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Abstract— In contemporary power systems, the hybrid coordination of distance relays (DRs) and directional overcurrent relays (DOCRs)
presents challenges due to fluctuating fault current magnitudes and directions caused by the integration of distributed generators (DGs).
These fluctuations depend on the type of DG integration, specifically whether it involves inverter-interfaced distributed generators (IIDGs)
or synchronous-based distributed generators (SBDGs). SBDG integration can alter the short-circuit level, potentially leading to relay
protection miscoordination. Traditional relay protection systems are often ineffective or non-functional in adapting to variable DG
penetration, resulting in several protection issues. Therefore, achieving optimal relay coordination is essential to ensure effective protection
of microgrid networks under varying levels of DG penetration. This study presents a novel approach for the optimal coordination of
hybrid DRs and DOCRs in microgrid environments, considering different levels of DG penetration and employing a modified objective
function. The optimal relay settings are determined using Grey Wolf Optimization (GWO) and Genetic Algorithms (GA). Unlike traditional
optimization techniques, the GWO algorithm does not require algorithm-specific control parameters, which simplifies implementation. The
effectiveness of the proposed method is demonstrated through simulations on the modified IEEE 14-bus test system using MATLAB. The
results show improved convergence characteristics, the resolution of local minima issues, minimization of the objective function, and
accurate determination of relay operating times, thereby enhancing microgrid protection.

Keywords—Distance relay, directional overcurrent relay, relay coordination, distributed generation.

1. INTRODUCTION [4]. In contrast, distance relays (DRs) are primarily employed
in transmission and sub-transmission networks because of their
faster response times. Within sub-transmission networks, DOCRs
are typically applied as backup protection devices due to their
comparatively slower operation [5]. In a reliable and effective
protection scheme, both primary and backup relays are expected to
sense the same fault current simultaneously. However, the primary
relay is responsible for operating first to isolate the smallest
affected section of the power network. If the primary relay fails to
operate, the backup relay activates after a predefined delay known
as the coordination time interval (CTI) [6]. The CTI value depends
on factors such as relay type and manufacturer specifications.
Relay coordination refers to the process of determining the correct
operating sequence of all nearby relays when a fault occurs. The
operating time of a DOCR is influenced by several parameters,
including the Time Multiplier Setting (TMS), Plug Setting (PS),
relay characteristic coefficients (A, 77), and the magnitude of the
fault current through the relay coil (Iy) [7].

The increasing global energy demand has heightened interest in
using renewable energy at consumer locations through distributed
generation (DG). Modern power systems require decentralized
generation across multiple consumer tiers [1]. Integrating DG into
power systems is crucial for the development of electrical networks.
The primary benefits of DG include improved reliability, reduced
unsupplied energy, lower greenhouse gas emissions, alleviation of
congestion in lines and transformers, and decreased overall power
losses [2]. Small-scale generation sources can efficiently meet
the energy needs of remote regions without requiring substantial
investments in new transmission infrastructure. These localized
power networks, which integrate their own generation and storage
technologies within clearly defined boundaries, are commonly
referred to as "microgrids” [3].

Directional overcurrent relays (DOCRs) are widely used as
primary protection devices in electrical distribution systems due
to their simple operation and low maintenance requirements

To ensure effective coordination between primary and backup
relays, the settings of DOCRs must be meticulously optimized
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programming [10], gradient-based methods [11], binary integer
programming [12], and sequential quadratic programming [13],
exhibit limitations such as susceptibility to local minima, inability
to achieve globally optimal solutions, and poor convergence with
increasing system size. In a nonlinear programming approach to
relay coordination, both TMS and PS are optimized simultaneously
[14]. Relay coordination can be formulated as an optimization
problem, solvable through either traditional or heuristic techniques.
Heuristic algorithms, in particular, have become increasingly
popular in protective system studies for resolving relay coordination
challenges.

Integrating DGs into the electric grid transforms the radial
distribution system into a meshed network, altering short-circuit
current characteristics and introducing bidirectional fault currents
[15]. These changes may cause overcurrent relays (OCRs) to
malfunction. A practical solution is to integrate directional
elements into the relays, resulting in directional overcurrent
relays (DOCRs) to address these issues [16]. DGs are broadly
classified into inverter-interfaced distributed generators (IIDGs)
and synchronous-based distributed generators (SBDGs). IIDGs
generally have a negligible impact on fault current levels, whereas
conventional SBDGs significantly increase fault current magnitudes
[17]. Due to variations in fault current magnitudes caused by
different levels of DG penetration, existing protection methods
and relay coordination may malfunction, leading to unintended
tripping. Therefore, it is essential to develop a protection strategy
that can adapt to diverse fault current conditions.

The significant integration of DGs has led to -elevated
fault currents flowing through protection devices. Consequently,
switchgear equipment may become inadequate and require costly
replacement. Moreover, high fault currents impose considerable
stress on power system components such as transformers, lines, and
cables during fault conditions. This stress can reduce equipment
lifespan, increase failure rates, and ultimately diminish both the
reliability and economic viability of the power system [15].
As power systems evolve with high DG penetration, ongoing
research focuses on identifying alternative solutions to protection
coordination challenges. This underscores the necessity of an
adaptive protection scheme capable of autonomously modifying
relay settings in response to fluctuating system conditions and
operational characteristics [18]. However, a major limitation of
adaptive relaying is the requirement for a communication channel,
which increases the overall cost of the protection scheme.
Additionally, adaptive relaying is vulnerable to cybersecurity
threats, which can compromise system reliability.

In the context of distribution networks, several studies have
addressed the coordination of DOCRs to mitigate the adverse
effects of DG penetration. In [15], the author proposed a DOCR
coordination scheme incorporating an optimally sized fault current
limiter (FCL) to address the challenges introduced by DG
integration. Similarly, in [16], DOCR coordination was achieved
using various metaheuristic optimization techniques, including
Genetic Algorithm (GA), Gravitational Search Algorithm (GSA),
and Particle Swarm Optimization (PSO), under different levels of
DG penetration. However, these studies focus exclusively on DOCR
coordination. In contrast, in transmission and sub-transmission
networks, DRs are typically preferred for primary protection
due to their faster operation. In [19], a hybrid coordination
strategy involving both DRs and DOCRs was presented, marking
a significant advancement. Nevertheless, the proposed approach
does not account for the varying impacts of DG penetration on
hybrid relay coordination. To address this critical gap, the present
study introduces a novel hybrid relay coordination framework that
integrates both transmission and distribution networks. The main
contributions of this research are summarized as follows:

o A hybrid coordination framework for DRs and DOCRs is
proposed to address the protection challenges arising from
variable DG penetration in microgrids.

o The study explicitly considers the influence of DG types,

including IIDGs and SBDGs, on fault current characteristics
and protection coordination performance.

« A modified objective function is formulated to accurately
model the coordination problem under varying fault current
levels and directions, enhancing relay selectivity and
dependability.

o Determination of a common optimal relay setting for both
DRs and DOCRs that remains effective across all considered
varying DG penetration levels.

e A key innovation of this work lies in its ability
to maintain effective hybrid relay coordination without
relying on communication-assisted schemes, thereby reducing
complexity and potential reliability issues.

e The proposed method is validated through extensive
simulations on the modified IEEE 14 bus test system,
demonstrating improved convergence behaviour, minimized
operating times, and effective mitigation of coordination
failures under fluctuating DG scenarios.

