ′
d

(p.u) 0.256

7 X ′′
d

(p.u) 0.168

8 Xq(p.u) 0.75

9 X ′′
q (p.u) 0.184

10 Xl (p.u) 0.2

11 R(p.u) 0

TABLE 5 CTRs

Relay no. CTR Relay no. CTR

1 1000:1 16 500:1

2 800:1 17 800:1

3 800:1 18 800:1

4 1000:1 19 800:1

5 800:1 20 800:1

6 800:1 21 800:1

7 600:1 22 500:1

8 500:1 23 1200:1

9 500:1 24 1200:1

10 500:1 25 1200:1

11 500:1 26 600:1

12 600:1 27 600:1

13 800:1 28 200:1

14 800:1 29 100:1

15 1000:1 − −

protection scheme, considering the stability constraints to miti-
gate the challenges in satisfying the stability constraints meshed
smart grids.

This research attempts to respond to the gaps by develop-
ing a new communication-aided protection scheme for meshed
smart grids according to SGs’ stability issues. The proposed pro-
tective scheme benefits from optimum characteristics assigned
for DOCRs and the telecommunication links to communicate
between lines’ relays.

The proposed method is implemented in the distribution
network of the IEEE 30-bus test system. The test system is
simulated in DIgSILENT, and load flow, short circuit current
(SCC), and CCT results are determined using DIgSILENT
Programming Language (DPL). The proposed optimization
method is programmed in the MATLAB environment, and the
GA solves the optimization problem. The advantages of this

TABLE 6 Short circuit analysis’s results of PRs and BRs

Fault

location PR

PR’s

SCC

(kA)

First

BR

BR’s

SCC

(kA)

Second

BR

BR’s

SCC

(kA)

First

BR

BR’s

SCC

(kA)

First

BR

BR’s

SCC

(kA)

B8 R1 11.84 R19 2.89 R20 1.98 R21 1.19 R23 2.35

B8 R2 12.23 R15 3.19 R20 1.98 R21 1.19 R23 2.35

B8 R3 13.14 R15 3.19 R19 2.89 R21 1.23 R23 2.36

B8 R4 13.71 R15 3.17 R19 2.87 R20 1.91 − −

B2 R5 11.42 R9 1.23 R12 2.57 − − − −

B2 R6 11.53 R8 1.52 R12 2.51 − − − −

B2 R7 10.45 R8 1.59 R9 1.25 − − − −

B3 R8 7.90 R6 1.76 R16 2.65 R22 2.56 − −

B3 R9 8.24 R5 2.19 R16 2.60 R22 2.51 − −

B3 R10 7.54 R5 2.24 R6 1.77 R22 2.55 − −

B3 R11 7.56 R5 2.24 R6 1.76 R16 2.63 − −

B4 R12 4.72 R14 3.76 − − − − − −

B4 R13 5.42 R7 4.40 − − − − − −

B7 R14 7.80 R1 6.85 − − − − − −

B7 R15 4.16 R13 3.17 − − − − − −

B5 R16 5.49 R18 4.51 − − − − − −

B5 R17 4.31 R10 3.31 − − − − − −

B6 R18 8.41 R2 7.45 − − − − − −

B6 R19 3.82 R17 2.83 − − − − − −

B9 R20 5.67 R4 2.29 R23 2.76 − − − −

B9 R21 7.01 R3 6.07 − − − − − −

B10 R22 6.62 R4 1.39 R21 2.39 R25 2.23 − −

B10 R23 5.94 R11 2.91 R25 2.24 − −

B10 R24 7.60 R4 1.38 R11 2.89 R21 2.38 − −

B12 R25 8.32 R28 0.22 R29 0.63 − − − −

B12 R26 9.41 R24 1.94 R28 0.20 − − − −

B12 R27 9.63 R24 1.90 R29 0.58 − − − −

B14 R28 3.00 R26 1.92 − − − − − −

B14 R29 1.75 R27 0.68 − − − − − −

research are illustrated compared to available communication-
free methods. Moreover, test results imply that optimizing the
characteristic curves of DOCRs is an effective solution.

The rest of this article is structured as follows. The problem
statement is presented in Section 2. In Section 3, the pro-
posed method, using telecommunication links and intelligent
selection of characteristic curves, is reported. Section 4 reports
the simulation results, and finally, the conclusion is given in
Section 5.

2 PROBLEM STATEMENT

Although several studies have been reported in the literature
in optimal protection systems of smart grids and distribution
networks, the stability constraints of synchronous DGs have
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FIGURE 7 Typical trends of CCT in radial and meshed distribution networks and smart grids. (a) Single line diagram (SLD) of the IEEE 33-bus test system
and typical trend of CCT in radial distribution networks and smart grids. (b) Typical trend of CCT for R13 in the distribution portion of IEEE 30-bus test system
and typical trend of CCT in meshed networks

received less attention. In Figure 1, the conceptual overview
of stability constraints for optimal protection schemes in radial
distribution networks has been shown. As depicted, the relays
tripping time and their time-current curves (TCCs) for vari-
ous faults should be less than the related CCT at any fault.
Otherwise, at least one DG would be unstable.

The stability concerns and challenges are highlighted in
meshed/ring smart grids. In Figure 2, a typical meshed smart
grid, including two DGs, is shown. As seen, in the ring and

meshed distribution networks, it is essential to operate both
protective relays in two ends of faulty areas. Also, the CTI con-
straints should be satisfied in designing the optimized protective
system [52, 53]. As mathematically expressed in (1), the oper-
ating time of the BRs should be sufficiently greater than the
operating time of the PRs [54, 55]. In the shown typical smart
grid, it means that the operating time of relays 1 should be
greater than the operating time of relay 3 if a fault occurs in
the distribution line, connecting Buses 1 and 3, as described in



2322 AGHAEI AND HASHEMI-DEZAKI

FIGURE 8 CCT curves of typical DOCRs; (a) R13, (b), R14, (c), R17, (d) R18

TABLE 7 The SCC passing through R4 and its CCT in the IEEE 33-bus
test system

PR Fault location

PR’s SCC

(kA) CCT (s)

R4 F1-Line4-5 1.0111 0.477

R4 F2-Line4-5 1.004 0.508

R4 F3-Line4-5 0.9965 0.537

R4 F4-Line4-5 0.989 0.556

R4 F5-Line4-5 0.9816 0.575

R4 F6-Line4-5 0.9746 0.577

TABLE 8 The SCC passing through R13 and its CCT in the distribution
portion of the IEEE 30-bus test system

PR Fault location

PR’s SCC

(kA) CCT (s)

