Published by :
https://lwww.ijert.org/
An International Peer-Reviewed Jour nal

International Journal of Engineering Research & Technology (IJERT)
| SSN: 2278-0181
Vol. 15 Issue 06 , June - 2026

Protection and Reliability Improvement of
DG Integrated Grids by Adaptive
Protection Scheme

Naman Bhatia
Department of Electrical Engineering, YIET Gadholi, Kurukshetra University Kurukshetra, 136119

Er. Sunil K Panjeta
Department of Electrical Engineering, YIET Gadholi, Kurukshetra University Kurukshetra, 136119

Abstract - The increasing penetration of distributed
generation (DG), particularly inverter-based sources
such as solar photovoltaic and wind systems, has
significantly transformed the operational
characteristics of modern distribution networks.
While DG integration enhances system efficiency and
sustainability, it introduces critical challenges in
power system protection, including reduced fault
current levels, bidirectional power flow, relay
blinding, and protection miscoordination. This study
focuses on the protection and reliability issues
associated with DG-integrated distribution grids and
proposes an adaptive protection strategy to address
these challenges. A detailed simulation model of the
IEEE 33-bus radial distribution system is developed
using MATLAB/Simulink to analyze the impact of DG
penetration levels ranging from 25% to 50%. VVarious
fault conditions, including three-phase and single line-
to-ground faults, are simulated at different network
locations. The results demonstrate a significant
reduction in fault current magnitude with increasing
DG penetration, leading to delayed or failed operation
of conventional overcurrent relays. To overcome these
limitations, an adaptive protection scheme based on
symmetrical component analysis is implemented. The
proposed method utilizes positive and negative
sequence current components to enhance fault
detection sensitivity under low fault current
conditions. The performance of the proposed scheme
is evaluated in terms of relay operation time, mis-
operation rate, and system reliability indices such as
SAIFI (System Average Interruption Frequency
Index) and SAIDI (System Average Interruption
Duration Index). Simulation results indicate that the
adaptive protection scheme effectively improves fault
detection accuracy and reduces relay misoperation by
approximately 40-50% compared to conventional
methods. Additionally, significant improvements in
reliability indices are observed, demonstrating
enhanced system performance. The study concludes
that the proposed approach offers a robust and
practical  solution for improving protection
coordination and reliability in DG-integrated
distribution networks.
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INTRODUCTION

I. Background of the Study

The structure and operation of electrical power
systems  have undergone a  significant
transformation over the past few decades due to the
increasing integration of distributed generation
(DG). Traditionally, power systems were designed
around large, centralized generating stations such as
thermal, hydro, and nuclear plants, where electricity
was transmitted over long distances and distributed
to consumers through radial distribution networks.
These conventional systems were characterized by
unidirectional power flow, predictable fault levels,
and relatively stable operating conditions, allowing
the use of simple and well-coordinated protection
schemes.

However, the growing demand for sustainable
and environmentally friendly energy solutions has
led to the rapid deployment of renewable energy
sources such as solar photovoltaic (PV) systems and
wind energy systems at the distribution level. These
sources, commonly referred to as distributed
generation, are typically connected close to the load
centers, thereby reducing transmission losses and
improving voltage profiles. The transition towards
DG-based systems is further supported by
government policies, technological advancements in
power electronics, and the global push toward
reducing carbon emissions.

Despite the numerous advantages offered by DG
integration, it introduces significant complexities in
the operation and protection of power distribution
systems. One of the most notable changes is the shift
from a passive to an active distribution network. In
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an active network, multiple generation sources exist
at different locations, resulting in bidirectional
power flow. This fundamentally alters the behavior
of the system during normal and fault conditions,
making traditional protection schemes less effective.

A critical issue associated with DG integration is
its impact on fault current characteristics. In
conventional systems, synchronous generators
contribute high fault currents, which are essential for
the proper operation of overcurrent-based protection
devices. In contrast, most modern DG units are
inverter-based and contribute limited fault current,
often restricted to 1-2 times their rated current. This
reduction in fault current magnitude can lead to
relay blinding, where protective devices fail to
detect faults because the current does not exceed the
relay pickup settings. Consequently, faults may
remain undetected, posing serious risks to system
stability and equipment safety.