Overall, this study presents a robust and adaptive solution to
enhance the protection reliability of microgrids with high levels
of DG integration, where conventional coordination techniques are
often insufficient. The remainder of the paper is organized as
follows. Section 1 summarizes previous research in the relevant
domain and outlines the contributions of this work. Section
2 discusses the impact of DG penetration on hybrid relay
coordination. Section 3 presents the problem formulation and
methodology for hybrid relay coordination. Section 4 describes
the execution of the test systems, while Section 5 details the
implementation of the algorithms and presents the findings. Finally,
Section 6 concludes the paper.

2. IMPACT OF VARIABLE PENETRATION OF DGS ON
CTI

Hybrid relay coordination involves the coordination of
DOCR-DOCR and DOCR-DR pairs. The coordination between
these two types of relays, as shown in Fig. 1, is essential for
improving selectivity and reliability [20]. The coordination time
intervals for DOCR-DOCR and DOCR-DR pairs are represented
as CTI and CTI’, respectively. To ensure better selectivity using
DRs and DOCRs, these CTIs must be maintained.
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Fig. 1. Hybrid relay coordination between DR and DOCR.

Table 1. Operating modes of modified IEEE-14 bus test system.

Operating Modes (OMs)  Utility grid DG:1 DGz DGs3

OM; ON ON OFF OFF
OM> ON OFF ON OFF
OMs3 ON ON ON OFF
OMy ON ON ON ON
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Fig. 2. Impact of variable DG penetration on hybrid relay coordination.

Fig. 2 shows that the CTI decreases from CTI-1 to CTI-2 as DG
penetration increases from 15% to 60% [20]. Furthermore, higher
penetration levels may violate relay coordination if conventional
settings are used. Therefore, a new relay setting approach is
required to prevent maloperation under varying levels of DG
penetration.

It is also important to note that the impact of DG on transmission
and distribution protection coordination depends on the generation
type. The contribution of IIDGs to fault current is often minimal
and frequently overlooked in coordination studies. The fault
contribution of an IIDG typically ranges from 1 to 1.3 times
its rated current, depending on its size [17]. Consequently, the
rapid proliferation of this category of DGs within power systems
necessitates careful consideration, as neglecting their influence
could lead to protection system failures. The operational protection
of an inverter during a short-circuit event depends on the inverter’s
voltage conditions. Two scenarios are typically considered when
analyzing the fault contribution of IIDGs.

o When the voltage drops below 0.5 pu, the inverter protection
activates in less than 0.1s and halts the flow of fault current.
In this scenario, it is important to note that the minimum
operating time of DOCRs is 0.1 s [21], and thus, no fault
current contribution is considered.

o When the voltage exceeds 0.5 pu, the short circuit currents
for the coordination issue are determined based on the current
contribution of the IIDG, which is equivalent to 1.2 times the
rated power of the inverter.

This study presents an optimal coordination strategy for
hybrid DOCR-DR protection schemes, considering variable DG
penetration. To analyze the impact of different DG integration
scenarios, four operating modes (OMs) are defined, as detailed in
Table 1. In OM; and OMa, only DG, and DG> are connected
to the system, respectively, while in OMs, both DGy and DG
are connected simultaneously. In OMy, all three DGs (DG,
D@5, and DG3) operate in conjunction with the utility grid. It
is important to note that in all operating modes, the utility grid
remains continuously connected, restricting the analysis to the
grid-connected mode only.

3. PROBLEM FORMULATION & METHODOLOGY

Relay coordination is critical for ensuring adequate system
protection, with the goal of isolating only the specific faulty
circuit within the network. This is typically achieved through
current-based grading systems, time-based grading systems, or a
combination of both. In this study, an inverse definite minimum
time (IDMT) relay is employed for DOCR coordination, using
normal inverse (NI) relay characteristics. The DR and DOCR
coordination problem is formulated as an optimization problem
with nonlinear constraints. To ensure that each relay operates

in the shortest possible time, the objective function must be
minimized without allowing miscoordination between relay pairs.
The mathematical expression of the objective function incorporates
the operating times of primary and backup DOCRs, as well as
the second-zone operating times of DRs [22]. The inclusion of
backup relay operating times leads to a significant reduction in
backup relay operation without violating relay constraints. This
study formulates the objective function as follows:

OF =

min <A1 S (t,)2 + A 32 (t, — CTI)? + 5 tg;p,22>

i=1 j=1 p=1
()
Where,

i \ox TMS!

. nz

K
# -1
PSiXCTR?

In Eq. (1), the first term aims to minimize the total operating
time of primary relays to ensure fast fault clearance. The squared
formulation penalizes delays more aggressively and enhances
overall system responsiveness. The second term ensures proper
coordination between primary and backup DOCRs by minimizing
deviations from the required CTI, thereby maintaining system
selectivity. The third term represents the Zone-2 operating time
of DRs, which serve as backup protection if Zone-1 fails or if
faults occur beyond the Zone-1 reach. This aspect is particularly
important in cases of evolving faults and variations in fault current
magnitudes caused by variable DG penetration. The operating
time of DOCRs is represented by Eq. (2). To establish adequate
DOCR-DR coordination, the optimization problem, as described
earlier, must be subject to nonlinear relay constraints, as shown in
Egs. (3)-(4).
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In Eq. (1), m and n are defined as the number of primar
and corresponding backup relays. The operating times of "
primary and j** backup DOCRs are represented as tf,p and tﬁ;p
respectively. However, tfm 22 18 the second zone operating time of
the corresponding backup DR. The relay settings, TMS*, PS"
and TMS?, PS’ are the time multiplier setting and plug setting
of 4" primary and corresponding ;7" backup DOCR, respectively.
Similarly, the relay characteristics coefficients are assigned as A°,
n® and M, 7 for the i*" primary and corresponding ;" backup
DOCR, respectively. According to the IEC-60255 standard, the
value of A and 7 for NI relay characteristics is 0.14 and 0.02,
respectively [23]. The upper and lower bounds on the operating
time of a primary DOCR are considered to be 0.1 s and 4 s,
respectively [24].

In Eq. (1), the weighting factors were selected using the
following procedure. The total relay operating times are calculated
based on the different values of A; and A such that A; +A; = 1.
It has been found that for A; = 0.7 and Az = 0.3 the total relay
operating time is least. This combination ensures that the system
remains fast and stable while preserving coordination integrity
even under variable DG conditions [25]. The values were validated
through repeated simulations across multiple fault locations and
DG penetration levels. This study considers the magnitude of CTI
and CTI" between DOCR-DOCR and DOCR-DR relay pairs 0.3s
and 0.2s respectively [22]. The maximum load current (17, ;,,ay) is
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typically considered while choosing the current transformer ratio
(CTR). However, CT saturation may occur due to a rise in fault
current caused by DG integration. According to [23], the CTR can
be computed using the maximum load current (If, ,,), and the
maximum short-circuit current (I ,,,) flowing through the relay
coli to prevent CT saturation, as shown in Eq. (5). The calculated
CT ratios (CTRs) for the modified IEEE-14 bus test system using
Eq. (5) are shown in Table 2.