R13 F1-Line4-7 5.417 0.23

R13 F2-Line4-7 4.818 0.27

R13 F3-Line4-7 4.305 0.31

R13 F4-Line4-7 3.876 0.33

R13 F5-Line4-7 3.508 0.32

R13 F6-Line4-7 3.196 0.3

(2). Similarly, as presented in (3), the time interval between two
relays 6 and 2 should be considered.

tR j ,Fk
> tRi ,Fk

+CTI (1)

tR1,F2
> tR3,F2

+CTI (2)

tR2,F3
> tR6,F3

+CTI (3)

The CCT constraints should be concerned with the proposed
optimization problem to guarantee the stability of SGs. Other-
wise, the SGs’ stability might be adversely affected due to the
slow operating of DOCRs. As shown in (4), to guarantee the
stability constraint of SGs, the operating of DOCRs should be
less than the minimum CCT [25]. The CCT corresponding to
various DGs should be identified, and the minimum CCT would
be assigned to the CCT of the understudy relay. For instance, to
guarantee the stability constraint of SGs 1 and 2, the operating
of R1 and R2 should be less than the minimum CCT, as shown in
(5) and (6). The CCT corresponding to discussed relays depends
on the stability of SG1 and SG2, and the minimum CCT based
separate SGs should be selected as the CCT.

CCTRi ,Fk
= Min

{
CCT

SG1
Ri ,Fk

,CCT
SG2

Ri ,Fk
, … ,CCT

SGg

Ri ,Fk
, … ,CCT

SGG

Ri ,Fk

}
(4)

CCTR1,F1
= Min

{
CCT

SG1
R1,F1

,CCT
SG2

R1,F1

}
(5)

CCTR2,F1
= Min

{
CCT

SG1
R2,F1

,CCT
SG2

R2,F1

}
(6)

The simultaneous satisfaction of CTI and CCT constraints
complicates the protection system design. In (7), the stabil-
ity constraints that should be concerned with the optimal
protection scheme of the smart grid are shown.

t
R1
Fk

≤ CCT
R1

Fk
(7)

In radial distribution networks, the CCT increases as the fault
location moves away from the upstream relay. It means that the
CCT increases as the SCC decreases. On the other hand, the
slow operating of the DOCR during the low SCCs might not
influence the stability of SGs. In radial distribution networks
and smart grids, there is no challenge for lower short SCCs if
the CCT constraints are satisfied for the maximum SCC.
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TABLE 9 Optimal OF values under various scenarios

Scenario no.

Stability

constraints

Communication

links OF (s)

Transient stability constraint

violations

Scenario 1 × × 81.3696 29 All relays

Scenario 2 ✓ × Not feasible − −

Scenario 3 × ✓ 40.7966 2 R13 & R17

Scenario 4 (proposed method) ✓ ✓ 41.0651 0 0

FIGURE 9 Convergence optimization problem solving under (a)
Scenario 1; (b) Scenario 3; (c) Scenario 4

On the contrary, in meshed smart grids, the CCT curves
would not be strictly decreasing via increasing SCCs. The CCT
to guarantee the stability of SGs near to DOCR increases if a
fault occurs far from the relay location. But, the CCT corre-
sponding to other DGs connected to the end of the protection
zone might decrease. This issue intensifies the challenges in
satisfying CCT and CTI constraints simultaneously because

TABLE 10 Optimum settings for relays under Scenario 1

Relay

no. Ip (p.u) TDS
Charac-

teristic

Relay

no. Ip (p.u) TDS
Charac-

teristic

R1 2.9966 0.0820 1 R16 1.1181 0.2349 2

R2 1.4154 0.3933 3 R17 1.0460 0.3932 1

R3 1.2693 1.1532 2 R18 1.6408 0.1181 1

R4 0.3660 0.4194 2 R19 1.1962 0.3718 1

R5 0.5543 0.4034 3 R20 1.1360 0.2188 2

R6 0.4603 0.3609 3 R21 0.9435 0.9070 1

R7 2.0834 0.1910 2 R22 0.6772 0.6359 2

R8 0.3849 1.2006 2 R23 1.0363 0.3126 2

R9 0.4319 0.8294 2 R24 1.1460 0.0162 1

R10 1.1348 2.2170 3 R25 1.0788 0.1136 1

R11 0.5741 0.9631 2 R26 0.3821 0.3868 3

R12 1.6196 0.0507 1 R27 0.0634 0.7635 3

R13 1.7252 0.1212 3 R28 0.3980 0.4003 2

R14 1.1362 0.1786 2 R29 2.0927 0.3078 2

R15 1.153509 0.3630103 1 − − − −

the operating time of DOCRs increases via the short circuit
decrements, while the CCT might decrease.

For example, as shown in Figure 3, a fault might occur at F1or
F ′

1 . The SCC passing through R1 and R2 and the operating time
of relays and CCTs corresponding to these two fault locations
have been compared in (8).{

I
R1

F ′
1
≤ I

R1
F1

CCTR1,F
′

1
≤ CCTR1,F1

⇒

⎧⎪⎨⎪⎩
t

R1

F ′
1
≥ t

R1
F1

t
R1

F ′
1
≥ CCTR1,F

′
1

⇒ Stability constraint violation (8)

In practical conditions, it is impossible to speed up the oper-
ating time of DOCRs for far-end faults (FEFs) to satisfy the
CCT constraints, besides other selectivity and stability con-
straints. In this paper, a new communication-aided protective
scheme, considering stability constraints, is proposed to mitigate
the discussed problem, as depicted in Figure 4.
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TABLE 11 DOCRs’ operating times for NEFs under Scenario 1

PR

Fault

location

(NEF)

CCT

(s)

Tripping

time (s)

1st

BR

Operating

time (s)