In addition to reduced fault current levels, DG
integration also affects the coordination between
protective  devices.  Traditional  protection
coordination relies on the assumption of
unidirectional fault current flow. However, with DG
present, fault current can flow in multiple directions
depending on the location of the fault and the DG
units. This bidirectional behavior can cause
protection miscoordination, leading to false tripping
of healthy feeders or delayed fault clearance in
faulted sections. Such issues compromise the
selectivity and reliability of the protection system.

Another important concern is the impact of DG
on system reliability indices. Improper functioning
of protection systems due to DG integration can
increase the frequency and duration of power
interruptions. This directly affects reliability
parameters such as SAIFI (System Average
Interruption Frequency Index) and SAIDI (System
Average Interruption Duration Index), which are
critical indicators of power system performance. As
DG penetration increases beyond certain levels (e.g.,
30-50%), the likelihood of protection-related
failures and hidden faults also increases.

Furthermore, modern distribution systems are
increasingly required to operate under different
modes, such as grid-connected and islanded
operation. During islanding conditions, a portion of
the network continues to be energized by DG units
even after disconnection from the main grid. This
introduces additional challenges in fault detection
and protection coordination, as the fault current
levels in islanded mode are significantly lower
compared to grid-connected mode.

To overcome these challenges, there is a growing
need for advanced and intelligent protection
techniques that can adapt to varying system
conditions. Adaptive protection schemes, which
dynamically adjust relay settings based on real-time
system parameters, have gained considerable
attention in recent years. Among these, methods
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based on symmetrical component analysis offer a
promising approach, as they utilize positive,
negative, and zero sequence components to detect
faults more accurately, even under low fault current
conditions.

In this context, simulation tools such as
MATLAB/Simulink play a crucial role in analyzing
the impact of DG on distribution systems and in
developing effective protection strategies. The use
of standard test systems, such as the IEEE 33-bus
network, enables researchers to evaluate system
performance under different DG penetration levels
and fault scenarios in a controlled environment.

Therefore, this study focuses on understanding
the impact of DG integration on protection and
reliability of distribution systems and aims to
develop an adaptive protection scheme that
enhances fault detection and coordination. The
research contributes to the advancement of smart
grid technologies by providing a reliable and
efficient protection framework suitable for modern
power systems with high DG penetration.

1. Problem Statement

The rapid integration of distributed generation
(DG) into modern power distribution systems has
significantly altered the traditional characteristics of
electrical networks. While DG enhances system
efficiency and supports renewable energy adoption,
it introduces several critical challenges in the design
and operation of protection systems. Conventional
protection schemes, particularly overcurrent-based
relays, were developed under the assumption of
radial network configuration, unidirectional power
flow, and sufficiently high fault current levels.
However, these assumptions are no longer valid in
DG-integrated distribution networks.

One of the primary issues is the reduction in fault
current magnitude, especially in systems dominated
by inverter-based DG units. Unlike synchronous
generators, which provide high fault current during
disturbances, inverter-based sources contribute
limited fault current, typically close to their rated
capacity. This results in a situation where the fault
current may not exceed the pickup settings of
protective devices, leading to relay blinding. In such
cases, faults remain undetected or are cleared with
significant delay, increasing the risk of equipment
damage and system instability.

Another major challenge is the occurrence of
bidirectional power flow due to the presence of
multiple DG units at different locations in the
network. This bidirectional flow disrupts the
coordination between protective devices such as
relays, fuses, and reclosers. As a result, false
tripping of healthy feeders, loss of selectivity, and
protection miscoordination can occur. In severe
cases, backup protection may operate before
primary protection, leading to unnecessary power
outages and reduced system reliability.
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Furthermore, DG integration affects the fault
current distribution across the network, which varies
depending on the size, type, and location of DG
units. This dynamic behavior makes it difficult to
maintain fixed relay settings that are suitable for all
operating conditions. The problem becomes more
complex in networks with high DG penetration (25—
50%), where multiple sources contribute to the fault,
altering both magnitude and direction of current.

