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ARTICLE INFO ABSTRACT

Keywords: In recent years, the landscape of power generation has undergone a significant transformation, moving from
Distributed generation centralized power plants to decentralized power systems. This shift has been driven by substantial changes in
Optimization

grid architecture, introducing the concept of Distributed Generation (DG), which is now a vital component of
electrical power systems, especially within distribution networks (DNs). Integrating DG is crucial for ensuring
reliable power generation and reducing power losses. However, the widespread adoption of decentralized
technologies presents new challenges for power systems, such as identifying optimal locations for DG installa-
tion, configuring protective devices, managing voltage control, and addressing Power Quality (PQ) issues. The
variability and unpredictability of Renewable Energy Sources (RES), such as solar and wind power, add to these
complexities, requiring careful evaluation and strategic planning. This research’s primary contribution lies in its
thorough exploration and systematic analysis of various DG types and their integration methods. By identifying
and addressing the key challenges of DG integration, this study offers valuable insights and innovative solutions
that enhance grid stability and efficiency. Furthermore, the research proposes strategic frameworks for optimal
DG deployment, advanced control strategies, and effective regulatory compliance, which are essential for the
sustainable development of electrical power systems. The findings underscore the importance of adopting holistic
approaches to address the complexities of DG integration, ultimately contributing to a more resilient and sus-
tainable energy future.

Power quality
Renewable energy

1. Introduction

The global surge in electrical demand has necessitated a significant
expansion in the capacity of electric power plants. This increased de-
mand has led governments in developed nations to adopt strategies to
minimize load curtailment. Issues related to power losses and voltage
fluctuations have become more prominent, particularly due to the
considerable distance between power generation facilities and major

load centers. One promising solution to these challenges is the strategic
placement of DG units near distribution substations (Muthukumar and
Jayalalitha, 2016).

The growing recognition of renewable DG units as viable alternatives
to traditional power stations presents substantial opportunities to meet
the escalating electricity demand. Globally, the capacity of renewable
energy sources (RES) increased by 8.3 % within a single year, rising from
approximately 2000 GW in 2016-2167 GW in 2017 (Petinrin and
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FLDM, Fuzzy Logic Decision Making; FRDFT, Fast Recursive Discrete Fourier Transform; GPS, Global Positioning System; ITSS, Ice-thermal Storage System; LP, Linear
programming; NLP, Non-Linear Programming; OLTC, On-Load Tap Changer; PCC, Point of Common Coupling; PCI, Protection Coordination Index; PDS, Power
Delivery System; PEVs, Plug-in Electric Vehicles; PHEVs, Plug-in Hybrid Electric Vehicles; SCL, Short-Circuit level; SED, Smart Electronic Device; STATCOM, Static
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Shaaban, 2016). This diverse array of renewable and conventional DG
options includes wind generators (WGs), solar thermal systems, photo-
voltaic (PV) arrays, hydroelectric generators, combustion engines,
hydrogen fuel cells, geothermal plants, and microturbines (Nanda et al.,
2024; Alsharif et al., 2016). Factors such as rising power demand, the
necessity for energy storage, and growing concerns about global climate
change have driven a surge in DG system deployments, which hold the
potential for significant reductions in carbon emissions over time.
However, integrating substantial DG units into electricity generation
networks brings both advantages and potential drawbacks, particularly
regarding voltage and frequency regulation and protection mechanisms
(Alsharif, 2017; Firouz et al., 2014; Sun et al., 2024). The benefits of
adopting DG systems are significant and include:

e Reduced Power Outages: Proximity between power demand and gen-
eration sources mitigates the incidence of power outages.

e Reduced Fossil Fuel Dependency: There is a significant reduction in
reliance on fossil fuels for energy generation.

o Lower Greenhouse Gas Emissions: There is a substantial decrease in the

emission of greenhouse gases.

Deferred Expansion Investments: The need for investments in

expanding transmission systems is deferred.

Enhanced Power Quality: The integration of power converter-based

DG systems improves power quality.

e Diminished Voltage Losses: Voltage losses are reduced, leading to

improved voltage profiles.

Improved Network Reliability: The overall reliability of the power

network is enhanced (Archana et al., 2016).

Fig. 1 provides a visual representation of advantages of DG
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integration. The implementation of DG systems presents a broad spec-
trum of advantages in terms of reliability, sustainability, and efficiency
within power generation and distribution. One notable advantage of DG
is its capability to serve as a standby power supply when the primary
grid is absent, potentially enhancing power quality in distribution net-
works (DNs) (Javadian et al., 2013a). However, addressing the chal-
lenges related to proper unit sizing and location within DN is critical, as
improper placement can lead to significant technical complications,
such as affecting voltage levels, power source reliability, system per-
formance, asset management, protection systems, and the occurrence of
undesired islanding (Alsharif et al., 2016; Manditereza and Bansal,
2016).

From an economic perspective, incorporating DG can impact the
revenue structure of distribution companies, which often provide grid
access to DG units to offset a portion of their operational expenses. The
inclusion of DG units in the network could potentially jeopardize this
revenue stream. Furthermore, DG introduces an element of unpredict-
ability, necessitating the adoption of an efficient and economical energy
management system (Manditereza and Bansal, 2016; Karatepe et al.,
2015). It is crucial to consider the time-variable nature of DG power
output when used as standby units. In practice, DG units are often sited
in locations with high demand or near the endpoints of feeders in radial
networks, ensuring optimal utilization and potential benefits for both
local load requirements and overall system performance.