CTR' = I Tma 5)
= Imax L,max> 20

Table 2. CT ratio of relays for modified IEEE-14 bus test system.

Relay CTR Relay CTR Relay CTR Relay CTR

Ry 500 Rg 320 Ri7 1000 Ros 600
Ro 320 Rio 240 Ris 300 Rog 180
R3 500 Ri1 320 Ri9 1000 Ra7 600
Ry 320 Ri2 240 Roo 300 Ros 400
Rs 320 Ri3 200 Ro1 800 Rag 300
Rg 300 R4 240 Ra2 700 R30 800
Ry 400 Ris5 300 Ro3 400 R31 700
Rg 240 Rig 300 Roy 300 R32 300

To achieve an optimal hybrid relay coordination, all the decision
variables should lie within the pre-specified range given by the
relay manufacturer. The upper and lower bounds must be defined
for each decision variable as shown in Egs. (6)-(8).

TMS:, < TMS™ < TMSL1, (6)
PSy, < PS™ < PSR, @)
rin, 22 Sty <o max (8)

In this paper, TM SE2,, PS%I, are considered as upper bounds
of TMS and PS decision variables for the DOCRs and, similarly,
TMS:] , PS:I are considered as lower bounds of TMS and PS
for the DOCRs. The lower and upper bounds of TMS and PS are
set to (0.1-1.1) and (0.5-2.0), respectively [22]. For DRs, Zone-1
operation is assumed to be fixed at 0.01 s. Since the Zone-2
operating time of DRs is variable, it serves as the only decision
variable for DRs. For DRs, t]. . and t],,, ., is considered as
a lower and upper bound for the second zone operating time. The
desired range for the Zone-2 operating time of DRs is (0.3-0.9
s) [22]. The methodology of the proposed protection scheme is
illustrated in Fig. 3.

In recent years, the integration of variable DG in distribution
networks has introduced nonlinearity, bidirectional fault currents,
and system uncertainties, complicating the optimal coordination
of protective relays. Traditional analytical techniques often fail
to model these nonlinearities effectively. To address such issues,
this study employs GA and GWO for optimization, owing to
their global search capabilities and robustness in high-dimensional,
nonlinear spaces. In this study, GA and GWO are used to determine
the optimal relay settings of DOCRs and DRs, which constitutes a
nonlinear, multi-objective, and constrained optimization problem.
GA is a population-based evolutionary optimization technique
inspired by natural selection. It begins with a randomly generated
population of relay settings (e.g., TMS, PS, and t.2). Through
iterative application of selection, crossover, and mutation, the
algorithm evolves these solutions to minimize total operating
time, ensure relay coordination constraints, and prevent relay
maloperation. GA is well-suited for relay coordination problem

because it does not require gradient information and can handle
discrete variables and complex constraint formulations [26]. On
the other hand, GWO is a recent swarm intelligence algorithm
inspired by the social hierarchy and cooperative hunting behavior
of grey wolves. In the context of relay coordination, each grey
wolf represents a potential set of relay settings. The algorithm
uses the three best solutions (alpha-«, beta-3, and delta-§ wolves)
to guide the rest of the population (omega-w wolves) toward
optimal coordination settings by simulating encircling, attacking,
and searching behaviours [27]. GWO is particularly effective in this
application due to its simple structure, minimal tuning parameters,
and strong global search capability, making it less prone to
premature convergence compared to other algorithms. Unlike
traditional methods such as linear programming or sequential
quadratic programming, which often require a well-defined,
differentiable objective function, GA and GWO can effectively
handle nonlinearity, relay coordination inequality constraints, and
the discrete nature of the problem. These evolutionary techniques
provide a robust and flexible framework for identifying common
optimal settings in power systems with variable DG penetration.

Simulation of the modified IEEE-14 bus
test systems according to different OMs

— T T

‘ oM, ‘ ‘ OM, ‘ ‘ OM; OM, ‘

: | l |

Perform three-phase near-end symmetrical fault
analysis in different OMs

'

Identify the primary-backup relay pairs for DOCR and DR
coordination at each fault location

Combine the effect of different OMs and formulate the
objective function and associated non-linear constraints
for DOCR and DR coordination using NI relay
characteristics

| Feed GA and GWO initial parameters
and determine an initial solution

Apply GA/GWO to obtain optimum relay
settings

!

All the constraints
are validated?

NO

7 YES

Obtain the common optimal setting of DRs and
DOCRs with minimum relay operating time

End

Fig. 3. Proposed methodology of the hybrid protection scheme.

4. SIMULATION TEST CASE AND DESCRIPTIONS

The impact of DG penetration on hybrid coordination between
DRs and DOCRs is tested on a modified IEEE-14 bus test
system, as shown in Fig. 4 [22]. The system consists of 14 buses
(B1 — Bi4) and 16 lines (L1 — Lig). One SBDG (DG2) with a
capacity of 50 MVA is connected at bus Biz, while two IIDGs,
each with a capacity of 20 MVA, are connected at buses Bi2
and Bis4. In this test system, the two IIDGs are modelled as
wind (DG1) and solar (DG3) generating stations. The equivalent
internal impedance of each DG is considered to contribute to
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Table 3. Primary-backup relay pairs of modified IEEE-14 bus test system.

Sr. No. Relay pair Primary relay Backup relay Backup distance relay Sr. No. Relay pair Primary relay Backup relay Backup distance relay

1 RP; Ry R4 Dy 32 RP3o Ri2 R7 D~
2 RPp Ry Rs Dg 33 RPs3 Ri2 Ris D15
3 RP3 Ro R3 D3 34 RPs3y Ri3 Rs Ds
4 RPy Ra Rg Dg 35 RPs35 Ri4 Ry Dy
5 RPs Ro Rz D12 36 RPs6 Ry Rie Dis
6 RPs Ro> Rio Do 37 RP37 Ri5 Ry Dy
7 RP; R3 Ro Do 38 RPsg Ris5 Ris D13
8 RPg R3 Rg Dg 39 RPsg Rie Ry D~
9 RPy R4 Ry D 40 RPyo Rig Ri1 D11
10 RPyo Ry Rz D2 41 RPyy Ra7 Rao Dy
11 RP1y Ry Rio D1o 42 RPy2 Ry7 Rao Das
12 RP12 Ry Rg Dg 43 RPy3 Ris Ra3 Das
13 RPy3 Rs Ry D1 44 RPyy Rig Rig Dig
14 RP14 Rs R3 D3 45 RPys Rig Raa Do
15 RPy5 Rs Rio D1o 46 RPyg Rao R0 Ds3g
16 RPi6 Rs Ri2 D12 47 RPy7 Ro1 Ris D;s
17 RP17 Rg Rig D14 48 RPys Roy Rao D2o
18 RPig R7 Ry Do 49 RPyg Rao Rag Dog
19 RPig Ry R4 Dy 50 RPsg Rao R32 D3>
20 RPyo Rg R D11 51 RPs1 Ras Ras Dos
21 RPy1 Rg Ras D5 52 RPs2 Ry Rar Dy7
22 RPso Ry Ry Dy 53 RPs3 Roas Rog Dag
23 RPo3 Ry R3 D3 54 RPsy Rag Roa Doy
24 RPoy Ry Rg Dg 55 RPs5 Rar Rog Dog
25 RPys Rg Rz D2 56 RPs¢ Rag R31 D3y
26 RPs6 Rio Rie D1s 57 RPs7 Rag Rig D9
27 RPa7 Rio Ri3 Da3 58 RPsg R3o Ra1 Doy
28 RPog Ri1 Ry Dy 59 RPsg R3o R32 D32
29 RPyg Ry R3 D3 60 RPso R31 Ro21 Doy
30 RP3p Ri1 Rg Dg 61 RPs1 R31 Rag Dog
31 RPs1 R Rio D1o 62 RPs2 R32 Rar D27