The issue is further aggravated during islanding
conditions, where a portion of the network becomes
electrically isolated but continues to be energized by
DG sources. In such scenarios, fault current levels
are significantly reduced, and conventional
protection schemes may completely fail to detect
and isolate faults. This poses serious safety risks to
maintenance personnel and may lead to prolonged
equipment damage.

In addition to protection challenges, the improper
operation of protective devices due to DG
integration negatively impacts system reliability
indices such as SAIFI (System Average Interruption
Frequency Index) and SAIDI (System Average
Interruption Duration Index). Increased frequency
of outages and longer restoration times reduce the
overall performance and reliability of the power
system.

REVIEWS OF LITERATURE

Matin Meskin et al. (2020) presented a
comprehensive review of the impact of distributed
generation on protection systems in distribution
networks. The study explained that DG integration
significantly alters fault current magnitude and
direction, leading to challenges such as false
tripping, relay blinding, and protection
miscoordination. The theoretical foundation of the
work is based on the analysis of fault current
contribution from different DG types, including
synchronous, induction, and inverter-based
generators. The authors highlighted that inverter-
based DG units contribute limited fault current,
which reduces the sensitivity of overcurrent relays.
The study also emphasized the importance of
adaptive and directional protection schemes to
overcome these issues.

H. Hooshyar et al. (2015) investigated adaptive
protection schemes for active distribution networks
with high DG penetration. The study introduced the
concept of real-time relay setting adjustment based
on system operating conditions. The theoretical
approach involved monitoring system parameters
such as voltage, current, and DG status to
dynamically update relay settings. The authors
demonstrated that adaptive protection improves
coordination and ensures reliable fault detection
under varying network configurations.

A. Yazdaninejadi et al. (2016) analyzed the
impact of DG on overcurrent relay coordination in
radial distribution systems. The study focused on
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Despite various solutions proposed in the
literature, such as relay setting recalculation, use of
directional relays, and fault current limiters, these
approaches have limitations. Many of them are
either costly, complex, or unable to adapt effectively
to rapidly changing network conditions. Therefore,
there is a need for an adaptive and intelligent
protection scheme that can dynamically respond to
variations in  fault current and network
configuration.

In this context, the application of symmetrical
component-based adaptive protection emerges as a
promising solution. By utilizing positive and
negative sequence current components, it becomes
possible to detect faults more reliably even under
low fault current conditions. However, the
effectiveness of such methods needs to be validated
through detailed simulation and analysis.

Hence, the core problem addressed in this study
is to analyze the impact of DG penetration on
protection system performance and to develop an
adaptive protection scheme that improves fault
detection, reduces misoperation, and enhances
system reliability in DG-integrated distribution
networks.

how DG placement and size affect fault current
levels and relay operation. The theoretical basis of
the research is derived from fault current distribution
analysis and relay coordination curves. The authors
concluded that DG integration can lead to loss of
coordination between primary and backup relays,
necessitating the redesign of protection settings.

S. Conti et al. (2017) examined the reliability
implications of DG integration in smart distribution
networks. The study emphasized the effect of DG on
reliability indices such as SAIFI and SAIDI. The
theoretical framework is based on probabilistic
reliability assessment and failure rate analysis. The
authors found that improper protection coordination
due to DG can increase outage frequency and
duration, thereby reducing system reliability.

M. Singh et al. (2018) explored protection
challenges in microgrids with high penetration of
renewable DG. The study introduced symmetrical
component analysis as a method for improving fault
detection sensitivity. The theoretical concept
involves decomposing three-phase currents into
positive, negative, and zero sequence components to
identify unbalanced fault conditions. The authors
demonstrated that negative sequence components
are particularly effective in detecting faults under
low current conditions.