R1 B8 − 0.4122 R19 2.3299

R2 B8 0.25 0.2719 R15 2.4752

R3 B8 0.25 1.3038 R15 2.4764

R4 B8 0.17 0.1552 R15 2.4911

R5 B2 0.31 0.0487 R9 2.3746

R6 B2 0.33 0.0295 R8 2.3559

R7 B2 0.31 0.3501 R8 2.2391

R8 B3 0.29 0.4046 R6 1.3229

R9 B3 0.3 0.3014 R5 1.3771

R10 B3 0.3 1.0095 R5 1.3109

R11 B3 0.29 0.5130 R5 1.3167

R12 B4 0.27 0.2209 R14 0.7700

R13 B4 0.3 0.6727 R7 1.0220

R14 B7 0.23 0.3181 R1 0.6893

R15 B7 − 1.9542 R13 2.2641

R16 B5 0.27 0.3593 R18 0.6616

R17 B5 0.29 1.6519 R10 5.3801

R18 B6 0.27 0.4368 R2 0.7431

R19 B6 0.29 1.8552 R17 2.2282

R20 B9 0.27 0.5638 R4 1.0783

R21 B9 0.22 2.7848 R3 3.1259

R22 B10 0.28 0.4625 R4 2.0271

R23 B10 0.23 1.1167 R11 1.4222

R24 B10 0.28 0.0653 R4 2.0366

R25 B12 0.32 0.4194 R28 4.0000

R26 B12 0.34 0.0184 R24 0.3295

R27 B12 0.32 0.0010 R24 0.3484

R28 B14 0.35 0.1475 R26 0.4480

R29 B14 0.29 0.5635 R27 4.0000

In the proposed protective scheme, if a DOCR trips, a sig-
nal sends to another protection side’s DOCR. If the other side’s
DOCR has picked up the short SCC, it operates as receiving
a tripping signal. Otherwise, the received signal might be sent
due to any noise or interruption. In (9)–(11), the modelling
of the proposed communication-aided protection scheme for
smart grids is presented. The proposed model would be appli-
cable since the smart grids have been equipped with the required
communication infrastructures.

SRm ,Rn
=

{
1 t ≥ t

Rm

Fk

0 Otherwise.
(9)

𝜉
Fk

Rn
=

{
1 I

Rn

Fk
≥ PCSRn

0 Otherwise.
(10)

TABLE 12 DOCRs’ operating times in FEF under Scenario 1

PR

Fault

location

(FEF) CCT (s)

Operating

time (s) 1st BR

Operating

time (s)

R1 B7 − 0.6771 R19 3.9004

R2 B6 0.2900 0.7245 R15 3.8775

R3 B9 0.2700 3.0909 R15 3.4588

R4 B10 0.2300 1.9717 R15 10.4553

R5 B3 0.2900 1.2620 R9 1.5670

R6 B3 0.3000 1.2266 R8 1.5724

R7 B4 0.2700 1.0036 R8 15.7864

R8 B2 0.3100 2.1635 R6 2.8221

R9 B2 0.3300 2.1960 R5 3.0729

R10 B5 0.2700 5.2547 R5 5.9874

R11 B10 0.2800 1.3957 R5 6.7081

R12 B2 0.3100 0.3523 R14 2.0813

R13 B7 0.2300 2.2218 R7 2.5638

R14 B4 0.3000 0.7571 R1 5.9865

R15 B8 − 2.4560 R13 4.8677

R16 B3 0.3000 0.8296 R18 1.8525

R17 B6 0.2700 2.2151 R10 14.6070

R18 B5 0.2900 0.6537 R2 2.7844

R19 B8 0.2500 2.3102 R17 3.0275

R20 B8 0.2500 2.3884 R4 2.6913

R21 B8 0.1700 15.8096 R3 17.7518

R22 B3 0.2900 1.2796 R4 10.2083

R23 B8 0.1700 4.7437 R11 14.9898

R24 B12 0.3200 0.2939 R4 49.3422

R25 B10 0.2800 1.4176 R28 4.0000

R26 B14 0.2900 0.4244 R24 4.0000

R27 B13 0.3000 0.1860 R24 4.0000

R28 B12 0.3200 2.4953 R26 5.7074

R29 B14 0.3400 1.9333 R27 2.4658

t
Rn

Fk
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

TDSRn

ARn⎛⎜⎜⎝
I

Rn

Fk

PCSRn

⎞⎟⎟⎠
BRn

− 1

SRm ,Rn
× 𝜉

Fk

Rn
= 0

t
Rm

Fk
SRm ,Rn

× 𝜉
Fk

Rn
= 1

(11)

The proposed protection scheme requires one link between
two relays of each protection zone, as depicted in Figure 4c.
In Figure 4, it has been shown how the data will be trans-
ferred between the relays in the communication-based scheme
and its logic. On the other hand, a low bandwidth communi-
cation is sufficient to maintain proper protection coordination,
considering stability constraints.

It should be noted that besides the advantages of
communication-assisted protection schemes, these protection
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TABLE 13 Optimal DOCRs’ settings under Scenario 3

Relay

no.

Ip

(p.u) TDS
Charac-

teristic

Relay

no.

Ip

(p.u) TDS
Charac-

teristic

R1 1.3762 0.1182 3 R16 1.2446 0.0784 3

R2 1.7340 0.1418 3 R17 1.0419 0.1038 2

R3 0.8942 0.4286 3 R18 1.0746 0.1267 3

R4 0.5260 0.0852 2 R19 1.3714 0.0519 2

R5 0.3515 0.3293 3 R20 1.1803 0.0191 3

R6 0.2204 0.5218 3 R21 0.9754 0.0585 1

R7 1.2623 0.2854 3 R22 0.5924 0.3848 3

R8 0.8804 0.0810 2 R23 1.0373 0.0408 1

R9 0.4102 0.1892 3 R24 1.0818 0.0115 2

R10 1.1426 0.2599 3 R25 1.0392 0.0403 1

R11 0.5144 0.7624 3 R26 0.3606 0.3546 3

R12 1.1224 0.0660 2 R27 0.1398 0.2665 3

R13 1.6816 0.0799 1 R28 0.4719 0.0333 1

R14 1.2696 0.0710 3 R29 0.7350 0.2320 3

R15 1.2633 0.0597 1 − − − −

systems are affected by communication failures. Hence, it is
necessary to study the impact of communication failures on
the proposed communication-aided system. Also, proposing
some solutions to mitigate the eventual impacts of communi-
cation failures on the performance of the introduced protection
scheme would be useful.

Redundancy of communication links is one of the solu-
tions to mitigate the negative impacts due to the failure
of telecommunication communication. The techno-economic
analysis is necessary to investigate the necessity of redun-
dancy in communication links. However, if the redundancy
for a telecommunication communication system and its links
is not economically feasible, the communication-aided protec-
tion system should be adequately robust against the failures in
communication links.

Although the proposed communication-aided protection
scheme is affected due to failures in communication links, if a
failure occurs in the communication system, DOCRs will oper-
ate according to their current and time settings. In this case, the
near-end fault (NEF) operating time would be satisfying similar
to expected performance, while the operating time of DOCRs
for FEFs increases due to the failure of telecommunication
communication. It means that although the SGs’ stability is not
guaranteed, the faulty areas are isolated by DOCRs. Besides the
proposed protection scheme, the adaptive protection concept
of assigning suitable setting groups according to the status of
communication links can be studied in future works.