The implementation of DG systems holds significant potential, pro-
vided that challenges related to optimal sizing, location, technical is-
sues, and economic impacts are effectively addressed. DG systems can
serve as reliable backup power sources, and their time-variable nature
underscores the necessity for robust energy management systems. With
meticulous planning and strategic deployment, DG systems can
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\P Diminished Voltage Losses

/——+ Reduced Fossil Fuel Reliance
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/ Environmental Benefits
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A 4
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Fig. 1. Advantages of DG integration the distribution system.
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Table 1

Comparison of technological solutions for RES uncertainty compensation.
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Category

Operational Characteristics

Impact on DN

Examples

Applications and Benefits

DG with Active Power
Injection

Reactive Power Injection DG

Generation of Active Power
and Consumption of
Reactive Power by DG

DG with Simultaneous Active
and Reactive Power
Injection

Injects active power into the DN using
power electronic interfaces (e.g., PV
arrays, microturbines)

Provides reactive power support (e.g.,
synchronous compensators)

Induction generators (e.g., DFIG in
wind generators)

Synchronous machines (e.g., steam
turbines, CHP units)

Seamless integration with the grid,
contributes to unity power factor,
compact size, efficient power injection
Focuses on voltage stability, power
factor control, enhances overall
stability of the DN

Actively injects electrical energy while
absorbing reactive power, maintains
PQ within the DN

Injects both active and reactive power
into the DN, enhances grid stability
and PQ

PV arrays,
microturbines, fuel
cells, batteries
Synchronous
compensators

DFIG in wind
generators

Steam turbines, CHP
units

Provides local power generation,
reduces transmission losses,
supports grid stability

Mitigates voltage fluctuations,
improves power factor, supports
grid reliability

Efficient energy conversion, grid
support during variable renewable
energy generation

Provides combined heat and
power generation, enhances grid
reliability and stability

Comparison of Tech

for RES inty C

DG with Active Power Injection Reactive Power Injection DG

Active Power Injection & Reactive

Simultaneous Active & Reactive Power

Power Consumption by DG Injection by DG

Operational: Injects active Operational: Provides reactive Op I: Ind [*] , absorbs
p t;w t:r power support reactive power
<A PR 5 Impact: Energy injection, PQ
Impact: Seamless integration, Impact: Voltage stability, PF Op I: Synchronous machi injects maintenance
unity PF control both power types
Appli Local g ion, Applicati Mitigates voltage Impact: Enhances grid stability, Applications: Energy conversion,
grid stability fluctuations, reliability PQ variable RES support

\\

T s (@

d heat & power,
reliability

Fig. 2. Classification of various types of DGs.

significantly transform power distribution by enhancing reliability,
promoting sustainability, and improving overall efficiency in energy
networks. The system’s characteristics are shaped by various factors,
including the architectural configuration and the inherent variability in
power generation from DG units. The strategic placement of DG units in
radial DNs can lead to substantial benefits, such as improved voltage
profiles, reduced congestion, decreased peak load demand on feeders,
and lower greenhouse gas emissions from non-renewable energy sources
(Rajaram et al., 2015).

DG units are critically important in DNs, transforming traditionally
passive systems into active components of the electrical grid. This
transformation provides several advantages, including deferred invest-
ment in new infrastructure, improved system reliability, and reduced
peak demand for electricity (Bagheri et al., 2015; Bayat et al., 2016). A
comprehensive review highlighted the drivers, benefits, and challenges
associated with integrating renewable energy-based DG systems into
DNs. DG units affect the direction of energy flow and the magnitude of
short-circuit currents within DNs. A significant consequence of DG
integration is the increased short-circuit current levels, which can
contribute to fault currents during downstream failures. This increase
can reduce the relative contribution of DG units to the overall fault
current, potentially compromising the effectiveness of the existing
protection schemes (Hou et al., 2024; Zahedi, 2011a).

An example of this issue is the inadvertent tripping of protective
devices caused by faults in nearby distribution lines with DG integration.
The strategic placement of DG units, along with considerations of their
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number and integration level, substantially impacts the effectiveness of
protection schemes [6, 11, and 18]. This study investigates the complex
interaction between DG units and power systems, examining their dy-
namics from a technological perspective. The integration of DG units
into conventional DNs offers several benefits, including reduced energy
losses and improved operational efficiency. However, it also presents
challenges, such as potential threats to network reliability and concerns
regarding the integrity of protection systems. To fully leverage the
benefits of DG units while mitigating associated risks, it is essential to
thoroughly understand the implications of DG integration within DNs.
This is especially critical in light of the increasing adoption of sustain-
able energy generation practices, which are primarily implemented at
the distribution level (Riad et al., 2024).

This research undertakes a detailed examination of the intricate
relationship between DG units and DNs, aiming to identify both the
advantages and challenges posed by the shift towards greener energy
generation. It also explores existing solutions to pertinent challenges,
focusing on voltage control techniques within the context of DG inte-
gration and their impact on protection systems. These considerations are
particularly relevant given the advancements in modern smart grid
technologies.

The paper is systematically organized to address various aspects of
DG and its effects on DNs.

Section 2 begins with a comprehensive examination of the different
types of DG systems, offering an in-depth look at their distinct charac-
teristics, operational mechanisms, benefits, and limitations. This
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Table 2
Key parameters for integrating DG into DN.

Parameter Description

Type(s) of DG resources
integrated

This parameter refers to the specific types of
distributed generation (DG) resources that have
been integrated within the distribution network
(DN). DG resources can include renewable energy
sources such as solar photovoltaic (PV) systems,
wind turbines, and biomass generators, as well as
non-renewable sources like diesel generators and
micro-turbines. Understanding the types of DG
resources helps in assessing their suitability,
performance, and impact on the grid.