A. A. Salam et al. (2019) proposed the use of
directional overcurrent relays to address protection
issues in DGe-integrated networks. The study
explained that directional relays can distinguish
between forward and reverse fault currents, thereby
improving selectivity. The theoretical basis lies in
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the use of voltage and current phase angle
relationships to determine fault direction. The
results showed improved coordination compared to
conventional non-directional relays.

M. N. Alam et al. (2020) investigated the
application of fault current limiters (FCL) in DG-
integrated  distribution  systems. The study
demonstrated that FCLs can limit fault current levels
and maintain protection coordination. The
theoretical concept is based on increasing system
impedance during fault conditions to control current
magnitude. However, the authors noted that FCL
placement and sizing are critical for effective
operation.

J. R. Marti et al. (2021) studied the impact of
inverter control strategies on fault current behavior.
The research highlighted that inverter-based DG
units can be controlled to modify their fault current
contribution. The theoretical approach involves
adjusting control loops and reference signals in
power electronic converters. The authors suggested
that proper control strategies can improve protection
compatibility.

Y. Xu et al. (2022) proposed a communication-
based adaptive protection scheme using phasor
measurement units (PMUSs). The study focused on
real-time monitoring and coordination of protective
devices. The theoretical concept involves
synchronized measurement of voltage and current
phasors to detect faults and update relay settings.
The results showed improved accuracy and faster
fault detection.

R. K. Varma et al. (2023) analyzed grid-forming
and grid-following inverter responses during fault
conditions. The study explained that different
control modes influence fault current characteristics
and protection performance. The theoretical
framework is based on inverter control dynamics

The theoretical basis involves pattern recognition
and data-driven decision-making. The results
demonstrated improved fault detection accuracy
compared to conventional methods.

K. Sharma et al. (2025) proposed a hybrid
adaptive protection scheme combining symmetrical
component analysis with real-time communication.
The study emphasized the importance of integrating
multiple techniques to handle complex DG
scenarios. The theoretical approach involves
combining sequence component analysis with
adaptive relay setting updates. The results showed
significant improvement in protection reliability and
coordination.

METHODOLOGY

I. Introduction

This section presents the detailed methodology
adopted to analyze the impact of distributed
generation (DG) on protection systems and to
develop an adaptive protection scheme for
improving system performance. The study is carried
out using MATLAB/Simulink, where a standard
IEEE 33-bus distribution system is modeled and
simulated under different DG penetration levels and
fault conditions. Both conventional and proposed
adaptive protection schemes are implemented and
evaluated based on their performance.

I1. Overall Methodology Framework

The methodology of this research is structured
into the following major steps:
1. Modeling of IEEE 33-bus distribution
system
2. Integration of distributed generation (DG)
3. Fault simulation under various conditions
4. Implementation of conventional protection

and power system stability analysis. The authors scheme
concluded that grid-forming inverters provide better 5. Development of adaptive protection
fault support compared to grid-following inverters. scheme

S. Patel et al. (2024) developed an intelligent
protection scheme wusing machine learning
techniques. The study utilized historical fault data to
train models for fault classification and detection.
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6. Performance evaluation and comparison

I11. System Modeling
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FIGURE 1- IEEE 33 BUS TEST SYSTEM

3.3.1 IEEE 33-Bus Distribution System

The IEEE 33-bus radial distribution system is
selected as the test system due to its widespread use
in power system research. It consists of 33 buses, 32
branches, and operates at a base voltage of 12.66 kV.
The system includes multiple load points distributed
across the network.

The system is modeled in MATLAB/Simulink using
Simscape Electrical toolbox components, including:

Three-phase source
Transmission lines
Loads

Measurement blocks

3.3.2 Distributed Generation (DG) Modeling

DG units are modeled as inverter-based sources to
represent renewable energy systems such as solar
PV. The DG units are connected at selected buses
(e.g., Bus 6, Bus 18, and Bus 30) to study their
impact on system behavior.

DG penetration levels considered:

o (% (Base case)

e 25% penetration

e 50% penetration
The output power of DG units is adjusted to achieve
the desired penetration levels.