3 MODELLING AND METHODOLOGY

Several OFs have been proposed for the coordination of
DOCRs [23]. The total operating time of the PRs and BRs is

TABLE 14 DOCRs’ operating times in NEF under Scenario 3

PR

Fault

location

(NEF)

CCT

(s)

Operating

time (s) 1st BR

Operating

time (s)

R1 B8 − 0.1294 R19 0.4294

R2 B8 0.25 0.1478 R15 0.4478

R3 B8 0.25 0.1019 R15 0.4481

R4 B8 0.17 0.0459 R15 0.4510

R5 B2 0.31 0.0160 R9 0.4298

R6 B2 0.33 0.0098 R8 0.4475

R7 B2 0.31 0.1205 R8 0.4205

R8 B3 0.29 0.0645 R6 0.4235

R9 B3 0.3 0.0094 R5 0.4408

R10 B3 0.3 0.1200 R5 0.4201

R11 B3 0.29 0.0706 R5 0.4220

R12 B4 0.27 0.1482 R14 0.4484

R13 B4 0.3 0.3960 R7 0.6961

R14 B7 0.23 0.0980 R1 0.3980

R15 B7 − 0.3465 R13 0.6468

R16 B5 0.27 0.0816 R18 0.3822

R17 B5 0.29 0.3362 R10 0.6398

R18 B6 0.27 0.1070 R2 0.4070

R19 B6 0.29 0.2828 R17 0.5839

R20 B9 0.27 0.0435 R4 0.3436

R21 B9 0.22 0.1825 R3 0.4825

R22 B10 0.28 0.0617 R4 0.7020

R23 B10 0.23 0.1798 R11 0.4798

R24 B10 0.28 0.0321 R4 0.7059

R25 B12 0.32 0.1459 R28 4.0000

R26 B12 0.34 0.0150 R24 0.3151

R27 B12 0.32 0.0016 R24 0.3337

R28 B14 0.35 0.0652 R26 0.3652

R29 B14 0.29 0.0327 R27 0.3327

one of the well-known objectives for optimal protection of dis-
tribution networks and smart grids [3, 31, 56]. In this paper, the
total operating time of the PRs and BRs is considered as OF to
minimize the operating time of the DOCRs subjects to coor-
dination and transient stability constraints and other technical
limits. The mathematical relation of the OF used in this paper is
expressed in (12).

OF = T (CSr , TDSr , PCSr )

=

{
NPR∑
i=1

(
t NEF
i

)
+

NBR∑
j=1

(
t NEF

j

)}
∀r ∈ {1, … ,NR}

(12)

The variables corresponding to the curve type of DOCRs,
TDSs, and PCSs are the decision variables of the proposed



2326 AGHAEI AND HASHEMI-DEZAKI

FIGURE 10 Operating time of (a) R13; (b) R17
and their back-ups under Scenario 3

optimization problem. An integer variable is assigned to each
DOCR, indicating its tripping curve (13). The coefficients of
the tripping curves of DOCRs are distinguished based on stan-
dard characteristics [57]. The coefficients for standard inverse
curves have been demonstrated in Table 3. As seen in (13), CSr

values could be 1, 2, or 3, which represent the normally inverse
(NI), very inverse (VI), and extremely inverse (EI) characteristic
curves, respectively.

[
Ar

Br

]
=

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

[
0.14

0.02

]
CSr = 1[

13.5

1

]
CSr = 2[

80

2

]
CSr = 3

(13)

As explained in the problem statement, the proposed opti-
mization problem should be solved subject to selectivity and
stability constraints. Moreover, other technical limits, such as
PCSs and TDSs, should be considered based on relay specifi-
cations and other smart grid conditions. The upper and lower
bounds of TDSs and PCSs have been described in (14) and (15)
[42, 58].

TDS min
≤ TDSr ≤ TDS max (14)

PCS min
r ≤ PCSr ≤ PCS max

r (15)

In this article, the lower and upper limits of TDS are assumed
to be 0.01 and 3, respectively. The lower limit of the PCS is con-
sidered to be 1.2 times the maximum current transmitting the
relay. Also, the upper limit for PCS is the SCC passing through
the relays’ current transformer in the FEF (minimum SCC).
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TABLE 15 Comparison of operating times of R13 and R17 with CCT
under Scenario 3

Fault location Relay no. CCT (s)

Operating

time (s) Unstable SGs

B4 R13 0.3 0.396 All SGs

R14

B5 R17 0.29 0.3362 SG5

R18

The GA is used to solve the optimization problem in the pro-
posed method. Figure 5 shows the flowchart of the proposed
method (protection of microgrids, according to SGs’ stability
concerns using the telecommunication links). First, the studied
system is simulated in Digisilent. Afterward, the PRs and BRs
are identified, and load flow and short circuit studies with DPL
are performed. Moreover, CCTs are extracted using DPL. The
load flow and short circuit propagations are used to determine
the limits of the DOCRs’ current settings. The power flow, short
circuit, and CCTs are imported from DIgSILENT to MATLAB.
Finally, the optimal settings are extracted, and the operating time
of the relays and the transient stability of the SGs are controlled
and examined in DIgSILENT.

4 TEST RESULTS

The proposed method is applied to the distribution portion of
the IEEE 30-bus test system, as shown in Figure 6. As can be
seen, this test system has 29 DOCRs and 11 SGs. This network’s
parameters and technical values have been selected based on
data reported in [32]. The electrical specifications of all SGs are
similar and have been given in Table 4 [32].

Selecting the current transformer ratio (CTR) is one of the
essential technical tasks that should be done in designing the
protection system of smart grids and microgrids. According
to the IEEE Standard C37.110-2007 [59], the CTR shall be
selected based on the maximum load current passing through
the current transformer (CT). The maximum current in the nor-
mal operation of the system must not exceed the CT’s rated
primary current. The CTR must be large enough so that the
secondary current of CT does not exceed 20 times the rated
current under the maximum symmetrical primary fault current.
The detailed process of CT selection can be seen in a [41]. In
this paper, the CTRs have been selected based on the load flow
and short circuit analyses and requirements of IEEE Standard
C37.110-2007 [59], as presented in Table 5.

The PRs and their BRs, including the SCC passing through
the PRs and BRs, have been presented in Table 6.