This denotes the initial capacity at which the DG
units were connected to the grid. It is important to
document the starting generation level to evaluate
the scalability and growth potential of DG resources.
The initial generation level also aids in analyzing the
incremental impact on the grid as more DG units are
added.

This parameter specifies the voltage level at which
DG components are interconnected with the grid.
The designated voltage level is crucial for ensuring
compatibility and seamless integration of DG
resources with the existing grid infrastructure. It
also influences the design and selection of
interconnection equipment and protection devices.
This refers to the inherent electrical stability at the
point where the DG units are connected to the grid.
Electrical stability includes aspects such as voltage
regulation, power quality, and the ability to
maintain steady operation under varying load
conditions. Stability at the interconnection point is
vital for preventing disturbances and ensuring
reliable grid operation.

This parameter measures the capacity of DG units
relative to the overall load of the grid. It helps in
understanding the contribution of DG resources to
the total power demand and their potential to offset
grid supply. A balanced capacity relative to grid
load ensures that DG units can effectively support
the grid without causing overloading or
underutilization.

This denotes the susceptibility of the grid to short
circuits at the installation site of DG units. High
susceptibility to short circuits can pose safety risks
and lead to equipment damage. Assessing this
parameter helps in designing appropriate protection
schemes and mitigating measures to enhance grid
resilience.

This parameter evaluates the effect of DG
integration on the stability and regulation of grid
frequency. Maintaining a stable grid frequency is
essential for the synchronized operation of the
power system. DG resources, especially those with
variable output like wind and solar, can influence
frequency stability. Understanding this impact is
crucial for implementing effective frequency control
strategies.

This refers to the methods and systems in place to
control the output of DG units and their interactions
with the grid. Control mechanisms can include
automated systems, real-time monitoring, and
feedback loops to adjust DG output based on grid
conditions. Effective control mechanisms ensure
optimal performance, grid stability, and efficient
utilization of DG resources.

This parameter outlines the specific challenges
encountered during the integration of DG resources
into the grid. Challenges can range from technical
issues such as grid compatibility and
interconnection standards to regulatory hurdles and
operational constraints. Documenting integration
challenges helps in developing solutions and best
practices for future DG projects.

This denotes the adherence to regulatory standards
and requirements for the integration of DG

Initial generation level

Designated voltage level

Electrical stability at
interconnection point

DG unit capacity relative to
grid load

Grid susceptibility to short
circuits

Impact on grid frequency

Control mechanisms

Integration challenges

Regulatory compliance
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Table 2 (continued)

Parameter Description

resources. Regulatory compliance ensures that DG
installations meet safety, performance, and
environmental standards. It also involves obtaining
necessary permits and approvals from relevant
authorities. Compliance with regulations is essential
for the legal and safe operation of DG units within
the grid.

foundational section provides a clear understanding of the various DG
technologies available.

Section 3 explores the implications of varying levels of DG penetra-
tion on DNss. It assesses how increasing the proportion of DG units within
a distribution network can influence overall network performance, sta-
bility, and efficiency. The analysis includes both the potential advan-
tages, such as enhanced network reliability and reduced energy losses,
as well as the challenges that arise, particularly concerning voltage
regulation and power quality.

Section 4 addresses the complexities associated with voltage control
in networks that integrate DG units. It investigates the impact of DG on
traditional voltage control methods and discusses their limitations. The
section also proposes advanced techniques and solutions for maintaining
voltage stability in the face of increased DG presence.

Section 5 turns its attention to the challenges faced by protection
systems when DG units are integrated into distribution networks. It
examines how DG influences existing protection schemes, including is-
sues related to fault detection, coordination, and relay settings. The
discussion highlights the need for updated protection strategies and
technologies to effectively manage the dynamic nature of networks with
significant DG penetration.

Section 6 concludes by synthesizing the observations and insights
derived from the preceding sections. It summarizes the key findings of
the study and offers relevant conclusions. This concluding section aims
to provide a cohesive overview of the study’s contributions and suggest
potential avenues for further research and practice in the field of DG
integration.

2. Classification of DGs

DGs can be systematically categorized into distinct groups as delin-
eated in (Riad et al., 2024), based on the provision of active and reactive
power to the DN. This classification forms the foundational framework
for understanding the discussions that follow in this paper. Table 1 de-
lineates various categories of DG, distinguishing them based on their
operational characteristics and their impact on the DN. Fig. 2 provides a
detailed classification of different types of DG technologies. The figure
categorizes DG units based on their power sources, operational char-
acteristics, and integration methods within the distribution network.

DG systems exhibit a range of critical parameters that influence their
integration with the grid (Alsharif et al., 2016). Notably, the dimensions
of DG units can significantly vary in terms of their energy capacity,
spanning from small-scale power outputs of a few kilowatts to sub-
stantial magnitudes reaching multiple megawatts (Prakash and Khatod,
2016; Karatepe et al., 2015). Table 2 provides an outline of the critical
parameters involved in the integration of distributed generation re-
sources within distribution networks. Each parameter is crucial for
ensuring the effective, stable, and compliant integration of DG into the
grid. A thorough understanding of these factors is imperative to address
the challenges and optimize the benefits associated with the deployment
of DG.

3. Various aspects of DG integration

Before exploring the impact of DGs on power DN, it is imperative to
examine various facets of their integration. The following points
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Fig. 3. Technological solutions for the compensation of uncertainties of RES based system.

Table 3
Comparison of technological solutions for mitigating RES uncertainties.

Function / Pumped-Storage Grid-Capable Wind-Solar Battery Backup Diesel Power Plants CAES
Benefit Containers Electric Cars Hybrid Systems  Systems

Energy Storage \/ \/ \/
Load Balancing \/
\/

Grid Support

v
Enhanced Grid v v v
v

S
<.