IV. Fault Simulation

To evaluate protection performance, different types
of faults are simulated at various locations in the
system.

Types of Faults:
e  Three-phase fault

IJERTV 15| S060706

e  Single line-to-ground (L-G) fault

e  Line-to-line (L-L) fault

Fault Locations:

e  Near source (Bus 14)

e  Midpoint (Bus 25)

e  End of feeder (Bus 30)
Faults are applied using MATLAB fault blocks, and
system response is recorded in terms of current,
voltage, and relay operation.

V. Conventional Protection Scheme

A conventional overcurrent relay-based protection
scheme is implemented for baseline comparison.
The relay operates based on predefined pickup
current and time-delay characteristics.

Key Features:

e  Fixed pickup current

e Inverse time characteristics

e  No adaptability to system changes
The performance of this scheme is evaluated under
different DG penetration levels to identify its
limitations.

VI. Proposed Adaptive Protection Scheme

To overcome the limitations of conventional
protection, an adaptive protection scheme based on
symmetrical component analysis is developed.

3.6.1 Symmetrical Component Analysis

The three-phase currents are decomposed into
sequence components:

e  Positive sequence current (I;)
e  Negative sequence current (1)

1
I = g(la + al, + a?lI,)
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1
I, = 3 (I, + a?l, + al,)

The ratio of negative to positive sequence current is
used as a fault detection indicator.

3.6.2 Adaptive Relay Logic

The proposed relay operates based on the following
condition:

. Fault is detected when:

I
— > Threshold
L

This method enhances sensitivity to unbalanced
faults and enables detection even under low fault
current conditions.

3.6.3 Implementation in MATLAB
The adaptive protection logic is implemented using:
e  MATLAB Function blocks

e  Signal processing blocks
e  Real-time measurement inputs

3.7.1 Relay Operation Time

Time taken by the relay to detect and isolate the
fault.

3.7.2 Misoperation Rate
Percentage of incorrect relay operations, including
false tripping and failure to trip.
3.7.3 Fault Detection Accuracy
Ability of the protection scheme to correctly identify
faults.
3.7.4 Reliability Indices
e SAIFI (System Average Interruption

Frequency Index)

e SAIDI (System Average Interruption
Duration Index)

VIII. Simulation Procedure
The simulation is carried out in the following steps:

1. Model the IEEE 33-bus system in
MATLAB/Simulink

The system continuously monitors sequence 2. Integrate DG units at SeleCIEd_bUSES
components and updates relay operation 3. Apply faults at different locations
accordingly. 4.  Record system response under:

° No DG
VII. Performance Evaluation Parameters o 25% DG
The performance of both conventional and adaptive e 50%DG

5.

protection schemes is evaluated using the following
parameters:

RESULTS AND ANALYSIS

I. Introduction

This section presents the simulation results
obtained from the MATLAB/Simulink model of the
IEEE 33-bus distribution system integrated with

Implement conventional protection and
record results

. Implement adaptive protection scheme
7. Compare performance metric

e  Line-to-ground (L-G) faults

I11. Fault Current Analysis

TABLE 4.1: FAULT CURRENT VARIATION WITH DG
PENETRATION

distributed generation (DG). The analysis is carried Case llzc . Fault Observation
. - enetration | Current
out to evaluate the impact of DG penetration on (KA)
protection performance and to compare the
effectiveness of conventional and adaptive Case | 0% 52 High fault
protection schemes. Various fault conditions are 1 current, easy
simulated, and performance metrics such as fault detection
current, relay operation time, misoperation rate, and
reliability indices are analyzed. Case | 25% 2.1 Moderate
2 reduction
Il. Simulation Scenarios
The simulations are conducted under the Case | 50% 1.3 Significant
following conditions: 3 reduction

e  Case 1: Without DG (0% penetration)

o  Case 2: 25% DG penetration

e  Case 3: 50% DG penetration

Faults are applied at different buses (Bus 14, Bus
25, Bus 30) for:

e  Three-phase faults

IJERTV 15| S060706
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6000% 350
5000% 300
4000% 230
200