DG, LOAD LOAD LOAD DG,
20MVA @ J0MvA 100 T T T T T T T T T o T
GA
BI2 BI3 B14

n@ i B ERE
LIS L16

LOAD

Objective Function

SNYBAON®O
000000000

1 100 200 300 400 500 600 700 800 900 1000
Number of Iterations

Fig. 6. GA and GWO convergence characteristics for OMj.
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3
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SOCR-DOCR

_ e ——a L [ Fig. 8. GA and GWO convergence characteristics for O Ma.
04 EA VAV AN A AN N
L T the rated short-circuit MVA during a fault. Additionally, DGs are
TSN e e ey %0 s modelled in the load flow analysis as constant active and reactive
power sources based on their ratings and actual power factors.
Fig. 5. Primary and backup relay operating times for OM7 using GWO. To protect the entire test system, 32 DOCRs and 32 DRs are

deployed. Microprocessor-based multifunctional relays are placed
at each end of the lines to protect the power system. These relays
can operate either as DOCRs or DRs, depending on the fault
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Table 4. Near-end three-phase symmetrical fault current for modified Table 5. Optimal DOCRs and DRs setting for OM; using GA and GWO
IEEE-14 bus test system considering variable penetration of DGs. algorithm.
) OM: OM: OM: oM.
Relay pair Primary ]133ckup Primary 2Backup Primary :];ackup Primary ‘lliackup Re]ay GWO GA
RP; 17880 23531 | 17956 2406 | 17964 2413 | 17978 2425 TMS PS .2 T™MS PS .2
7Py | 19094 31940 | 1998 3196 | 193% 3196 | 19405 3175 Ry 1 0.1400 0838707552 1 0.1035  1.0110° " 0.5863
R 19004 29200 | 19328 2953 | 19356 2957 | 19409  2.963 Ry 01332 0.6352  0.8360 | 0.1259  0.5802  0.8247
RPs 19.094 33042 | 19.328 3.458 19.356  3.475 19.409  3.504 Rs3 0.1745  0.5631 0.8065 0.1613  0.5403 0.6296
RPs 19.094 3.2833 19.328 3.425 19.356 3.442 19.409 3.475 R4 0.1299 0.6944 0.7875 0.1466 0.5015 0.5099
RP, 17.880 23531 | 17.956 2406 | 17.964 2413 | 17978 2425
RP; 17.880 25708 | 17.956 2700 | 17.964 2713 | 17978 27375 Rs 0.1678  1.0780  0.8742 | 0.1089  1.8563  0.9402
}I;Ifg ig.ggi ;.;gig igggg 2;‘@2 ig;gg ggg igigg gégﬁ Rg 0.1035 09217 0.8378 | 0.1003 0.8776  0.6782
RPy | 19004 32833 | 19328 3425 | 19356 3442 | 19409 3475 Ry 0.1064  1.3679  0.7639 | 0.1000 ~ 1.6261 ~ 0.9143
RPyy 19094 29200 | 19328 2953 | 19356 2957 | 19409  2.963 Rsg 0.1177  0.8000  0.7515 | 0.1489  0.5183  0.7918
RP | 19305 30860 | 1948 3086 | 19500 3086 | 19341 3086 Ro | 01213 14717 06537 | 0.1257 12747 0.7926
RP:: 19306  2.6208 | 19484 2742 | 19503 2758 | 19541  2.788 Rio 0.1004  1.0098  0.6144 | 0.1137  0.9906  0.7728
RPyg 19.306  2.7750 | 19.484  2.908 19.503  2.925 19.541 2.950 R11 0.1108 1.5908 0.6967 0.1169 1.6529 0.8154
M| sm | wm st wal s M s Ko | OI06T 000 0SS | 01 0836 0360
RPig | 10228 22960 | 19285 2353 | 19203 2359 | 10305 2369 Rz | 02588 05810  0.6772 | 0.2212  0.7693  0.6560
RPw | 1678 687 | 17417 cor | 1oz 6o90 | 1613 7033 Ria ) 01333 11100 0.6166 | 0.133 05106 05971
R,Pi; 19688  3.1420 | 19.831  3.146 | 19.847  3.146 | 19.875  3.148 s 0.1914 0.6812  0.5910 | 0.1174  1.7597  0.6357
RP3 19688  3.1420 | 19831  3.146 | 19.847 3146 | 19875  3.148 Ry | 01378 15760 0.5601 | 0.2334  0.6281  0.8635
RPy, 19.688 24067 | 19.831 2437 | 19.847 2440 | 19875 2450 Ri7 0.1515 1.8665 0.9543 | 0.1430 1.9706 1.0127
RP. 19.688 24583 | 19.831  2.608 | 19.847 2629 | 19875  2.658
RPiz 17404 69533 | 18017  7.183 | 18.083 0287 | 18254  7.227 Ris 0.1184  1.8096 07081 | 0.1284  1.9060  1.0534
RPy7 17404 52600 | 18.017  5.225 18.083 5225 18254 5210 Ri9 0.1097 1.6357  0.7387 0.1706  0.9245  0.7297
RPag 19734 31300 | 19.869  3.136 | 19.884  3.136 | 19919  3.136 Rso 0.1570  0.7633  0.8556 | 0.1236 0.9460 0.8809
RP; 19734 31300 | 19.869  3.136 | 19.884  3.136 | 19919  3.136
Rpii 19734 24933 | 19.869  2.527 | 19.884 2530 | 19919  2.540 Ry 01276 19520 0.7313 | 0.1767  1.4674  0.9318
RP3; 19.734 24250 | 19.869  2.567 19.884 2579 19919 2.617 Roo 0.1261  0.5778 0.8207 | 0.1411  0.5001 0.9270
RPs3o 17.408 3.1125 18.088 3.090 18.171 3.088 18.292 3.085 R23 0.1812 1.6514 0.7756 0.1902 1.6853 0.8524
RP. 17.408 69267 | 18.088  7.080 | 18.171  7.093 | 18292  7.163
RPy 16465 43188 | 16515 4350 | 16520 4353 | 16530 4359 Ra4 | 02351 19690 0.9364 | 0.3140 0.9696  1.1336
RPs;5 18200 37156 | 18.821  3.703 | 18.888  3.703 | 19.058  3.697 Roas 0.3822  0.5036 0.7448 | 0.3649 0.6421 0.8159
RP. 18200  7.1400 | 18.821  7.373 | 18.888  7.407 | 19.058  7.420
Rpﬁi 12723 43438 | 13.090 4356 | 13.123 4356 | 13277 4356 Rae 0.2614  1.2589  0.7518 | 02193 14559  0.7487
RPsg 12723 62150 | 13.090  6.220 13123 6220 | 13277 6220 Ra7 0.2591 0.5687 0.8564 | 0.1515 1.5417 0.8431
RPw | 1279 44031 | 13303 4406 | DT 4406 | 1am 4413 Ros | 01123 17857 10181 | 0.1143 ~ 1.7838 09983
R,Pj? 13471 27100 | 16397  3.643 | 16927 5123 | 17.065 5207 Rag 02613 05011 09073 | 0.2419  0.7249  0.6998
RPs 13471 16629 | 16397  6.101 16927 6320 | 17.065  6.486 R30 0.1025 1.2911 0.7518 | 0.1014  1.5949  0.8421
RPy3 11.953 8.9650 11.927 9.395 12.570 9.428 12.827 9.620 R31 0.1002 1.8370 0.8027 0.1247 1.5506 0.9549
RP. 13316 54133 | 15904 5650 | 16063 5663 | 16210  5.867
RPjé 13316 1.0300 | 15904 5281 | 16063 5554 | 16210  5.694 R32 0.1292  1.6585 0.9029 | 0.1247 1.7922  0.6589
RPys 13.183 34050 | 13.607 5103 | 17210 4995 | 17.320  5.040 OF 335797 s 34.4966 s
RPy; 18.101 58700 | 18.691 6420 | 19.298 6423 | 19441  6.680
RPyg 18101 20500 | 18.691  3.190 | 19298 4887 | 19441 4973
RPyg 5466  6.6800 | 16.893 4300 | 17.530 5973 | 18.019  5.980
RPs5 5466  6.0933 | 16893 5620 | 17.530  5.633 | 18.019  6.867
RP5, 16465 109767 | 17.175 11450 | 17.225 11483 | 17.708  11.805 Sosyere " " ' ;
RPs2 16930 50790 | 18503 5551 | 18737 5621 | 18843  5.653 . poCK 1
RPs3 17445 37975 | 18378 5018 | 18438 5090 | 19222  6.278 BOCR |
RPs4 16922 10.1533 | 18517 11110 | 18722 11233 | 18872 11323 _ METDR-DOCK )
RPss 16677 111944 | 17.190  12.667 | 17.250  12.839 | 17.300  12.983 ) B ayy VASY — XN
RPsg 7000 40000 | 8840  5.051 8930 5103 | 11905  5.001 Eoef T 2 AV #/ 1
RP; 16933 37830 | 14.630 4380 | 18.627 4308 | 18.697  4.330 0.4\ /N /J\
RPay 9286 7.1525 | 17891 6063 | 18096 6283 | 18456 6294 o X EL/ DL N W X W
RPsg 9286 57033 | 17.891 5103 | 18.096 5133 | 18456 6213
RPs 10491 69175 | 18611 5788 | 19.167 5915 19230 5971 T s 10 15 20 25 30 35 a0 45 50 85 60
RPs, 10491 61167 | 18611 3950 | 19167 5250 | 19.230  5.280 Relay Pairs (RP)
RPs» 12323 61617 | 12700 6350 | 12737 6368 | 16557 6210

