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Abstract: Integrating renewable based resources with the network changes the power flow and makes relay coordination more complex
and challenging. Looking at the supportive environment for renewable based distributed generation on the grid, the penetration of RE-
based distributed generation continuously increases. Relay coordination optimization challenges are complex problems that involve several
objectives and constraints to DGs. The aim is to minimize the operation time of each relay while ensuring that all relevant constraints are
met. The coordination constraints consist of fulfilling the coordination time interval (CTI) and adhering to the time requirements for relay
operations. In order to address coordination optimization problems, decision-making variables are established to minimize the objective
function while ensuring that the essential constraints are satisfied. Most available research focuses on defining relay coordination for fixed
network topologies. However, relay coordination varies in practice due to many factors, such as maintenance and element failures. Modern
overcurrent relays can store multiple relay settings, but the number of settings they can store is limited compared to the vast network
configurations. To address this, a suitable clustering technique like K-Means can be employed to group different network topologies using
an appropriate clustering index. The target function and the constraints are both time-dependent, so the standard index fault current
deviation is not used as the clustering index. Instead, time-dependent features like the average relay operational time are used. IEEE-14
bus system along with wind and solar type DG has been used to address the optimization problem.

Keywords: Artificial Intelligence, Coordination time interval, K-Means, Distributed Generator, Renewable Energy, DOCR, Genetic
Algorithm, DIgSILENT

flexibility in the values of the decision variables, or a
linear programming method, which optimizes TMS
values for given IP values. This research employs the
nonlinear programming method for greater flexibility.

1. Introduction

The distribution network has evolved from passive to
active with the introduction of Distributed Generation
(DG). Although DG brings several benefits, it also

introduces challenges, such as the complexity of relaying Moreover, each overcurrent relay is expected to store four

due to bidirectional current flow and varying fault current
magnitudes. Overcurrent relays are commonly used to
protect distribution networks. To ensure system
reliability, backup relays, synchronized with primary
relays, are placed alongside them.

TMS and PS are the key decision variables defined to
solve relay coordination problems. Implementing an
inverse time current characteristic helps address the
limitations of time-graded and current-graded backup
protection systems.

By selecting appropriate decision variables, the relay's
time multiplier setting (TMS) and pickup current (IP) can
be adjusted. Relay coordination can be achieved through
a nonlinear programming technique, which allows
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distinct settings. This research aims to determine the
optimal relay settings for various network topologies,
though activating the correct settings for specific
configurations is beyond its scope. The IEEE 14-bus
system's distribution portion serves as the test system.
Sixteen topologies are created based on hourly renewable
energy generation. The K-Means clustering technique
groups these topologies into four clusters based on fault
current variance, with an optimal relay setting identified
for each cluster. Simulations are conducted using
PowerFactory DIgSILENT software, while clustering and
optimization are performed using MATLAB.

Microgrids have garnered significant attention in recent
years and have proven to be an essential asset in the
electricity market. One of the key factors contributing to
the popularity of microgrids is their capacity to integrate
renewable power generation into the distribution system.
A wide range of distributed generation (DG) technologies,
such as sustainable micro-turbine generation, wind
generation, photovoltaic generation, and energy storage
systems, enhance the practicality of microgrids in both
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isolated and connected to the main power grid modes [1].
When attempting to fully utilize microgrids, there are
multiple technical disputes that need to be addressed, and
protection is one of the very difficult areas [2]. Several
methods were proposed, driven by advancements in
protective mechanisms. Microgrids that include
distributed generation (DG) can lead to fluctuations in
short circuit levels, which is a primary factor contributing
to the difficulty faced in protecting these systems.

The capacity of microgrids to function independently
from the primary utility can amplify these swings.
Furthermore, the presence of several operational
topologies adds complexity to the selection of protection
measures[3-4].