3000%
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2000% 100
1000% 50

o =0
0% < e ® 0
Case 1 Case 2 Case 3 0% DG 25% DG 50% DG

==@==DG Penetration  ==@==Fault Current (kA)

FIGURE 2- FAULT CURRENT ANALYSIS CONSIDERING
LEVELS OF DG PENETRATION

Analysis: The results show that fault current
magnitude decreases significantly as DG penetration
increases. This is mainly due to the limited fault
current contribution from inverter-based DG units.
At 50% penetration, the fault current becomes too
low for conventional relays to detect effectively,
leading to relay blinding.

IV. Relay Operation Time Analysis (Conventional
Protection)

e=@==Fault Location ==@==Trip Time (ms)

FIGURE 3- RELAY OPERATIONAL TIME ANALYSIS
CONSIDERING LEVELS OF DG PENETRATION

Analysis: The conventional overcurrent relay
shows poor performance as DG penetration
increases. At higher DG levels, the relay either
operates with delay or completely fails to trip due to
insufficient fault current.

V. Adaptive Protection Results

TABLE 4.3: RELAY OPERATION TIME (ADAPTIVE
SCHEME)

TABLE 4.2: RELAY  OPERATION  TIME Case | Fault Trip Time | Status
(CONVENTIONAL SCHEME) Location (ms)
Case | Fault Trip Time | Status 0% Bus 14 130 Correct
Location | (ms) DG
0% Bus 14 120 Correct 25% | Bus 25 150 Improved
DG operation DG
25% | Bus 25 280 Delayed 50% | Bus 30 170 Successful
DG operation DG
50% | Bus 30 No Trip Failure
DG
Trip Time (ms)
180
160
140
120
100
80
60
40
20
0
Bus 14 Bus 25 Bus 30
0% DG 25% DG 50% DG
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FIGURE 4- RELAY OPERATIONAL TIME
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Analysis: The adaptive protection scheme based

. . 60
on symmetrical components shows consistent
performance across all DG penetration levels. Even 50
at 50% DG, the relay successfully detects and
isolates faults with minimal delay. 40
VI. Misoperation Rate Comparison 30
TABLE 4.4: MISOPERATION RATE 20 .\‘
Protection Scheme | Misoperation Rate (%) 10
Conventional 35% 0
Without Adaptive With Adaptive
Adaptive 18%
=@=SAIFI| SAIDI (hours)

FIGURE 6- SAIDI & SAIFI INDEX COMPARISON

. . o
Misoperation Rate(ﬁ) Analysis: The implementation of adaptive

40% protection significantly improves system reliability.
35% Both SAIFI and SAIDI values decrease, indicating
20% fewer interruptions and shorter outage durations.

25% VIII. Sequence Component Analysis
20% During fault conditions, the negative sequence
15% current increases significantly compared to normal

conditions. The ratio of negative to positive
sequence current serves as an effective indicator for
5% fault detection.
0% Observation:
Adaptive e  Under normal conditions — I, = 0

e  During fault — I,increases sharply

10%

Conventional

FIGURE 5- MISOPERATION RATE% W.R.T.

CONVENTIONAL AND ADAPTIVE PROTECTION Analysis:  This validates that symmetrical

component-based detection enhances sensitivity,

Analysis: The adaptive protection scheme especially in low fault current scenarios caused by

reduces misoperation rate by approximately 48%,
achieving the target improvement. This
demonstrates its effectiveness in handling DG-
related challenges.

VII. Reliability Indices Analysis
TABLE 4.5: RELIABILITY PERFORMANCE

IJERTV 15| S060706

DG integration.

IX. Comparative Analysis

The comparison clearly shows that conventional
protection schemes are not suitable for DG-
integrated systems. The proposed adaptive method
provides better coordination, faster response, and
improved reliability.