Fig. 11. Primary and backup relay operating times for OMy using GWO.
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Fig. 12. GA and GWO Convergence Characteristics for OM4.
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Fig. 10. GA and GWO convergence characteristics for O M3. Fig. 13. Primary and backup relay operating time (s) using common

optimal relay setting using GWO, considering O only.

location and relay operating time. Additional details about the
test system are provided in [28]. The primary-backup relay pairs
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Table 6. Optimal DOCRs and DRs setting for O M2 using GA and GWO
algorithm.

GWO GA

TMS PS t.o TMS PS t.2
R 0.1001  1.2251  0.7896 | 0.1559  0.5281  0.6586
R> 0.1040  0.8303  0.6980 | 0.1303  0.6660 0.8172
R3 0.1718 0.5623  0.7050 | 0.1347 0.6946  0.7075
Ry 0.1097 0.7403  0.8591 | 0.1028 0.8018  0.9869
Rs 0.1311  1.4647 0.7761 | 0.1095 1.6786  0.7086
Rg 0.1098  0.8374 0.8262 | 0.1159 0.7183  0.6724
Ry 0.1524 09515 0.7141 | 0.1288 1.1471  0.7575
Rg 0.1381 0.6137 0.7522 | 0.1013  0.8986  0.9981
Rg 0.1505  1.0787  0.6903 | 0.1033  1.6252  0.6344
Rio 0.1064 0.8860 0.5967 | 0.1570 0.5251 0.6761
R 0.1703  0.9928  0.8946 | 0.1068 1.6707  0.6730
Ri2 0.1082 09278 0.6712 | 0.1179 0.8631  0.5539
Ri3 0.2409 0.6858 0.8108 | 0.1774  1.2331  0.7037
R4 0.1007  1.7979  0.5717 | 0.1011  1.7793  0.5899
Ri5 0.1716 09156 0.5322 | 0.1181  1.7435  0.5337
Ri6 0.2193  0.6019  0.9412 | 0.1674 1.0708  0.6047
Ri7 0.1687 1.8680 0.9777 | 0.2012 1.5386  0.9786
Rig 0.2204 0.7897 0.7303 | 0.1772 14133  0.8316
Ryg 0.1956  0.7391  0.5918 | 0.1458 1.3232  0.7812
R2o 0.1001  1.5906 0.7794 | 0.1540 1.1204  0.9754
Ro1 0.1693  1.1904  0.6580 | 0.2700  0.5057  0.8834
Roo 0.1465 1.8261 0.7783 | 0.1823  1.4666  0.8106
Ro3 0.3486  0.5848 0.8163 | 0.2714 1.1098  0.8592
Roy 0.2991  1.3169 0.9000 | 0.3554 0.8332  0.8358
Ros 0.2624  1.8816 0.9040 | 0.2771  1.6285 0.8813
Rog 0.2789  1.0462  0.8209 | 0.2970  0.7755  0.7232
Ro7 0.1874 1.0856 0.6995 | 0.1388  1.8225  0.8638
Rog 0.1970  1.4408 1.0182 | 0.1839  1.5553  1.0276
Ro9g 0.1363  1.2803 0.6648 | 0.2231 0.6539 0.7161
R3o 0.1404  1.1405 0.5607 | 0.1850 0.8859  0.7333
R31 0.1423  1.9780 0.9532 | 0.1532 1.8082 0.9444
R3o 0.1182  1.8974 0.7333 | 0.1299 1.8536  0.7145
OF 33.0877 s 33.3069 s
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Fig. 14. Primary and backup relay operating time (s) using common
optimal relay setting using GWO considering O M3 only.
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Fig. 15. Primary and backup relay operating time (s) using common
optimal relay setting using GWO considering O M3 only.

Table 7. Optimal DOCRs and DRs settings for O M3 using GA and GWO
algorithm.