Stability
Efficient Use of
Renewable
Energy
Peak Shaving \/ \/ \/
Integration into \/
Renewable
Ecosystem
Reduced v
Intermittency
Stable Energy \/
Output
Enhanced v
Resource
Utilization
Reliable Power v v v
Supply
Smooth \/ v \/
Transition
During
Fluctuations
Demand v
Response
Backup During v v
Low RES
Production
Reduced v v
Environmental
Impact
Equation Es = y-mgh E(EV) = Pitybriay = Epary = P(diesel) = E(CAES) =
n(EV) e C(EV) Piwindy + Pisolar} Cibar)*Vipary n{bat} P(fuel) /F(eff) Pcompressor
ncompressor
Explanation Energy stored in the Energy available Total power Energy stored in a Power output based Energy stored based on
upper reservoir from EVs based on output is the battery using capacity on fuel compressor power (Pcompressor),
based on efficiency the efficiency # (EV)  sum of wind (C{bat} ), voltage (Vipas} ) powerP(fuel)and time of compression (t), and
(), mass of water and battery capacity  power (P (wind} ) and efficiency (y{bat} generator compressor
(m), gravity (g), and C (EV). and solar power efficiencyF(eff) efficiency(ycompressor).
height difference (h). (Potar)
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Table 4
Benefits of incorporating DG within Electrical Distribution Networks.

Energy Reports 12 (2024) 3302-3322

Parameter Description

Benefits Example or Impact

Enhanced System Improved overall system efficiency through effective

Efficiency utilization of energy resources.
Reduced Operational Reduction in peak load demand leads to lower operational
Costs expenses during high demand periods.

Economical Maintenance Lower maintenance costs due to a conducive operating

environment facilitated by DG adoption.

Decreased Maintenance
Expenditures

Mitigated System
Expansion Costs

Enhanced Load

system conditions with DG implementation.

lowering associated expenditure.

Reduced maintenance requirements resulting from improved
Alleviates the need for extensive system expansion, thereby

Strengthened protective measures for handling heavy loads,

Protection ensuring system stability and reliability.
Diminished Demand and Mitigation of peak loads and enhanced system stability lead to
Expenses reduced demands and related costs.

Lowered Fuel Costs
reduced fuel expenses.

Decreased dependency on conventional fossil fuels results in

Optimal use of available energy resources, Increased system reliability, reduced

reduced energy losses. waste heat.
Lower electricity bills, decreased need for Cost savings, improved financial
additional infrastructure. performance.

Reduced downtime, enhanced
equipment reliability.

Enhanced asset management, improved
asset longevity.

Financial flexibility, optimized capital
allocation.

Reduced risk of blackouts, improved
customer satisfaction.

Extended equipment lifespan, fewer
repairs required.

Lower labour and material costs,
streamlined maintenance operations.
Avoided capital investments, deferred
infrastructure upgrades.

Improved grid stability, enhanced
resilience against disturbances.
Reduced peak demand charges, optimized
resource allocation.

Savings on fuel purchases, reduced
exposure to fuel price volatility.

Lower energy procurement costs,
improved load management.
Environmental benefits, improved
energy independence.

enumerate some of the common challenges associated with the place-
ment of DGs:

3.1. Uncertainties following DG integration

One of the significant characteristics of integrating RES-based DG
into power grids is the intermittent nature of energy generation. This
implies that the electrical output capacity of RES-integrated DG units
can fluctuate unexpectedly over time. Predicting the energy production
of certain technologies, such as wind turbines and PV systems, is chal-
lenging due to their reliance on meteorological conditions, which
inherently lack predictability (Karatepe et al., 2015; Rajaram et al.,
2015; Saxena et al., 2021a).

In the domain of solar energy, unreliability arises from a variety of
unpredictable factors that are not consistently present. Historical data
can partially mitigate this inherent drawback in specific contexts;
however, forecasts related to solar irradiation often exhibit a consider-
able degree of inaccuracy. In contrast, wind energy is particularly
notable for its high degree of uncertainty, due to its inherently fluctu-
ating and unstable density. The deployment of wind DG units can be
inconsistent and sporadic in certain regions, as highlighted in reference

Table 5
Challenges and mitigation strategies for DG integration.
Parameter Challenge Impact Mitigation
Strategies
Re-closing Potential for Risk of equipment Coordinated re-
Events disjointed re-closing ~ damage and safety  closing schemes
events hazards
Automatic Complications in Unintended Advanced control
Closure preventing energizing of algorithms for
automatic closure disconnected closure
segments prevention
Islanding Unintentional Safety risks and Islanding
Scenarios islanding scenarios regulatory non- detection
compliance techniques
Short-Circuit Fluctuating short- Inconsistent Adaptive
Contributions  circuits contribution  protection system protection
levels response settings
Protection Impaired Reduced Enhanced
System effectiveness of reliability and protection
Effectiveness protection systems increased fault schemes
duration
Generator Occurrences of Loss of generation  Improved
Stability generators tripping capacity and generator
unintentionally stability issues protection
coordination
Feeder Diminished Increased fault Feeder protection
Protection performance of impact and system upgrades
feeder protection extended outage
mechanisms duration
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(Bhide and Monroy, 2011). This variability impedes the application of
predetermined frameworks for generation. Consequently, addressing
this challenge necessitates the adoption of probabilistic approaches to
resolve conflicts in generation scheduling. The intermittent nature of
wind energy exacerbates issues related to generation scheduling and
introduces concerns about the overall protection of the system, as dis-
cussed in reference (Saxena et al., 2023). It is important to emphasize
that the evolving landscape of RES has introduced competitive alter-
natives to conventional generation technologies, largely driven by the
significant decline in costs witnessed over the past few decades.