Parameter | Without With
Adaptive Adaptive TABLE 4.6: COMPARITIVE ANALYSIS

SAIFI 1.8 11 Parameter Conventional Adaptive

SAIDI 3.5 22 Fault Detection | Poor at high DG | Reliable

(hours)
Relay Speed Slow/Fail Fast
Misoperation High Low
Reliability Low High

The comparative analysis represents that
Adaptive protection scheme is better in all 4 aspects
considered in this research as it offers reliable fault
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detection, fast relay operation speed along with low
misoperation rate and high reliability.

DISCUSSION

This section presents a detailed interpretation and
discussion of the simulation results obtained from
the MATLAB/Simulink analysis of the IEEE 33-bus
distribution system integrated with distributed
generation (DG). The primary objective of this study
was to investigate the impact of DG penetration on
protection system performance and to evaluate the
effectiveness of the proposed adaptive protection
scheme based on symmetrical component analysis.

The simulation results clearly indicate that the
integration of DG significantly alters the fault
characteristics of the distribution system. As the DG
penetration level increases from 0% to 50%, a
substantial reduction in fault current magnitude is
observed. This reduction is primarily due to the
limited fault current contribution from inverter-
based DG units, which operate under controlled
current limits. Unlike conventional synchronous
generators, these sources do not supply high fault
currents during disturbances. As a result, the current
levels during fault conditions often remain close to
pre-fault values, making it difficult for conventional
overcurrent relays to detect faults accurately. This
phenomenon, commonly referred to as relay
blinding, was clearly observed in the simulation
results, particularly at higher DG penetration levels.

Furthermore, the presence of DG introduces

bidirectional power flow within the distribution
network, which disrupts the coordination between
protective devices. Traditional protection schemes
are designed based on the assumption of
unidirectional current flow, and therefore, they fail
to maintain proper selectivity under DG-integrated
conditions. The simulation results demonstrated
instances of delayed relay operation and, in some
cases, complete failure to trip under high DG
penetration scenarios. This miscoordination can lead
to unnecessary disconnection of healthy feeders or
prolonged fault duration, thereby compromising
system stability and safety.
In contrast, the proposed adaptive protection scheme
demonstrated significantly improved performance
under all tested conditions. By utilizing symmetrical
component analysis, specifically the ratio of
negative to positive sequence currents, the adaptive
scheme was able to detect faults even when the
overall fault current magnitude was low. The results
showed that the negative sequence current
component increases noticeably during fault
conditions, providing a reliable indicator for fault
detection. This approach enhances the sensitivity of
the protection system and overcomes the limitations
associated with conventional overcurrent relays.
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Another important observation from the results is
the improvement in relay operation time achieved by
the adaptive scheme. While the conventional
protection system exhibited delayed or failed
operation at higher DG levels, the adaptive scheme
maintained consistent and timely fault detection
across all scenarios. This improvement in response
time ensures faster isolation of faulted sections,
reducing the risk of equipment damage and
enhancing overall system stability.

The study also evaluated the performance of the
protection schemes in terms of misoperation rate.
The results indicate a significant reduction in
misoperation when using the adaptive protection
scheme compared to the conventional approach.
This improvement highlights the robustness and
reliability of the proposed method in handling
complex operating conditions associated with DG-
integrated systems. The reduction in false tripping
and missed fault detection contributes directly to
improved system performance.

In addition to protection performance, the impact
on system reliability was assessed using standard
reliability indices such as SAIFI and SAIDI. The
results showed a noticeable improvement in both
indices with the implementation of the adaptive
protection scheme. A reduction in SAIFI indicates
fewer interruptions experienced by consumers,
while a lower SAIDI reflects shorter outage
durations. These improvements confirm that the
proposed method not only enhances protection
accuracy but also contributes to better service
reliability and customer satisfaction.

The findings of this study also emphasize the
importance of considering advanced protection
strategies in modern power systems with high DG
penetration. Conventional protection schemes are no
longer adequate due to the dynamic and complex
nature of active distribution networks. Adaptive
protection methods, particularly those based on real-
time system parameters and advanced signal
processing techniques, provide a viable solution to
these challenges. The use of MATLAB/Simulink as
a simulation platform proved effective in analyzing
system behavior and validating the proposed
approach.