GWO GA

TMS PS t.o TMS PS t.2
R 0.2146 05138 0.7253 | 0.1178  0.9085  0.8958
Ro 0.1637  0.5006  0.6666 | 0.1131  0.7185  0.5102
R3 0.2174 05058 0.7251 | 0.1001  1.1982  0.8823
Ry 0.1621  0.5007  0.6158 | 0.1230 0.7707  0.7479
Rs 0.2771  0.5410 0.8116 | 0.1507 1.1812  0.8009
Rg 0.1000  1.0131  0.6891 | 0.1003  0.9100 0.7313
R~ 0.2210  0.5000 0.6537 | 0.1270  1.1368  0.8392
Rg 0.1749  0.5000 0.6144 | 0.1287  0.6637  0.6642
Rg 0.2586  0.5501  0.7595 | 0.1490 1.0940 0.7384
Rio 0.2038  0.5000 0.7253 | 0.1218 0.8494  0.6682
R 0.2306 0.5413  0.6694 | 0.1258 1.4007  0.6597
Ri2 0.2060  0.5205 0.7244 | 0.1223  0.8543  0.5837
Ri3 0.3159 05009 0.7588 | 0.1729  1.2685  0.6844
R4 0.1009  1.7242  0.4949 | 0.1448 1.0153 0.6172
Ris 0.2660 0.5154 0.5934 | 0.1603 1.0580  0.6564
Ri6 0.1586  1.1733  0.5868 | 0.1376  1.6697  0.6911
Ri7 0.1873  1.5338 0.8978 | 0.1781  1.8241  0.9948
Rig 0.1217  1.9970 0.6266 | 0.1236  1.9017  0.7068
Ryg 0.2090 05172 0.5796 | 0.2444  0.5033  0.7455
R2o 0.2819 05076  0.7354 | 0.1278  1.8143  0.7767
Roy 0.1591  1.4600 0.6837 | 0.1464 15528  0.8022
Roo 0.1603  1.6743  0.7346 | 0.1552 1.7818  0.8501
Ro3 0.1887  1.6881  0.6568 | 0.1999 1.5245 0.7874
Roy 0.2288  1.9800 0.8063 | 0.3746 0.7663  0.8767
Ros 0.2287 1.8279 0.7555 | 0.3246 09176  0.8080
Rog 02145 1.6435 0.6246 | 0.3397 0.5493  0.6406
Ro7 0.1390  1.7112 0.6335 | 0.1550 1.4741 0.7081
Rog 0.1782  1.4436  0.8766 | 0.1528 1.8363  0.9572
Ro9g 0.1232  1.9781 0.6837 | 0.1728  1.2742  0.6825
R30 0.1536  1.4136  0.7408 | 0.1729 0.9542  0.6825
R31 0.1855  1.3828 0.8728 | 0.1618 1.6153  0.8875
R3o 0.1169 19688 0.6717 | 0.1155 1.9861  0.7800
OF 32.3696 s 325443 s
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Fig. 16. Primary and backup relay operating time (s) using common
optimal relay setting using GWO considering OM, only.

200

1 100 200 300 400 500 600 700 800 900 1000
Number of Iterations

Fig. 17. Convergence characteristics of GA and GWO using common
optimal relay settings.

for the modified IEEE-14 bus test system are shown in Table 3.
Table 3 indicates that 62 relay pairs (RPs), comprising various
combinations of primary and backup relays, are formed to protect
the entire electrical network. For RP;, the primary DOCR is Ry,
and the corresponding backup DOCR and DR are R4 and Dy,
respectively. Similar configurations of primary and backup relay
pairs, depending on the fault location, can also be found in Table
3.

S. RESULTS AND DISCUSSIONS

This section describes the hybrid relay coordination of DOCRs
and DRs using GA and GWO algorithms. The analysis of a
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Table 8. Optimal DOCRs and RDs settings for O My using GA and GWO
algorithm.

GWO GA

TMS PS t.o TMS PS t.2
Ry 0.1836  0.5218  0.7398 | 0.1152  1.1308  0.7047
Ry 0.1001  0.8506  0.5334 | 0.1622  0.5000 0.6109
R3 0.1056  1.1382  0.7414 | 0.2004 0.5451 0.7110
Ry 0.1293  0.8492  0.6489 | 0.1663  0.5000  0.6335
Rs 0.1883  0.8273  0.7251 | 0.2477 0.6546  0.8113
Rg 0.1102  0.8321  0.6070 | 0.1001  1.0473  0.6734
Ry 0.1020  1.3983  0.7038 | 0.2203  0.5192  0.6817
Rg 0.1148  0.8437 0.6291 | 0.1687 0.5049  0.5884
Ry 0.1162  1.4901 0.6808 | 0.1220  1.5879  0.7430
Ryo 0.1168  0.8954  0.7930 | 0.2001  0.5001  0.7012
Ry 0.1224  1.3922  0.6950 | 0.2428 0.5192  0.6759
R12 0.1001  1.1036  0.8046 | 0.2047  0.5000 0.7319
R13 0.1750  1.2257 1.0075 | 0.3093  0.5000  0.7385
R4 0.1101  1.7965  0.5731 | 0.1954 0.6154  0.5539
Ri5 0.1945 0.6523  0.6223 | 0.2330 0.6997  0.6054
Rie 0.1258  1.8275 0.7435 | 0.1337 1.9336  0.5984
Ry7 0.1562  1.9481 09185 | 0.1819 1.5994  0.8961
Rys 0.1395  1.7035 0.7654 | 0.1225 1.9991  0.6420
Ryg 0.1613  1.1133  0.7149 | 0.2070  0.6322  0.6420
Rag 0.1393  1.5607 0.8062 | 0.2342  0.7475 0.7326
Ro1 0.1512  1.5013  0.7812 | 0.1335 1.9773  0.7368
Roo 0.1850  1.3041 0.7161 | 0.1425 1.9737  0.7267
Ra3 0.1928  1.7535 0.7707 | 0.1763 19151  0.6582
Roy 0.2863  1.2315 0.7896 | 0.2285 1.9906  0.8075
Ros 02532 1.6131 0.8724 | 0.2569 1.4598 0.7483
Rog 0.2004  1.7949  0.7278 | 0.2451 1.1975  0.6057
Ro7 0.1242  1.9976  0.6931 | 0.1265 1.9901  0.6695
Rog 0.2100  1.4747 09356 | 0.1810 1.7512  0.8842
Rag 0.2309  0.7961  0.7700 | 0.1735 1.2592  0.7360
R3o 0.1417  1.4351 0.6292 | 0.2538 0.5844  0.7320
R31 0.1593  1.6614 0.8982 | 0.2469 0.8348 0.8570
R32 0.1429  1.9388  0.6851 | 0.1648 1.4964  0.6994
OF 31.8781 s 32.0272 s

near-end three-phase fault in the modified IEEE-14 bus test system
is presented in Table 4, covering all operational modes: OM;,
OMs, OM3, and OMy. For RP;, the primary relay coil currents
are 17.880 A, 17.956 A, 17.964 A, and 17.978 A in OM;, OM>,
OMs, and O My, respectively. Similarly, the corresponding backup
relay coil currents are 2.3531 A, 2.406 A, 2.413 A, and 2.425
A in OM1, OMs, OMs, and OMy, respectively. The analysis
of fault currents shows that an increase in DG penetration within
the electrical power network correlates with a rise in fault current
magnitude.