As discussed, in radial distribution networks and smart
grids, if the stability constraints are met corresponding to the

FIGURE 11 Speed of unstable generators after operating of R13
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FIGURE 12 Load angle of unstable generators after operating of R13

FIGURE 13 Speed and angle of unstable SG5 after operating of R17

maximum fault currents, there is no concern about the CCT
constraints satisfaction for lower fault currents. Indeed, the
CCT increases as the fault current passing through the DOCR
decreases. To illustrate this concept, a typical study has been
performed on the IEEE 33-bus test system (radial distribution
network), as shown in Figure 7a. In Figure 7 [24], the CCT for
the R4 against the faults at the line connecting buses 4 and 5 are
studied. In the IEEE 33-bus test system, when a short circuit
occurs downstream of R4, the stability of SG1 should be anal-
ysed. Table 7 shows the CCT via the SCCs. As can be seen in
Figure 7a and Table 7, the CCT increases with increasing the
fault distance from R4 and decreasing the short-circuit current.
It is observed that CCT has the lowest/most critical value for
the maximum SCC in this condition.

The trend of CCT via the SCC passing through the DOCRs
in meshed smart grids is not similar to radial distribution net-
works. To illustrate the challenges for stability concerns in
meshed distribution networks, The CCTs for R13 via differ-
ent faults between the NEFs and FEFs have been shown in
Figure 7b. As revealed by results shown in Figure 7b and
Table 8, the CCT increases as the fault location moves away
from the R13 (F1–F4), but this trend changes after F5, and the
CCT values for F5 and F6 decrease, while the operating time of
R13 increase due to SCC decrement. The decrement in CCTs
corresponding to F5 and F6 appears because of the G7 stability
condition. The typical analyses on radial and meshed smart grids
illustrate the discussed challenge about stability-constrained
optimal protection systems.

The CCT curves for all DOCRs have been distinguished
using the DPL in the DIgSILENT environment. The typical
CCT curves for Relays 13, 14, 17, and 18 via SCCs have been
shown in Figure 8. As revealed by the CCT curves shown
in Figure 8, CCTs are not strictly decreasing via decreasing
short-circuit currents in the understudy meshed/ring grid. This
behaviour of CCTs results in a faster operating of the relay at the
lowest value of short SCC. This is mainly challenging because
the operation time of relays increases by decreasing the SCC.
However, by using the telecommunication link between the two
relays on both sides based on the proposed communication-
aided scheme, the DOCR located at the NEF operates faster
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FIGURE 14 Operating time of (a) R13; (b) R17 and their back-ups under
Scenario 4

TABLE 16 Optimum settings under Scenario 4 (the proposed protection
communication-aided scheme, considering stability constraints)

Relay

no. Ip (p.u) TDS
Charac-

teristic

Relay

no. Ip (p.u) TDS
Charac-

teristic

R1 1.3362 0.1187 3 R16 1.4643 0.0668 2

R2 1.1570 0.3105 3 R17 1.7101 0.0216 3

R3 6.3852 0.0118 1 R18 4.8042 0.0100 1

R4 0.5204 0.0861 2 R19 1.4462 0.0276 3

R5 0.3840 0.2410 3 R20 1.2290 0.0170 3

R6 0.2401 0.3843 3 R21 1.1199 0.0535 1

R7 6.1559 0.0123 1 R22 3.9424 0.0136 1

R8 2.5570 0.0118 1 R23 1.8046 0.0119 1

R9 1.2549 0.0141 3 R24 1.1991 0.0153 1

R10 3.7885 0.0126 3 R25 1.4812 0.0126 1

R11 2.9282 0.0141 3 R26 2.3660 0.0160 1

R12 1.1128 0.0544 3 R27 0.8712 0.0124 1

R13 1.3493 0.0577 3 R28 0.4980 0.0351 1

R14 2.0835 0.0198 3 R29 0.8223 0.2013 3

R15 1.0449 0.0673 2 − − − −

TABLE 17 DOCRs’ operating times for three-phase NEF under Scenario
4

PR

Fault

location

(NEF) CCT (s)

Operating

time (s) 1st BR

Operating

time (s)

R1 B8 − 0.1224 R19 0.4224

R2 B8 0.25 0.1431 R15 0.4431

R3 B8 0.25 0.0869 R15 0.4434

R4 B8 0.17 0.0458 R15 0.4473

R5 B2 0.31 0.0140 R9 0.3932

R6 B2 0.33 0.0085 R8 0.4822

R7 B2 0.31 0.0822 R8 0.3822

R8 B3 0.29 0.0444 R6 0.3710

R9 B3 0.3 0.0066 R5 0.3862

R10 B3 0.3 0.0680 R5 0.3680

R11 B3 0.29 0.0439 R5 0.3696

R12 B4 0.27 0.0887 R14 0.3887

R13 B4 0.3 0.1907 R7 0.4907

R14 B7 0.23 0.0758 R1 0.3758

R15 B7 − 0.3042 R13 0.6042

R16 B5 0.27 0.1386 R18 0.4386

R17 B5 0.29 0.1933 R10 0.4933

R18 B6 0.27 0.0890 R2 0.3890

R19 B6 0.29 0.2236 R17 0.5236

R20 B9 0.27 0.0421 R4 0.3421

R21 B9 0.22 0.1783 R3 0.4783

R22 B10 0.28 0.0777 R4 0.6967

R23 B10 0.23 0.0818 R11 0.3818

R24 B10 0.28 0.0633 R4 0.7006

R25 B12 0.32 0.0562 R28 1.0000

R26 B12 0.34 0.0580 R24 0.3580

R27 B12 0.32 0.0290 R24 0.3819

R28 B14 0.35 0.0697 R26 0.3697

R29 B14 0.29 0.0355 R27 0.3355

than CCT and is connected with the DOCR located on the FEF,
and the fault is eliminated properly.

In this article, four scenarios are followed to determine the
benefits of this research:

∙ Scenario 1: The SG’s stability constraints are not considered
in Scenario 1. Also, the smart grid’s protection scheme has
not been equipped with a communication system. Hence, the
settings of DOCRs are optimized for NEFs and FEFs.

∙ Scenario 2: In this case, the constraints of the stability of the
SGs are considered in the protection scheme. But, telecom-
munication links are not used. In this scenario, in addition to
detecting far-end and NEFs, the DOCRs must operate less
than the CCTs.
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∙ Scenario 3: In this scenario, the stability constraints of the
SGs are not considered, while telecommunication links are
used to connect the relays on both sides of the protection
zones. DOCRs detect NEFs, sending a signal to the opposite
relay. Finally, the faulty area is isolated from the network using
the communication-aided protection scheme.