The presence of distributed generation (DG) and various
operational configurations primarily gives rise to the
technical difficulties encountered by microgrids. The
identification of protection concerns is crucial in
effectively managing the operation of microgrids,
necessitating the implementation of specific solutions[5].
Several primary protection challenges can be recognized
as follows. In [6], The K-means technique is utilized to
cluster different topologies resulting from N-1
contingencies, focusing on fault current magnitudes.
Coordination challenges are addressed using nonlinear
programming. An optimized relay setting is achieved
through the hybrid water cycle-moth flame algorithm. The
authors substantiated the efficacy of their approach
through  comparative  analysis  against  various
optimization methods, emphasizing its superior
performance. In [7], the authors performed clustering on
14 topologies, resulting in various cluster based indices.
The cluster based indices utilized in this investigation
were qualities that varied with time. Another significant
distinction was in the approach to problem framing
employed. Clustering of various network topologies is
performed using a distinct clustering approach called K-
medoids [8]. Previous studies have commonly used
pickup current as a clustering index. However, limitations
include its applicability primarily to smaller datasets and
the necessity of using K-means to initiate the clustering
process. The primary focus of the research centered on
cluster development rather than optimization techniques.
The study compared the performance of three clustering
methods—K-Means, Self-Organizing Mapping, and
Hierarchical Clustering [9]. A distinct heuristic
adjustment was proposed to select the optimal clustering
approach, analyzing outcomes when partitioning all
topologies into two, three, and four clusters. In [10],
Principle Component Analysis (PCA) was integrated to
enhance the effectiveness of the K-means algorithm.
Addressing backup protection interference without
communication means, [11] introduced a Time Current
Voltage (TCV) characteristic for directional overcurrent
relays (DOCRs). This concept was extended to Dual-

setting DOCRs, accommodating two relay settings for
forward and reverse fault currents [12]. Introducing a
time-inverse relay model based on voltage and current in
[13], authors considered fault current magnitude impact
on relay operation time and conducted clustering based on
DG penetration levels. Coordination challenges for
Distributed Object Computing Runtimes (DOCRs) were
addressed using standard relay characteristics [14].
Highlighting the potential for flexibility, [15] treated relay
operating time constant as a variable for optimal
coordination using traditional relay characteristics. [16]
synchronized overcurrent relays with user-defined
parameters, allowing for variation in upper limits of
pickup current instead of fixing them. Comparing linear
and nonlinear programming approaches in [17], authors
concluded that Genetic Algorithms (GA) outperformed
other optimization strategies. In [18] and [19],
comprehensive evaluations of microgrid protection
advancements included a comparison of adaptive
protection systems and their pros and cons. Addressing
relay coordination challenges arising from network
changes and renewable energy fluctuations in [20], a
hybrid PSO-ILP approach effectively coordinated
multiple-setting group-type overcurrent relays. A hybrid
GA was introduced in the same study to optimize
objective  functions under multiple coordination
constraints.  Analyzing maximum relay operation
durations and OCR coordination limitations in [21],
challenges were framed as the MNLP problem. Successful
relay coordination using an enhanced firefly algorithm
was demonstrated in [26]. Employing self-adaptive
weighting, [27] defined relay coordination integrating
dual-setting Time Current Voltage overcurrent relays.
Considering uncertainties like simultaneous and single
contingencies in [28], authors achieved relay coordination
by assessing network operation in islanded or grid-linked
mode. Coordination aimed to minimize the impact of
DOCRs on operational activities, integrating DG
allocation, planning, and protection in [29]. An
overwhelming number of current research establishes
ideal relay coordination for a specific amount of
generations from REs that aren't really constant. Weather-
related fluctuations cause the amount of generations from
REs to fluctuate constantly, and an optimized relay setting
designed for one quantity of generation may not function
as well for another. To the best of the author's knowledge,
no literature exists that uses nonlinear programming to
formulate the problem and takes into account differences
in the amount of generations from REs.