Overall, the discussion highlights that DG
integration,  while  beneficial for  energy
sustainability, introduces significant challenges in
protection system design. However, these
challenges can be effectively addressed through the
implementation of adaptive protection schemes. The
proposed symmetrical component-based method
demonstrates strong potential for practical
application in modern smart grids, offering
improved fault detection, reduced misoperation, and
enhanced system reliability.

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)
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CONCLUSION AND FUTURE SCOPE

I. Conclusion

This study focused on analyzing the impact of
distributed generation (DG) on the protection and
reliability of modern power distribution systems and
on developing an adaptive protection scheme to
address the challenges introduced by DG
integration. A detailed simulation model of the IEEE
33-bus distribution system was developed using
MATLAB/Simulink, and various fault scenarios
were analyzed under different DG penetration levels
ranging from 25% to 50%.

The results of the study clearly demonstrate that
increasing DG penetration significantly affects the
performance of conventional protection schemes.
One of the major observations is the reduction in
fault current magnitude due to the limited fault
current contribution from inverter-based DG units.
This reduction leads to relay blinding, delayed fault
detection, and, in some cases, complete failure of
conventional overcurrent relays. Additionally, the
presence of bidirectional power flow introduces
protection coordination issues, resulting in loss of
selectivity and increased misoperation of protective
devices.

To overcome these limitations, an adaptive
protection scheme based on symmetrical component
analysis was proposed and implemented. The
method utilizes the ratio of negative to positive
sequence currents to detect faults effectively, even
under low fault current conditions. Simulation
results confirm that the proposed approach
significantly improves fault detection capability and
ensures reliable operation of protection systems
across all DG penetration levels.

The comparative analysis between conventional
and adaptive protection schemes indicates that the
proposed method achieves a substantial reduction in
misoperation rate, approximately in the range of 40—
50%, thereby meeting the targeted performance
improvement. Furthermore, the adaptive scheme
demonstrated faster relay response and consistent
fault detection, ensuring timely isolation of faulted
sections.

In terms of system reliability, the study showed
notable improvements in reliability indices such as
SAIFI (System Average Interruption Frequency
Index) and SAIDI (System Average Interruption
Duration Index). The reduction in interruption
frequency and duration highlights the effectiveness
of the proposed scheme in enhancing overall system
performance and service reliability.

Overall, the research concludes that conventional
protection methods are inadequate for DG-
integrated distribution systems, especially at higher
penetration levels. The proposed adaptive protection
scheme offers a robust, efficient, and practical
solution for improving protection coordination and
reliability in modern smart grids. The use of
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MATLAB/Simulink for modeling and analysis
proved to be effective in validating the proposed
methodology.

I1. Future Scope

Although the proposed adaptive protection
scheme has demonstrated significant improvements,
there are several areas where further research and
development can be carried out to enhance the
system performance:

e  The present study is limited to simulation-
based analysis. Future work can focus on
hardware implementation and real-time testing
using platforms such as real-time digital
simulators (RTDS) or hardware-in-the-loop
(HIL) systems.

e The integration of communication-based
protection schemes using phasor measurement
units (PMUSs) can be explored to enable faster
and more accurate fault detection and relay
coordination.

e Advanced techniques such as artificial
intelligence and machine learning can be
incorporated to develop intelligent protection
systems capable of self-learning and adapting
to complex grid conditions.

e  The study can be extended to larger and more
complex power systems, including meshed
networks and microgrids, to evaluate the
scalability of the proposed method.

e The impact of cybersecurity issues in
communication-assisted protection systems
can be investigated to ensure secure and
reliable operation.

e  Further research can be carried out on grid-
forming and grid-following inverter control
strategies to improve fault current contribution
and protection compatibility.

e The effect of renewable energy variability
(such as solar irradiance and wind speed
fluctuations) on protection system
performance can also be analyzed.
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