∙ Scenario 4: In this scenario (the proposed method), the
stability constraints of SGs are considered while telecommu-
nication links are used. Therefore, the DOCRs detect NEFs
in this scenario, connecting to the opposite relay. Hence, both
relays at two ends of protection zones should operate faster
than CCT at the same time.

Test results infer no feasible solution under Scenario 2, high-
lighting the importance of solutions to meet coordination and
stability constraints simultaneously. Also, the convergence dia-
grams of solving the optimization problem by the GA under
various scenarios (except Scenario 2) are shown in Figure 9.

Table 9 shows the optimal values of the OF under different
scenarios. As can be seen, the operating times of all DOCRs
are greater than the CCTs under Scenario 1. It is concluded that
for meshed smart grids and discussed challenges of CCTs for
low SCCs passing through the DOCRs, the stability constraint
violations have been highlighted compared to radial networks.

Another result that claims attention is the advantages of the
proposed communication-aided protection scheme under Sce-
nario 3 compared to Scenario 1. Test results imply that 49.86%
improvement in the total operating time of protective relays
could be achievable by implementing the communication-aided
scheme. The communication system and operating of DOCRs
based on received signals from other ends of protection zones
improve the stability constraints under scenario 3. However,
there are 2 stability constraint violations under Scenario 3. As
revealed by test results shown in Table 9, the operating times
of relays 13 and 17 are slower than required CCTs. Hence, the
SGs would be unstable if a fault occurs downstream of these
two DOCRs.

Test results under Scenario 4 (proposed method), considering
stability constraints using the communication system, show that
the stability of all SGs is guaranteed. Moreover, the speed of the
protection scheme is desired under Scenario 4. The total oper-
ating time of the DOCRs in the proposed method has increased
by 0.658% compared to the third scenario because of SGs’ sta-
bility constraints. Optimization results emphasize the benefits
and usefulness of this study.

Table 10 presents the settings of DOCRs under the first
scenario. These settings have been applied to the relays in the
DIgSILENT software, and the operating time of the DOCRs
has been obtained.

In all scenarios, the objective function of the optimization
problem has been defined according to NEFs. However, in test
results and discussions, the operating times of DOCRs at NEFs
and FEFs have been discussed. The FEFs are important under
Scenarios 1 and 2 because the DOCRs operating times are dif-
ferent for NEFs and FEFs. On the contrary, under Scenarios 3
and 4, there is a communication link between two DOCRs on
two sides of protection zones, and both relays operate simulta-

TABLE 18 Comparison of R13 and R17 operating times with CCT under
Scenario 4

Fault location Relay no. CCT (s)

Operating time

(s)

B4 R13 0.3 0.191

R14

B5 R17 0.29 0.193

R18

neously. Indeed, the FEF of each DOCR is the NEF of another
side’s relay in the proposed protection scheme.

Tables 11 and 12 show the operating times of the relays
at NEFs and FEFs, respectively. As revealed by test results
shown in Tables 11 and 12, the CTI constraints have been
met. Most operating times of relays are lower than CCT at
NEFs, but at FEFs, operating times of several relays are higher
than CCT. It means that the faulty line has not been isolated
from the network at the right time and at least one of the SGs
becomes unstable. As can be seen, violations of the constraints
related to the stability of SGs occur in FEFs. The first scenario
results show that it is inevitable to concern the CCT constraints,
besides selectivity constraints. Moreover, several BRs operating
times are more than two seconds under Scenario 1. Indeed, the
back-up protection under Scenario 1 would be ineffective in
some cases.

As discussed, under Scenario 3, telecommunication links are
used, while the stability constraints of SGs are not considered.
In the proposed communication-aided protection scheme, the
relays operate in NEF using the telecommunication link and
are linked to the opposite relay. It means that the relays oper-
ate in FEF simultaneously with the near-end relay through the
telecommunication links.

The optimized settings of DOCRs under Scenario 3 have
been presented in Table 13. Table 14 shows the operating times
of the primary DOCRs and their first BRs. As expected, all CTI
constraints between the main and BRs have been satisfied. Also,
in this scenario, the operating times of any BR do not exceed
two seconds. The communication-aided protection scheme has
improved the speed of the understudy smart grid and back-up
protections. However, the results show two violations of the sta-
bility constraint occur under Scenario 3. Significant reduction of
the total operating time of relays, mitigating the blind spots’ pro-
tection, and the low number of violations of the SGs’ stability
constraint illustrate the advantages of telecommunication links.

The operating times of the relays in Table 14 belong to
NEFs. Obviously, due to the use of the telecommunication
links, the operating time of the DOCRs in the FEF is equal to
the opposite DOCR’s operating time, which is at its NEF.

As can be seen in Table 14, only the operating times of R13
and R17 are higher than corresponding CCTs. The obtained
optimized settings under Scenario 3 have been applied to
DIgSILENT simulations. Figure 10 shows the time-current
characteristics and the operating time of these two relays and
their BRs based on DIgSILENT protection simulations. As
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FIGURE 15 Speed of stable generators after operating of R13 under Scenario 4

shown in Figure 10, a sufficient time interval exists between the
operating time of these relays.

Table 15 shows the unstable SGs due to the operating
time of R13 and R17 that are more than CCTs. Figures 11
and 12 show the speed and load angle of unstable genera-
tors due to slow operating of R13, respectively. Also, Figure 13
shows the speed and load angle of unstable generators after
R17 operation. As revealed by test results shown in Figure 13,
only SG5 would be unstable due to the slow tripping of
R17.

In the proposed method, considering stability constraints,
although increasing the total operating time of the relays, none
of the selectivity and stability constraints is violated. Table 16
shows the optimal settings for DOCRs under Scenario 4 (the
proposed communication-aided scheme, considering stability
constraints). In addition, Table 17 presents the main relays’
operating times and their first BRs. As can be seen, in addi-
tion to the CTI satisfaction between the PRs and their back-ups,
none of the operating time of DOCRs has exceeded the
CCT. In the following, the operating time of R13 and R17
and the stability of the generators are examined compared to
Scenario 3.

Figure 14 shows the operating time of R13 and R17 and the
operating time of their BRs based on DIgSILENT simulations
and optimized settings under Scenario 4. In Table 18, the oper-
ating times of R13 and R17 have been compared with CCTs. The

operating times of these relays are less than CCT, so by detect-
ing the fault and connecting to the opposite relay, the faulty line
is isolated. For instance, when a fault occurs near the R13, this
relay operates 0.191 seconds after the fault, which is less than
its CCT (0.3 s). Moreover, a signal is sent to another side of the
faulty area (R5), and the fault line is isolated from the circuit
after 0.191 s.