2. Research Method

In PowerFactory DIgSILENT software, the distribution
segment of the IEEE 14-bus system is simulated using
parameters detailed in [18]. Initially, only bus 06 in the
original system featured 10 MW of synchronous
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generation. Additional 10 MW synchronous generation is
planned for bus 09 to enhance Distributed Generation
(DG) penetration. Renewable energy (RE) generation is
allocated to bus 13 (solar) and bus 06 (wind). Detailed
parameters of the generator at bus 09 are listed in Table 1.
Figure 1 illustrates the test system layout, while Figure 2
depicts the simulated setup.The simulation defines 16
distinct network topologies based on varying RE
generation levels, detailed in Table 1. Hourly
meteorological data from NREL's official website is used
to estimate RE generation, with solar output calculated
using NREL's PV calculator and wind generation

determined using NREL’s wind calculator. .Following
simulation, fault currents are calculated by simulating
three-phase bolted faults near the relay, occurring at 4%
of the line length. For each of the 16 defined topologies,
near-end fault currents are computed, and the average
fault current for each relay is determined. The deviation
from the mean fault current is calculated for each
topology, and the sum of these deviations across all 16
topologies serves as the clustering index for the process.
This index is crucial for clustering the fault current
deviations effectively..

Table 1. Network Topologies

Topology | Solar O/P in kW \liVV;/I'G O/P in Topology is:/ar O/F in \IiVV;/I'G O/P in
T-1 0.00 645.13 T-9 2857.37 1770.23
T-2 0.00 330.30 T-10 3541.87 1770.23
T-3 0.00 1114.78 T-11 1307.05 1770.23
T-4 551.83 1114.78 T-12 1048.99 1770.23
T-5 1480.21 1114.78 T-13 716.18 1114.78
T-6 2421.20 1114.78 T-14 955.01 1114.78
T-7 3679.01 1770.23 T-15 77.67 1770.23
T-8 2519.35 1770.23 T-16 0.00 1770.23

Fig 1 Network Configuration
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Fig 2 Simulated Test Network

When employing multiple-setting group-type overcurrent
relays, the number of possible network topologies exceeds
the capacity of relays to store settings. To manage this,
similar groups of topologies are clustered together, each
cluster optimized with a dedicated relay setting. The K-
means algorithm is utilized for clustering comparable
network topologies, effectively grouping data based on
similarities within clusters while maintaining differences
between them. This algorithm computes centroids based
on Euclidean distances from cluster data points to assign
N-dimensional data into K clusters.

In this study, 16 topologies are grouped into four clusters
based on the sum of fault current deviations as the
clustering index. Table 2 presents the formation of these
four clusters: Cluster 1 accommodates two topologies,
while Clusters 2 and 4 each include three topologies.
Cluster 3 encompasses eight distinct topologies. The fault
current deviations across all topologies range from -
0.2561 to 0.2009. The centroids of the clusters are -
0.2496, -0.1364, 0.0480, and 0.1749, respectively.

Table 2 Cluster Formation

Cluster 1 Cluster 2 Cluster 3 Cluster 4
T7.710 T T8 T6 1’611,T12,T5,T14,T13, T14, T 15, T 3. T1, T2

Relay coordination optimization involves typical steps
found in other optimization problems: defining an
objective function, setting boundaries, and specifying
constraints. A Genetic Algorithm (GA) from the
MATLAB optimization toolbox is employed for this
purpose. The optimization problem is structured into three
main sections, as detailed below: Objective Function

Construction, Boundary Definition, and Constraint
Determination. It is assumed that all Directional
Overcurrent Relays (DOCRs) used are of the Standard
Inverse type.

The objective function of the problem aggregates the
operating times of all primary relays, depicted in equation
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(1), with the aim to minimize this function. The operating
time of an overcurrent relay can be computed using
equation (2).

O.F. =St k=1,2,3,...,16 1)
Tk 2
= TMS * =
(j—;)ﬂ—l

Tk denotes the operational time of the kth primary
relay, whereas TMS, If, and IP represent the relay's time
Multiplier Setting, Fault Current, and Pickup Current,
respectively. Table 3 displays the values of relay
characteristic constants according to IEC-60255 STD.