The International Renewable Energy Agency (IRENA) has projected
a substantial decline in the capital costs associated with onshore wind
turbines. Specifically, IRENA’s analysis indicates a remarkable 66 %
reduction in capital costs between 2014 and 1983, with an additional
12 % cost reduction anticipated by the year 2025 (Taylor et al., 2016).
These cost trends underscore not only the economic viability of wind
energy but also contribute to the changing dynamics of the energy
sector, fostering a transition towards more sustainable and cost-effective
energy generation methods. Incorporating supplementary equipment
alongside DG units presents a viable approach for mitigating the impact
of uncertainties associated with RES. Below are several illustrative ex-
amples of potential technological solutions that could serve as effective
compensators for RES uncertainties:

e Pumped-Storage Containers: Pumped-storage containers are recog-
nized as a promising solution for storing excess energy generated
from renewable sources during periods of high availability
(Muthukumar and Jayalalitha, 2016). This innovative method in-
volves transferring water from a lower to a higher elevation reservoir
when energy production exceeds immediate demand. Subsequently,
the stored water is released from the upper reservoir to drive turbines
and generate electricity during peak consumption periods.
Grid-Capable Electric Cars (PEVs and PHEVs): Electric vehicles
equipped with grid capabilities, such as PEVs and PHEVs, can func-
tion as portable energy storage devices (Petinrin and Shaaban,
2016). These vehicles recharge during periods of excess renewable
energy generation and can supply stored energy back to the grid as
needed. This bidirectional energy transfer, known as V2G, enhances
grid stability and resilience.

e Wind-Solar Hybrid Systems: Hybrid systems combining wind and
solar energy sources offer improved stability and enhanced utiliza-
tion of renewable resources (Nanda et al., 2024). By leveraging
diverse weather conditions, these systems provide more consistent
energy outputs, thereby mitigating the intermittency associated with
individual renewable sources.

Battery Backup Systems: Battery backup systems act as short-term
energy storage solutions that capture surplus energy during times
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Table 6
Strategies for enhancing stability and protection of DG systems.

Energy Reports 12 (2024) 3302-3322

Strategy Description Key Elements

Purpose Challenges Ref.

Swift Response  Immediate deactivation of the  Error detection, prompt

to Error DG upon error detection to deactivation
minimize system impact
Capacity Limiting the DG capacity to Capacity cap, controlled power
Restriction prevent overloading and contribution
instability
Adaptive Ensuring the protection Adaptive protection,
Protection scheme remains responsive to  responsiveness to evolving
Method changing network conditions conditions
Enhanced Upgrading the protection DOCRs integration, DR, circuit
Protection scheme with advanced breakers, re-closers, network
Scheme devices reconfiguration, auxiliary devices
FCL Incorporation of Fault Current  FCL devices, fault current control
Integration Limiters to control fault

currents and enhance stability

Minimize impact of
errors on the system

Ensuring reliable error
detection and rapid

(Wan et al., 2010; Ma et al.,
2010; Baran and El-Markabi,

response 2004)
Prevent overloading Determining optimal (Kumar et al., 2016; Liu et al.,
and instability due to capacity limits, 2015)

excessive power
Maintain protection
effectiveness under
varying conditions
Improve overall
protection and
reliability of the DG
system

Control fault currents,
enhance system
stability

maintaining efficiency
Implementing adaptable
and cost-effective
protection schemes
Managing integration of
multiple protection devices

(Brahma and Girgis, 2004;
Shen et al., 2017)

(Zeineldin et al., 2013, 2015;
Nikolaidis et al., 2016), (
Sinclair et al., 2014; Chilvers
et al., 2005)

(El-Khattam and Sidhu, 2008;
Yamaguchi and Kataoka, 2008;
Zhang and Dougal, 2011)

Selecting appropriate FCLs,
ensuring compatibility
with existing systems

of high production and discharge it during periods of low supply
(Alsharif et al., 2016). These systems provide immediate support
during fluctuations in renewable energy availability, ensuring
continuous power delivery.
e Diesel Power Plants: Diesel power plants serve as backup sources of
energy when renewable energy production is insufficient Alsharif,
2017). These plants offer reliable power supply, reducing depen-
dence on fossil fuels and enhancing grid stability during peak de-
mand periods.
CAES Systems: CAES systems store surplus energy by compressing
air into underground reservoirs, which can later be released to
generate electricity during periods of increased demand (Firouz
et al., 2014). CAES technology contributes significantly to grid sta-
bility by mitigating fluctuations in renewable energy sources.

Fig. 3 illustrates various technological solutions designed to address
uncertainties associated with RES. These solutions aim to mitigate the
variability and intermittency inherent in RES-based systems.

Table 3 compares various technological solutions based on their
functions and benefits in addressing uncertainties associated with RES.
Evaluating each technology’s capabilities and contributions helps
identify effective strategies for enhancing grid stability, efficiency, and
reliability.

3.2. Advantages of DG integration

From ecological, financial, and technological standpoints, multiple
facets of integrating DG into power systems warrant consideration
(Prakash and Khatod, 2016). Notably, RES constitute a significant
portion of DG deployment in countries like Germany, Denmark, and
Sweden (Anaya and Pollitt, 2015), especially as non-renewable petro-
leum resources become increasingly scarce. Given that fossil fuel con-
sumption is a leading contributor to pollution emissions, the adoption of
environmentally friendly DG units emerges as a prospective strategy for
addressing global warming (Kefayat et al., 2015).