In Figures 15 and 16, the speed and load angle of the SGs are
depicted after R13 operating, respectively. Also, Figure 17 shows
the speed and load angle of SG5 after R17 operating. Test results
infer that, unlike Scenario 3, none of the generators would be
unstable under Scenario 4.

The comparative test results highlight the advan-
tages of the proposed communication-aided scheme,
considering stability constraints in meshed smart grids.
The simultaneous optimal selection of relay character-
istics and communication links improves the speed of
the protection scheme, while no selectivity and stability
appear.

The comparative test results imply that a 49.57% improve-
ment in smart grids’ protection system has been obtained
compared to conventional communication-free protection
schemes, neglecting the stability constraints. In addi-
tion, mitigating the SGs’ stability challenges compared to
approaches, neglecting the stability constraints has been
emphasized.
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FIGURE 16 Load angle of stable generators after operating of R13 under Scenario 4

FIGURE 17 Speed and load angle of stable SG5 after operating of R17 under Scenario 4

Furthermore, it is useful to discuss how the coordina-
tion will be maintained under different types of faults such
as line-to-line (LL) and line-to-line to the ground (LLG).
Hence, the LL and LLG SCCs are presented in Tables 19
and 20, respectively. Also, the operating time of PRs and
BRs and stability constraints satisfaction against the LL and
LLG faults have been studied under Scenario 4 (the proposed
method).

Test results show that the coordination will be maintained
under different types of faults, for example, LL and LLG,
as shown in Tables 21 and 22. Moreover, the stability con-
straints will be satisfied during the LL and LLG faults based on
the obtained optimal settings in the proposed communication-
aided scheme. However, some LL and LLG are not detected
by the back-up protection, and additional solutions should be
considered for these conditions.
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TABLE 19 The SSC passing through the DOCRs in LL faults

Fault

location PR PR’s SCC (kA) First BR BR’s SCC (kA)

B8 R1 9.729 R19 2.77

B8 R2 10.097 R15 2.801

B8 R3 10.975 R15 3.089

B8 R4 11.555 R15 3.065

B2 R5 9.95 R9 1.008

B2 R6 9.991 R8 1.249

B2 R7 9.231 R8 1.308

B3 R8 6.716 R6 1.567

B3 R9 7.008 R5 1.965

B3 R10 6.68 R5 2.01

B3 R11 6.431 R5 2.006

B4 R12 3.808 R14 2.874

B4 R13 4.949 R7 4.011

B7 R14 6.34 R1 5.47

B7 R15 3.919 R13 3.033

B5 R16 4.485 R18 3.551

B5 R17 3.971 R10 3.052

B6 R18 6.887 R2 6.024

B6 R19 3.574 R17 2.712

B9 R20 5.15 R4 1.786

B9 R21 5.713 R3 4.932

B10 R22 5.746 R4 1.001

B10 R23 5.579 R11 2.441

B10 R24 6.029 R4 0.996

B12 R25 7.667 R28 0.2

B12 R26 8.081 R24 1.154

B12 R27 8.293 R24 1.124

B14 R28 2.562 R26 1.636

B14 R29 1.497 R27 0.584

5 CONCLUSION

This study has tried to fill the research gaps in the optimal
protection system of meshed smart grids, considering the sta-
bility constraints by proposing a new communication-aided
scheme. In the proposed research, the DOCRs of both sides
of distribution lines/protection zones are connected through a
communication link. The proposed communication-aided pro-
tection scheme is a suitable solution to mitigate the challenges
regarding the stability constraints of FEFs in meshed smart
grids.

The introduced method has been applied to the distribution
portion of the IEEE 30-bus test system. Test results under
various scenarios illustrated the advantages of the proposed
method. The comparative results have illustrated that the sta-
bility concerns are emphasized in meshed smart grids, and it

TABLE 20 The SSC passing through the DOCRs in LLG faults

Fault

location PR PR’s SCC (kA) First BR BR’s SCC (kA)

B8 R1 11.342 R19 2.857

B8 R2 11.611 R15 3.125

B8 R3 12.654 R15 3.124

B8 R4 13.252 R15 3.106

B2 R5 10.866 R9 1.265

B2 R6 10.937 R8 1.565

B2 R7 9.907 R8 1.633

B3 R8 7.825 R6 1.667

B3 R9 8.179 R5 2.085

B3 R10 7.29 R5 2.135

B3 R11 7.392 R5 2.131

B4 R12 4.88 R14 3.732

B4 R13 5.257 R7 4.233

B7 R14 7.689 R1 6.638

B7 R15 4.08 R13 3.093

B5 R16 5.563 R18 4.448

B5 R17 4.263 R10 3.235

B6 R18 8.203 R2 7.157

B6 R19 3.784 R17 2.801

B9 R20 5.495 R4 2.195

B9 R21 6.848 R3 5.874

B10 R22 6.466 R4 1.351

B10 R23 5.749 R11 2.881

B10 R24 7.632 R4 1.346

B12 R25 7.828 R28 0.253

B12 R26 8.778 R24 1.975

B12 R27 9.063 R24 1.942

B14 R28 2.964 R26 1.83

B14 R29 1.819 R27 0.649

is inevitable to find a solution to respond to these problems.
It has been concluded that the proposed communication-aided
protection system would be desired based on SGs’ stability con-
straints, even by determining the optimal relay settings without
consideration of stability constraints (Scenario 3). This is mainly
because of the fast operating of DOCRs for FEFs by send-
ing/receiving communication links from the other side of the
protection zone, which corresponds to a NEF. The compar-
ative test results show that a 49.57% decrement in operating
times of DOCRs has been achieved compared to conven-
tional communication-free protection schemes, neglecting the
stability constraints. Furthermore, mitigating the SGs’ stability
challenges by the proposed method compared to approaches,
neglecting the stability constraints has been highlighted.
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TABLE 21 DOCRs’ operating times for LL NEF under Scenario 4

PRs

Fault

location

(NEF) CCT (s)

Operating

time (s) 1st BR

Operating

time (s)