Table 3 Relay characteristic constants values as per IEC-60255 standard.

Relay Characteristic Curve | A B
Standard- Inverse (SI) 0.114 0.02
Very -Inverse (V1) 12.5 1
Extremely- Inverse (EI) 78 2

The nonlinear programming approach is utilized to
minimize the problem in this test system, necessitating the
definition of 32 variables within specified bounds. Sixteen
variables are allocated for the Time Multiplier Setting
(TMS) of each relay, with bounds typically set by
manufacturers. In this case, TMS values between 0.05 and
1.1 are acceptable for all relays.

Additionally, each of the sixteen relays requires an
additional sixteen variables for their Pickup Current
settings. Unlike TMS, Pickup Current bounds for each
relay must be individually determined. The upper bound
of Pickup Current is determined by the short circuit
current, while the lower bound is set by the rated current.
Specifically, the lower bound is 1.5 times the rated
current, and the upper bound is 65% of the minimum short
circuit current, as expressed in equations (4) and (5)
respectively.

All relays must have their Pickup Currents within the
range defined in equation (6).

0.05<=TMSm<=1.1;m=1,2,3,...,16 (3)
Ipminm= 1.5 ltm; m =1,2,3,...,16 (4)
Ipmaxm = 2/3 lscm; m = 1,2,3,...,16 (5)

leminm < = lpm < = lpmaxm; m=1,2,3,...,16 (6)

While lpminm and lemaxm indicate the lower and maximum
pickup current limits of m™ relay, I.m and Iscm represent
the rated current and short circuit current flowing through
m" relay.

When optimizing relay coordination, two critical
constraints are considered: Coordination Time Interval
(CTI) and relay operating time boundaries. During a fault
event, the primary relay detects the fault and sends a trip
signal to the corresponding circuit breaker. If the primary
relay fails under exceptional conditions, the backup relay
must trip within a specified time interval called CTI. Each

primary-backup relay pair must adhere to a CTI ranging
from 0.2 to 0.5 seconds. Additionally, each primary-
secondary relay pair is required to maintain a CTI of 0.2
seconds.For the 22 identified primary-backup relay pairs,
as demonstrated mathematically in equation (7),
compliance with CTI requirements needs verification.
Another critical constraint involves ensuring that each
relay's operating time remains within specified limits. It is
shown in equation (8) that all primary relays are expected
to operate within the range of 0.05 to 1 second.

()
®)

ton and ton Shows operating times of primary and backup
relays of n" pair. Here value of n is ranging from 1 to 22
identified relay pairs.

tbn — tpn >= 02, n= 1,2,3,...,22
0.05<=t,<=1;n=1.23,..16

Once the optimal relay-settings have been found, the
necessary constraints for each primary and backup relay
pair need to be validated. In clusters that support more
than one topology, optimised relay settings are defined for
each topology, and in those circumstances, the optimal
relay settings must fulfil CT1 criteria for all topologies in
the cluster. The CTI satisfaction verification for topology
T-7 is displayed in Table 4. Table 4 demonstrates that the
relay operation time stays within the specified bounds and
that there is no CT1 violation. The objective function value
for cluster-1 is found to be 4.407822s.

3. Results and Discussion

The proposed method generates optimal relay settings for
each of the fourteen network topologies, grouped into four
clusters. Alongside ensuring compliance with CTI
requirements, the relay settings specified for all clusters
are validated for each topology within the same cluster.
The minimum recorded CTI, as shown in Table 4, is
0.2510 seconds, which meets the minimum requirement
of 0.2 seconds and applies to relays R6 through R16.Table

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(4), 790-797 | 794



5 outlines the fitness function values for each of the four
clusters. Cluster 1 exhibits the lowest fitness function
value at 4.407822 seconds, while Cluster 4 has the highest
at 5.683766161 seconds. The total objective function
value for all four clusters combined is 19.41295 seconds.