To fully grasp the financial benefits of DG implementation, it is
essential to conduct a comprehensive assessment of its inherent ad-
vantages. Several studies emphasize the importance of integrating DG
into electrical distribution networks (Prakash and Khatod, 2016; Gong
and Lao, 2024). Table 4 presents an overview of the various parameters
and benefits associated with DG integration within electrical distribu-
tion networks. Each parameter plays a crucial role in understanding
DG’s positive impact on the grid, demonstrating improvements in effi-
ciency, reliability, and sustainability.

Assessing the technological implications of DG deployment in power
systems requires evaluating metrics such as power dissipation, voltage
characteristics, and network dependability (Tan et al., 2013). Improper

allocation of DG units can adversely affect the power system’s func-
tionality, potentially leading to elevated voltage levels, fluctuations,
harmonics, instability, and challenges in voltage regulation. Therefore, a
strategic approach to DG deployment is essential to maximize its bene-
fits while ensuring the stability and performance of the power system.

4. Protection measures in the presence of DGs

Protection measures are crucial in power distribution systems with
DGs. Traditional radial configurations, featuring a single primary
component infeed, are characterized by straightforward protection
mechanisms employing fuses, automatic re-closers, and overcurrent
relays (Manditereza and Bansal, 2016; Al Kaabi et al., 2014). However,
the introduction of DGs alters this landscape, moving away from the
conventional radial design and introducing numerous challenges for
protective systems. Inadequate addressing of these challenges can result
in synchronization disruptions and impaired functionality of protective
relays.

Table 5 outlines prevalent challenges arising from the integration of
DG into power grids, emphasizing their impact and proposing effective
mitigation strategies for ensuring safe and reliable grid operation
(Javadian et al., 2013a, 2013b).

Addressing these challenges is crucial to ensure the reliability and
stability of DNs integrating DGs. Proactively implementing measures to
mitigate these complexities allows power DNs to maintain integrity and
deliver consistent, secure energy supply. The safety and reliability of
DN are significantly influenced by inherent DN attributes and specific
DG forms. Consequently, protective strategies must adapt to evolving
system configurations. Traditionally, protection methods for conven-
tional radial DNs, which primarily supplied power from one end, were
straightforward. However, with increasing DG penetration, challenges
such as voltage and frequency regulation and protection mechanism
integrity have emerged. The active nature of DG units transforms radial
DNs into more complex power grids (Naiem et al., 2012).

Moreover, it is critical to highlight that DG integration can adversely
affect protection system performance, potentially compromising
dependability (Manditereza and Bansal, 2016). Among primary pro-
tection mechanisms in distribution systems, overcurrent relays are
widely adopted, often serving as secondary safeguards at different DN
levels. However, DG presence can alter SCLs and introduce complex
issues, necessitating adaptive relay coordination for DN integrity (Costa
etal., 2017). Importantly, the impact of a single DG unit on short-circuit
current may be limited, but with multiple interconnected DG units,
significant fault currents arise, challenging the protection system’s
effectiveness (Singh and Saxena, 2021). Subdividing electrical DNs into
smaller zones or sub-areas (Saxena et al., 2021b) presents a potential
solution to mitigate adverse effects on network protection.
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Fig. 4. : Connection arrangement of FCL with DG present.
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Fig. 5. : The impact DG on the fault current.
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Fig. 6. : A basic safeguarding mechanism in the absence of DG.

The dynamic interaction between DN features, DG integration, and becomes paramount to ensure ongoing grid protection and depend-
resulting system behaviour mandates adaptive protection strategies. As ability. Specific fault scenarios in power DNs with DG operation modes
electrical DNs increasingly integrate DG, addressing these challenges reveal varying fault current magnitudes between grid-connected and
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Fig. 7. : Protection protocol for an illustrative system containing a DG.
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islanded operations. The interaction of active DNs with DG and islanding
alters fault current paths and levels within the system, underscoring the
need for effective protective strategies. Failing to do so risks compro-
mising DG benefits.

Furthermore, losing protective synchronization with DG entails two
primary consequences: erroneous tripping commands and impaired
protection system effectiveness. Reduced relay sensitivity diminishes
protection reliability, leading to incorrect tripping signals. For instance,
safety equipment might trip in response to a fault on one feeder when
the actual fault lies elsewhere (Firouz et al., 2014). Extensive research
focuses on enhancing protective mechanisms for DG integration. The
authors introduced a comprehensive framework encompassing protec-
tive relay arrangements, DG integration, dynamic system control, and
autonomous operation (Coffele et al., 2015). Given numerous scenarios,
manually presetting switchgear settings becomes impractical. Instead,
optimal protection settings are computed and programmed into relays,
accounting for DG connection, grid type, islanded operation, and
ongoing system management. DG integration in DNs introduces bidi-
rectional power flow challenges affecting load dynamics. Therefore,
contemporary systems utilize DOCRs to manage fault current orienta-
tion shifts effectively. Accurate capacity prediction for integrated DG
within DNs is crucial. Researchers propose a LP model to compute
directed overcurrent relay configurations, ensuring comprehensive
assessment of DG power deployment modes (Saxena et al., 2024a).
Moreover, a variety of strategies exist to mitigate the adverse effects of
DG on protection systems in DNs. This article explores several alterna-
tive techniques:

Table 6 provides a comprehensive overview of strategies aimed at
enhancing the stability and protection of DG systems. Each strategy is
detailed with its key elements, primary purpose, associated challenges,
and sources (Kumar et al., 2016; Liu et al., 2015; Brahma and Girgis,
2004; Shen et al., 2017; Zeineldin et al., 2013). These strategies
collectively contribute to the effective and secure integration of DG into
the power grid, addressing technical and operational issues.