R1 B8 − 0.182504 R19 0.479266

R2 B8 0.25 0.210499 R15 0.540383

R3 B8 0.25 0.107545 R15 0.464247

R4 B8 0.17 0.054801 R15 0.469762

R5 B2 0.31 0.018394 R9 0.713652

R6 B2 0.33 0.011368 R8 −

R7 B2 0.31 0.093466 R8 3.605477

R8 B3 0.29 0.048855 R6 0.469012

R9 B3 0.3 0.009117 R5 0.482976

R10 B3 0.3 0.088329 R5 0.461081

R11 B3 0.29 0.061633 R5 0.462966

R12 B4 0.27 0.137924 R14 0.803031

R13 B4 0.3 0.230381 R7 1.047072

R14 B7 0.23 0.117645 R1 0.602398

R15 B7 − 0.330179 R13 0.668938

R16 B5 0.27 0.175815 R18 −

R17 B5 0.29 0.232211 R10 0.632925

R18 B6 0.27 0.119785 R2 0.600587

R19 B6 0.29 0.25884 R17 0.588536

R20 B9 0.27 0.051414 R4 0.477784

R21 B9 0.22 0.198502 R3 −

R22 B10 0.28 0.088176 R4 1.258113

R23 B10 0.23 0.087296 R11 0.633545

R24 B10 0.28 0.073699 R4 1.271338

R25 B12 0.32 0.059349 R28 4

R26 B12 0.34 0.063193 R24 −

R27 B12 0.32 0.030566 R24 −

R28 B14 0.35 0.073214 R26 0.787103

R29 B14 0.29 0.048741 R27 0.782405

NOMENCLATURE

Indices

r Index of relay (r = 1 ∶ NR )
i Index of primary relay (i = 1 ∶ NPR )
j Index of back-up relay ( j = 1 ∶ NBR )
n Index of the relay at sending side of the communication

link (n = 1 ∶ NSR )
m Index of the relay at receiving side of the communication

link (m = 1 ∶ NRR )
k Index of fault (k = 1 ∶ K )
g Index of synchronous generator (g = 1 ∶ G )

Parameters

OF Objective function
T Total tripping times of main and back-up relays

TABLE 22 DOCRs’ operating times for LLG NEF under Scenario 4

PRs

Fault

location

(NEF) CCT (s)

Operating

time (s) 1st BR

Operating

time (s)

R1 B8 − 0.133607 R19 0.433744

R2 B8 0.25 0.158854 R15 0.456212

R3 B8 0.25 0.090539 R15 0.456431

R4 B8 0.17 0.047496 R15 0.460417

R5 B2 0.31 0.015421 R9 0.368121

R6 B2 0.33 0.009486 R8 0.406668

R7 B2 0.31 0.08671 R8 0.385854

R8 B3 0.29 0.044665 R6 0.413695

R9 B3 0.3 0.006679 R5 0.427784

R10 B3 0.3 0.073139 R5 0.407563

R11 B3 0.29 0.046038 R5 0.409127

R12 B4 0.27 0.082954 R14 0.394808

R13 B4 0.3 0.203023 R7 0.632953

R14 B7 0.23 0.078129 R1 0.400892

R15 B7 − 0.312664 R13 0.639672

R16 B5 0.27 0.136582 R18 0.480314

R17 B5 0.29 0.197962 R10 0.527038

R18 B6 0.27 0.091995 R2 0.422506

R19 B6 0.29 0.228027 R17 0.540197

R20 B9 0.27 0.044953 R4 0.361094

R21 B9 0.22 0.180486 R3 0.592437

R22 B10 0.28 0.079319 R4 0.727995

R23 B10 0.23 0.084587 R11 0.392573

R24 B10 0.28 0.063134 R4 0.732403

R25 B12 0.32 0.058505 R28 4.000

R26 B12 0.34 0.060273 R24 0.367203

R27 B12 0.32 0.029588 R24 0.356216

R28 B14 0.35 0.069966 R26 0.439274

R29 B14 0.29 0.03298 R27 0.40049

NR Number of relays
NPR Number of primary relays
NBR Number of back-up relays
NSR Number of relays, sending a signal to another side

of protection zones
NRR Number of relays, receiving a signal from another

side of protection zones
TDSRn

Time dial setting of the relay at the n-th sending side
of communication links

PCSRn
Pick-up current setting of the relay at the n-th
sending side of communication links

CTR Current transformer’s ratio
TDS min Minimum permitted time dial settings
TDS max Maximum permitted time dial settings

t NEF Tripping time for a short circuit at the near-end of
the protection zone
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t FEF Tripping time for a short circuit at the far-end of the
protection zone

CTI Coordination time interval
tR j ,Fk

Tripping time of the j-th back-up relay for a short
circuit at the k-th fault location

tRi ,Fk
Operating time of the i-th primary relay for a short
circuit at the k-th fault location

CCTRi ,Fk
Critical clearing time of the i-th primary relay for a
fault at the k-th fault location

CCT
SGg

Ri ,Fk
Critical clearing time of the i-th primary relay for a
fault at the k-th fault location corresponding to the
g-th distributed generation

SRm ,Rn
A communication signal, which is sent after trip-
ping of the relay at one side of a protection zone
to another side

t
Rm

Fk
Operating time of the m-th relay for a fault at the k-
th fault location, which has sent a signal to another
side of the protection zone.

t
Rn

Fk
Operating time of the n-th relay for a fault at the k-
th fault location, which has received a signal from
another side of the protection zone.

𝜉
Fk

Rn
A Boolean variable, which it’s one value represents
that the current transmitting through the n-th relay-
that received a signal from another side of the
protection zone- is higher than the pick-up current

I
Rn

Fk
Short circuit current transmitting through the n-th
relay that received a signal from another side of the
protection zone

OF Objective function
TDSr Time-dial setting of the r-th relay
PCSr Pick-up current setting of the r-th relay

PCS min
r Minimum allowed pick-up current setting of the r-th

relay
PCS max

r Maximum allowed pick-up current setting of the r-
th relay

Abbreviations

ARn
and BRn

Coefficients of the standard tripping character-
istic of the relay at the n-th sending side of
communication links

BR Back-up relay
CCT Critical clearing times

CSr An integer decision variable of the proposed
optimization problem, representing the charac-
teristic type of the r-th relay

CT Current transformer
CTI Coordination time interval
DG Distributed generation

DOCR Directional overcurrent relay
DPL DIgSILENT programming language

EI Extremely inverse
FEF Far-end fault
GA Genetic algorithm
LL Line-to-line

LLG Line-to-Line to the ground
LP Linear programming

MINLP Mixed-integer non-linear programming
NEF Near-end fault

NI Normally inverse
NLP Non-linear programming
OCR Overcurrent relay

OF Objective function (OF)
PCS Pick-up current setting

PR Primary relay
PSO Particle swarm optimization
SCC Short circuit current
SCF Short circuit fault
SG Synchronous generators

SLD Single line diagram
TCC Time-current curves
TDS Time dial setting

TLBO Teaching–learning-based optimization
VI Very inverse

WCA Water cycle algorithm
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