The result discussion section is further divided into five
subsections i.e.,

o When only DG connected i.e., OM;

o When only DG connected i.e, O M,

e When both DG and DG4 connected i.e., OMs3

e When all DGs (DG4, DG2 and DG3) connected i.e., OMy
« Common operating modes

5.1. Only DG, connected i.e., OM;

In OM;, only DG} is connected to the system along with the
utility grid. The near-end fault current magnitude at each location,
as measured through each relay coil, is provided in Table 4. A
comprehensive analysis of the optimal relay settings for DOCRs
and DRs is presented in Table 5. According to the results, the
optimal objective function value is 33.5797 s using GWO and
34.4966 s using GA. For OM;, the primary and backup relay
operating times, shown in Fig. 5, are derived from the optimal
relay settings listed in Table 5. The results indicate that the backup
relay operating time is greater than that of the corresponding
primary relay across all relay pairs (RP;-RPs2). Furthermore, the
measured coordination time (MCT) for DOCR-DOCR coordination
and MCT’ for DOCR-DR coordination exceed the predefined CTI
and CTI’ between the primary and corresponding backup relays.

Here, MCT is defined as the actual obtained time gap between
the primary and corresponding backup relay. The convergence
characteristics of GA and GWO for OM; are shown in Fig.
6, which demonstrates that the GWO algorithm requires fewer
iterations to achieve the optimal objective function value compared
to GA.

5.2. Only DG- connected i.e., OM>

In this section, the hybrid relay coordination analysis is
discussed for OMs. In O M>, the system is connected to DG2 in
conjunction with the utility grid. The magnitude of the near-end
fault current at each location, flowing through each relay coil,
is provided in Table 4. The optimal relay settings of DOCRs
and DRs are thoroughly analyzed and presented in Table 6.
The results indicate that the optimal objective function values
are 33.0877 s and 33.3069 s, achieved through GWO and GA,
respectively. These values are lower than those obtained in O M,
which can be explained by the relay inverse characteristics, as
the fault current magnitude in OM; is greater than in OM;.
Within the framework of OMa;, the operating times for both
primary and backup relays, illustrated in Fig. 7, are determined
using the optimal relay configurations outlined in Table 6. The
findings show that the operating time of the backup relay
exceeds that of the corresponding primary relay across all relay
pairs (RPi-RPs2). Furthermore, the MCT for DOCR-DOCR
coordination and the MCT’ for DOCR-DR coordination exceed
the predefined thresholds between the primary and backup relays,
thereby validating the essential criteria for effective optimal relay
coordination. The convergence characteristics of GA and GWO for
OMS; are illustrated in Fig. 8, which demonstrates that the GWO
algorithm requires fewer iterations to reach the optimal objective
function value compared to GA.

5.3. Both DG; and DG connected i.e., OM3

Similarly, a detailed evaluation of DOCR and DR coordination
under O M3 is presented in Table 7. The obtained results show that
all relay settings derived using GWO and GA for DOCRs and DRs
lie within their respective desired ranges. The optimal objective
function values achieved using GWO and GA are 32.3696 s and
32.5443 s, respectively. Due to the higher penetration of DGs
in the system, the results indicate that the total relay operating
times in OMs are lower compared to OM; and OM,. Fig.
9 illustrates the operating times of primary and backup relays
for GWO under OMs3. The findings confirm that, for all relay
pairs (RPi1-RPs2), the backup relay operating times consistently
exceed those of the corresponding primary relays. Additionally,
the measured coordination time (MCT) for both DOCR-DOCR
and DOCR-DR coordination surpasses the minimum required time
gap between the primary and backup relays. Fig. 10 depicts the
convergence characteristics of GWO and GA under O M3, showing
that GWO achieves the optimal objective function value in fewer
iterations compared to GA.

5.4. All DGs are connected, i.e., OM4

A detailed evaluation of DOCR-DR coordination under OMy
is presented in Table 8. All optimal relay settings obtained via
GWO and GA fall within the desired ranges of their respective
decision variables. The optimal objective function values are
31.8781 s and 32.0272 s when using GWO and GA, respectively.
Fig. 11 illustrates the primary and backup relay operating times
obtained through GWO under OMy. The results show that, for
all relay pairs, the backup relay operating time exceeds that
of the corresponding primary relay. Furthermore, the measured
coordination time (MCT) for both DOCR-DOCR and DOCR-DR
coordination surpasses the required time gap between the primary
and backup relays. It can also be concluded that the optimal
objective function value is lowest when all DGs are connected. This
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Table 9. Summary of relay constraint violations using GWO.

Operating Modes (OMs)  Network Configuration Constraint Configuration  Existing Constraints OM; OMs OMsz  OMy
OM; Only DG connected Top-Prim-DOCR 32 0 0 0 0
CTI-DOCR-DOCR 62 0 13 13 12
CTI-DR-DOCR 62 0 0 0 0
OM> Only DG2 connected Top-Prim-DOCR 32 0 0 0 0
CTI-DOCR-DOCR 62 8 0 12 8
CTI-DR-DOCR 62 6 0 0 0
OMs Only DG and DG2 connected Top-Prim-DOCR 32 0 0 0 0
CTI-DOCR-DOCR 62 10 4 0 5
CTI-DR-DOCR 62 16 3 0 0
OMy All DGs connected Top-Prim-DOCR 32 0 0 0 0
CTI-DOCR-DOCR 62 7 3 3 0
CTI-DR-DOCR 62 11 4 2 0
All OMs - Top-Prim-DOCR 32 0 0 0 0
CTI-DOCR-DOCR 62 0 0 0 0
CTI-DR-DOCR 62 0 0 0 0

Table 10. Common optimal DRs and DOCRs settings for all OMs using
GWO and GA.

Relay | GWO | GA
| T™MS  PS t-2 | TMS  PS ten

Ry 0.1341 1.0134  0.7334 | 0.2140 0.5205 0.7199
Ra 0.1464  0.5000 0.5396 | 0.1754  0.5000 0.6775
R3 0.1505 0.8852  0.7339 | 0.2189 0.5001  0.7203
Ry 0.1378  0.5187 0.5167 | 0.1753  0.5003  0.6873
Rs 0.2880 0.5084 0.8188 | 0.2378  0.5007  0.6535
Rg 0.1000  1.0228 0.7103 | 0.1928 0.5016  0.7204
Ry 0.1000 1.6174 0.7492 | 0.2586 0.5010  0.7949
Rg 0.1578  0.5000 0.5393 | 0.1000 1.0350 0.6148
Ry 0.2650  0.5369 0.7689 | 0.2633  0.5000  0.7348
Rio 0.1974 05437 0.7338 | 0.1968  0.5000 0.7210
Ri1 0.1688  1.1165 0.7494 | 0.2838 0.5001  0.7940
Ri2 0.2114  0.5133  0.7334 | 0.1895 0.5033  0.6830
Ri3 0.3192  0.5062 0.7689 | 0.1434 1.8928 0.7362
Ri4 0.1608 0.8481 0.4925 | 0.1894 09178  0.6298
Ris 0.2691  0.5183  0.6045 | 0.2540 0.5101  0.5623
Rie 0.2504  0.5827 0.5840 | 0.2738  0.5623  0.6298
Ri7 0.1661  1.9569 1.0238 | 0.2134 14814 1.0419
Ris 0.1568  1.8039  0.8500 | 0.1457 1.9965 0.8765
Rig 0.2287 1.2069  1.1296 | 0.2508 1.0644 1.1215
Rao 0.1274  1.7856  0.7916 | 0.2267 0.9126  0.8609
Ro1 0.1763 19819 0.8751 | 0.1783  1.9891  0.8850
Rao 0.3191 05042 0.8500 | 0.3363  0.5002  0.8784
Ra3 0.1970  1.9707 0.7692 | 0.2543  1.2343  0.7596
Ra4 0.2631 1.9054 09503 | 0.2633 1.9857 0.9730
Ras 0.2485 1.8224 0.8350 | 0.3176  1.1986  0.8686
Rag 0.2484 1.7611 0.7632 | 0.2901 1.3118  0.7755
Ra7 0.1753 19816 0.9578 | 0.1795 1.9753 0.9747
Rog 0.2155 14619 0.9554 | 0.1803 1.9739 1.0074
Rag 04613  0.5008 1.1224 | 0.4059 0.7360 1.1602
R3o 0.2463  0.5068 0.6363 | 0.2499 0.7119  0.7777
R31 0.1814  1.6590 1.1484 | 0.1870 1.6124  1.1838
R32 0.2053  1.8917  1.1194 | 0.2090 1.9338  1.1602
OF ‘ 38.1993 s ‘ 39.9635 s