These strategies form a comprehensive framework for enhancing the
protection, reliability, and overall performance of DG systems. In their
study, the authors (Kumar et al., 2016) introduced a distinctive and
efficient protection technique employing FRDFT to monitor power grid
dynamic outputs. Additionally, their approach utilized FLDM to deter-
mine optimal protection settings in response to changing system
conditions.

The authors (Liu et al., 2015) introduced a flexible protection and
control approach using a multi-agent control system to coordinate
dispersed relays and converter controllers, ensuring collaborative
operation. They emphasized the critical operational time of DOCRs in
meshed power DNs hosting DG units. The researchers (Brahma and
Girgis, 2004) proposed an adaptable protection scheme, termed
system-agnostic approach, to safeguard DNs integrated with DG tech-
nology. In a related effort, the authors (Shen et al., 2017) originally
implemented a multi-level definite-time overcurrent prevention strategy
for DG applications in ungrounded distribution systems, focusing on
utilizing data from individual buses without external communication
networks or GPS synchronization.

The PCI, introduced by the authors (Zeineldin et al., 2013)., serves as
a valuable resource for managing DOCRs influenced by DG units,
enhancing the reliability of interconnected DNs. The proposed frame-
work aims to assess the impact of DG peak generation capacity varia-
tions on protection coordination timespan variability, employing the
TPNLP technique to determine the PCI.

Furthermore, the authors (Zeineldin et al., 2015) investigated the
deployment of DOCRs to protect interconnected DNs integrating DGs.
These relays feature dual inverse time-current characteristics tailored to
fault direction, aiming to resolve protection coordination challenges
through a formulated NLP approach. The objective is to minimize cu-
mulative operation time for both primary and backup relays.
Conversely, the authors (Aghdam et al., 2016) disputed the author’s
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Table: 7
Classification of examined articles concerning the effects of DG on safeguarding
mechanisms.
Paper Focus Methodology Notable Features
(Javadian Adaptive Centralized Precise issue
etal, 2013b)  protection system safeguards, identification in
for DG integration autonomous the presence of
distribution DGs
channels
(Costa et al., Safeguarding DNs Wavelet coefficient ~ Addressing
2017) from excessive threshold analysis, malfunctions in
currents optimized relay DG-rich
activation duration  environments
(Coffele et al., Adaptive Swift Enhancing
2015) overcurrent implementation of efficiency with

(Saxena et al.,
2024a)

(Wan et al.,
2010)

(Baran and
El-Markabi,
2004)

(Kumar et al.,
2016)

(Brahma and
Girgis, 2004)

(Shen et al.,
2017)

(Zeineldin
et al., 2013)

(Zeineldin
et al., 2015)

(Sinclair et al.,
2014)

(El-Khattam
and Sidhu,
2008)

(Zhang and
Dougal,
2011)

(Saleh et al.,
2015)

(Salem et al.,
2017)

(Yazdanpanahi

et al., 2014)

(Ma et al.,
2013)

protection for DNs

Strategic planning
and
synchronization of
DOCRs

Optimizing
coordination of
overcurrent relays

Ensuring
overcurrent
protection

DG-based
protection for DN

Optimal
coordination for
overcurrent relays
Dynamic multi-
level definite-time
overcurrent
protection

Optimal protection
synchronization of
DOCRs

Optimizing
protection
synchronization
through dual-setup
directional relays
Enhancing safety in
active DNs

Achieving
coordination
between DOCR and
DGs

Ensuring safety of
DN during DG
connection

Optimizing
protective
synchronization of
DOCRs in meshed
systems
Integration of
inverter-powered
DGs into DNs
Mitigating impact
of synchronous
machine-based
DGs

Enhancing DN
safety through DGs

protective settings,
reduced erroneous
operations
Utilization of
advanced
techniques,
personalized
configuration
Multi-agent
strategy,
communication
network
Adaptive relays,
addressing
coverage
limitations
Fuzzy logic
decision-making
unit, flexible
relaying system
Development of
adaptive relays

Derivation of
Thevenin
equivalent
parameters, real-
time computation
PCI using NLP

Dual-Setup DOCRs

Utilizing DRs

Employing FCLs

Connection
strategy using FCLs

Unconventional
relay characteristic

Modified inverter
regulation

Circuit employing
solid-state
switches for field
discharge
Adjustable voltage
regulation using
SEDs

DGs

Tailored solutions
for DG integration

Enhanced
protection
synchronization

Accommodating
inverter-based DGs

Exploring various
system
configurations

Efficient DG
integration

Handling diverse
operational
scenarios

Quantifying DG
penetration level
fluctuations
Maintaining DG
availability during
faults

Addressing
protection
challenges
Maintaining
protective relay
configurations

Enhancing
coordination
between DG and
grid

Enhancing relay
reliability

Collaboration with
multiple DGs

Reducing the
impact of DG from
synchronous
machines.

Dealing with the
influence of DGs

(continued on next page)
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Table: 7 (continued)

Paper Focus Methodology Notable Features
on safeguarding
measures

(Chawla et al., Effective control of ~ Customizing User-preferred

2018) overcurrent DOCRs relay settings
protection devices configuration,
reducing clearing
time
(Shabani and Investigating Two-stage hybrid Addressing
Karimi, optimal methodology uncertainties in
2018) synchronization of DG-rich scenarios
DOCRs

findings (Zeineldin et al., 2013), highlighting the limited effectiveness of
dual-setting DOCRs in enhancing DN protection. In the realm of radial
DN safety enhancement, the authors (Nikolaidis et al., 2016) advocated
for Communication-Dependent DOCRs, integrating traditional func-
tionalities such as inter-tripping and transfer blocking. The authors
(Saleh et al., 2015) introduced a novel temporal-voltage-current char-
acteristic for DOCRs, significantly reducing relay operation time using
NLP principles adaptable to synchronous and inverter-based DGs.