4, CONCLUSION

The test network is protected using multiple setting group
Directional Overcurrent Relays (DOCRs), a method that
facilitates the determination of optimal relay settings
while accounting for fluctuations in Renewable Energy
(RE) outputs. Through the application of the K-means
technique, 16 network topologies are categorized based on

variations in RE generation and distributed into four
distinct clusters. Optimal relay settings are then specified
for each cluster. Verification of essential constraints, such
as Coordination Time Interval (CTI) and relay operating
time requirements, is conducted upon implementation of
these relay configurations. One of the primary advantages
of this approach is its elimination of the need for real-time
relay setting computations, thereby reducing the risk of
incorrect relay settings. Additionally, by transmitting only
the serial number of previously stored settings via
communication lines, the method minimizes data traffic
on these lines.

Table 4 Constraint-Validation (Cluster-1) TOPOLOGY T7

Cluster 1

Primary Relay Backup Relay CTl

R If TMS IP Top R If TMS IP Top

1 11076 | 0.0914 264'7 0.2447 |5 1152 0.0533 | 681.65 | 0.7070 | 0.4624
864.7

1 11076 | 0.0914 5 0.2447 | 14 2465 0.0500 | 1383.6 | 0.6026 | 0.3579
172.6

2 2690 0.0542 1 0.1345 | 4 2690 0.0661 | 822.17 | 0.3856 | 0.2511

3 3540 0.0501 614.4 | 0.1967 |1 3540 0.0914 | 864.75 | 0.4478 | 0.2511

4 7008 0.0661 322'1 0.2112 | 16 4889 0.1060 | 1096.6 | 0.4888 | 0.2776
822.1

4 7008 0.0661 ; 02112 |7 2071 0.0500 | 1119 0.5651 | 0.3539
681.6

5 3450 0.0533 5 0.2263 |3 1265 0.0501 | 614.4 0.4820 | 0.2557
681.6

5 3450 0.0533 5 0.2263 | 7 2123 0.0500 | 1119 0.5431 | 0.3168
1338.

6 6194 0.0528 3 0.2374 | 16 4895 0.1060 | 1096.6 | 0.4884 | 0.2510
1338.

6 6194 0.0528 3 0.2374 |3 1253 0.0501 | 614.4 0.4884 | 0.2511

7 4335 0.0500 1119 | 0.2550 |9 4335 0.0812 | 1427.7 | 0.5060 | 0.2511

8 2613 0.0500 215'8 0.2973 | 6 2613 0.0528 | 1338.3 | 0.5483 | 0.2510
1427.

9 14803 | 0.0812 7 0.2374 | 11 1914 0.0500 | 939.02 | 0.4884 | 0.2511
1540.

10 15065 | 0.1482 9 0.4446 | 8 1346 0.0500 | 815.83 | 0.6957 | 0.2511
939.0

11 2757 0.0500 ) 0.3218 | 13 2757 0.0500 | 1502 0.5729 | 0.2511
1375.

12 8554 0.0914 8 0.3437 | 10 8554 0.1482 | 1540.9 | 0.5948 | 0.2511

13 4399 0.0500 1502 | 0.3223 | 15 4399 0.0731 | 1817 0.5733 | 0.2510

14 4276 0.0500 2383' 0.3067 | 12 4276 0.0914 | 13758 | 0.5578 | 0.2511

15 9324 0.0731 1817 | 0.3076 |5 1323 0.0533 | 681.65 | 0.5587 | 0.2511

15 9324 0.0731 1817 | 0.3076 |2 339 0.0542 | 172.61 | 0.5587 | 0.2511
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16 10518 | 0.1060 2096' 0.3207 | 14 2542 0.0500 | 1383.6 | 0.5720 | 0.2513
1096.
16 10518 | 0.1060 6 0.3207 | 2 264 0.0542 | 172.61 | 0.8897 | 0.5690

Table 5 Objective Function Value ( All Clusters)

Cluster No Cluster-1 | Cluster-2

Cluster-3 Cluster- 4 Total

Obj-

. 4.407822 | 4.675862566
Function

4.645502379 | 5.683766161 | 19.41295
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