outcome can be attributed to the highest fault current magnitude in
OMy, which results in the shortest total relay operating time. Fig.
12 depicts the convergence characteristics of GA and GWO for
O My, demonstrating that the GWO algorithm achieves the optimal
objective function value in fewer iterations compared to GA.
Based on the discussion above, a different set of relay settings
is required to achieve optimal hybrid relay coordination for each
OM. In other words, the optimal relay settings derived for one
OM cannot be applied to another OM due to changes in fault

Table 11. Comparative analysis of hybrid relay coordination for the
modified IEEE-14 bus test system.

Operating Modes (OMs) OM; OM> OM3 OMy Considered All OMs
GA 344966 s 33.3069 s 32.5443 s 32.0272 s 39.9635 s
GWO 335797 s 33.0877s 323696 s  31.8781 s 38.1993 s

% reduction in OF 2.73% 0.67% 0.54% 0.46% 4.61%

current magnitude. This subsection estimates the number of relay
constraint violations that occur when a set of optimal relay settings
from one OM is applied to different OMs. The following events
are considered relay constraint violations if:

o The magnitudes of MCT and MCT’ are less than 0.3 s
and 0.2 s, respectively, for the corresponding primary-backup
relay pairs.

o The backup relay operates before the primary relay.

e The primary DOCR operates in less than 0.11 s after the
fault occurrence.

Table 9 presents a summary of constraint violations that occur
when relay settings derived from one OM are applied to different
OMs using GWO. From Table 9, it can be observed that when
the relay settings obtained for OM; using GWO are applied to
OMs;, OM3, and OMy, the number of relay constraint violations
is 13, 13, and 12, respectively. Similarly, when the relay settings
obtained for OM> using GWO are applied to OM;, OMs, and
OM,, the number of violations is 8, 12, and 8, respectively.
Similar findings can be observed for the other OMs. However,
when a common optimal relay setting is applied to any OM, no
constraint violations occur.

Therefore, to determine a common optimal relay setting that
can be applied across all considered OMs, the impact of variable
DG penetration must be considered simultaneously. The derived
common optimal relay settings for hybrid DOCR-DR coordination
are presented in Table 10. According to Table 10, the optimal
objective function value is highest when the effects of all OMs
are considered, due to the large number of nonlinear constraints
associated with the optimization problem. The optimal objective
function values obtained using GWO and GA are 38.1993 s and
39.9635 s, respectively. The results further demonstrate that, for
each OM, the GWO algorithm yields better performance than GA.
Figs. 13-16 show the primary and corresponding backup relay
operating times for OM;, OM,, OMs3, and OMa, respectively,
using the common optimal relay settings obtained via GWO. As
seen in the figures, for all relay pairs, the backup relay operating
time exceeds that of the corresponding primary relay, and the
magnitudes of MCT and MCT’ consistently surpass the specified
CTL
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A comparative analysis of hybrid relay coordination between
DOCRs and DRs using GWO and GA is presented in Table 11.
The findings indicate that GWO performs better than GA for hybrid
relay coordination problems. Furthermore, the modified objective
function promotes improved coordination between primary and
backup relays, thereby enhancing the reliability of microgrids.
As a result, the proposed method demonstrates greater accuracy,
adaptability, and efficiency, as reflected in the results. According
to Table 11, the objective function value in OM; is 34.4966
s using GA and 33.5797 s using GWO. Similarly, in OMo,
OMs3, and OMy, the total relay operating times obtained using
GA are 33.3069 s, 32.5443 s, and 32.0272 s, respectively, while
GWO yields 33.0877 s, 32.3696 s, and 31.8781 s. These results
show a consistent reduction in total relay operating time from
OM; to OMy, attributed to increasing DG penetration, which
aligns with the inverse time-current characteristics of DOCRs.
The total relay operating time is highest when accounting for
variable DG penetration, which can be attributed to the increased
number of relay coordination constraints in this operating mode.
The percentage reduction in total relay operating time using GWO
compared to GA is 2.73%, 0.67%, 0.54%, and 0.46% in OM;,
OM>;, OMs, and OMy, respectively. In the common operating
mode, the reduction in total relay operating time is 4.61% when
using GWO compared to GA.

6. CONCLUSION

The variable penetration of DG may lead to changes in fault
current magnitude and affect the coordination of hybrid DR-DOCR.
Due to these variations in fault current magnitude, selectivity
constraints may be violated, resulting in maloperation of relays.
In this study, the impact of variable DG penetration on hybrid
relay coordination is considered, and a common optimal relay
setting is determined that can be applied across all the considered
operating modes (OMs). The proposed protection scheme is tested
on a modified IEEE-14 bus test system, with optimal relay settings
determined using two metaheuristic optimization techniques: GA
and GWO. The results show that the magnitude of the objective
function (OF) is 39.9635 s and 38.1993 s when using GA and
GWO, respectively, while considering the impact of variable DG
penetration. From the results, it can be concluded that the proposed
protection scheme not only maintains all selectivity constraints
under DG penetration uncertainty but also achieves a significant
reduction in total relay operating times. The primary findings of
this study are as follows:

« Investigated hybrid relay coordination in a modified IEEE-14
bus system under multiple DG (both SBDG and IIDG)
penetration levels.

o Applied GWO with a modified objective function, which
includes the second zone operating times of DRs, to determine
common relay settings suitable across all operating modes
(OMs).

¢ GWO outperforms GA in terms of minimizing the total relay
operating time across all scenarios. It consistently yields the
lowest objective function values in each OM.

o Improved CTI performance using the modified objective
function results in fewer miscoordination cases.

o The proposed protection scheme enhances primary-backup
relay coordination, improving system reliability in microgrids.

The primary limitation of this study is that the obtained optimal
relay settings are applicable only to the operating modes (OMs)
considered here. These settings may not be valid for other DG
penetration levels or in islanded mode operations. For future work,
the proposed protection scheme can be evaluated using more recent
metaheuristic optimization techniques on larger power systems.
Additionally, to further improve reliability, the islanded mode of
operation and other DG penetration levels may also be considered.
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