The authors (Sinclair et al., 2014) examined the use of DRs to protect
DG-integrated power systems, emphasizing their resilience to system
variations. In a UK context, the authors (Chilvers et al., 2005) explored
distance protection schemes for 11-kV DNs, establishing a comprehen-
sive defence framework across primary and secondary levels. Address-
ing coordination challenges in DG-embedded DOCRs, authors
(El-Khattam and Sidhu, 2008) proposed incorporating FCLs serially with
DG units to limit fault currents in looped PDS, as illustrated in Fig. 4.
Importantly, this integration of FCLs maintains existing protective
methodologies and devices without modification.

Furthermore, researchers have introduced a dual-FCL strategy to
mitigate the impact of DG on fault currents (Zhang and Dougal, 2011).
Their findings underscore the effectiveness of this approach in achieving
its intended objectives. Importantly, this strategy also facilitates the
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regulation of frequency oscillations in DG, thereby improving synchro-
nization between newly integrated DG units and the existing power grid.
Addressing the challenge of DG-induced overcurrent relay malfunctions,
the authors demonstrated a control solution by managing the inverters
of DG systems (Salem et al., 2017). This strategy effectively mitigates
adverse DG effects during fault occurrences, restricting injected power
to the current ratings of DG units and ensuring adherence to desired
current values through efficient reference power control.

In a related study, the authors explored the integration of solid-state
field discharge circuits to mitigate DG’s impact on fault currents,
thereby enhancing DG integration feasibility within DNs (Yazdanpanahi
et al., 2014). Simultaneous connection of DG units to power grids in-
creases short-circuit currents due to reduced fault impedance, validated
through equations derived from Fig. 5 (Saxena et al., 2022a). These
equations differentiate short-circuit current components: "Izg" remains
unaffected by DG, while the aggregate includes both "Is" and "Ipg,"
representing DG’s fault current contribution.

The integration of DG elevates fault currents, necessitating system
controller updates to replace outdated circuit breakers with modern
equivalents adaptable to current conditions. Optimal placement and
sizing of DG units mitigate additional expenses, emphasizing the
importance of judicious selection to avoid unnecessary financial outlays.
Protection strategies for DNs encompass conventional schemes and
specialized methodologies tailored for DG-incorporated systems.

4.1. Traditional protection system

This scheme incorporates essential components of the electrical
system: the primary power source, interconnected loads, and protective
relays (Muthukumar and Jayalalitha, 2016). For clarity, Fig. 6 illustrates
this configuration. In Fig. 4, protective relays are strategically placed
near the buses at the perimeter of the primary power source, thereby
encompassing downstream sections of the feeders within their protec-
tive zones. In the event of an anomaly at point k1, relays R5, R3, and R1
detect the fault current magnitude. Relays R3 and R5 provide both

Voltage Fluctuations in Distribution Systems

Power Configuration Coordinated Application Implementation of Deployment of E;::::'ShE":‘ :!t of

Consumptior A d'ugtments Voltage of the DG based on DSM S I'eys slegrr}:s
Reduction 1 Regulation STATCOM Inverters Techniques (gaesé)
if:::;;‘ Load oLTC A“I’;’:'a‘;:d Peak e
Use Shifting| Coordination Control Shaving Shedding
Topology Capacitor Inverter-based Rollciade St(_)rage and Grid Support
. s Energy Discharge :
Reconfiguration Control DGs I H 3 Functions
ntegration Efficiency

Fig. 8. Impact of voltage variation in the distribution system and mitigation measures.
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primary and secondary protection, initiating their response protocols
promptly upon fault detection. Notably, relay R5 trips faster than relay
R3, while relay R3 activates faster than relay R1.

4.2. Protection system after DG integration

Incorporating DG into the existing system design significantly en-
hances the overall system structure. Fig. 7 illustrates adjustments to the
previous diagram to accommodate DG located at bus C. The integration
of DG reveals its impact, particularly at location k1, where the fault
current at relay R5 experiences a sudden surge, causing erroneous relay
operation and triggering false fault conditions. This surge also com-
promises the reliability of backup relays R1 and R3, reducing their
shielded regions’ effectiveness and thereby impairing their sensitivity
and proper functioning.

In instances of faults at k2, both relays R1 and R3 detect and respond
to fault currents from the primary power source. Additionally, DG in-
troduces fault currents toward the fault location, initiating electric arcs
that delay feeder reclosing. At fault point k3, relay R1 effectively issues a
tripping command in response to primary source fault currents, while
DG-induced fault currents impair relay R3’s operation. The presence of
DG complicates protection selectivity, especially evident when faults
occur at k4, increasing current through relay R7 and compromising its
sensitivity. This scenario poses risks of mis operation and fault propa-
gation throughout the circuit (Ma et al., 2013).

In response, significant research efforts have been devoted to
enhancing protective mechanisms. The authors (Marchesan et al., 2016)
proposed an efficient islanding detection method tailored for DG, suit-
able for integration into protective relays. Furthermore, The authors
(Javadian et al., 2013b) suggested dividing DG-integrated distribution
systems into multiple zones, each operating independently. Strategic
placement of protective devices, informed by comprehensive risk as-
sessments as detailed by the authors (Javadian et al., 2013a), optimizes
protection coverage by considering factors such as DG unit locations and
sizes. This systematic approach ensures that protective infrastructure
effectively meets the requirements of the DN. The classification of arti-
cles pertaining to DG’s impact on DN safety has been conducted and the
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results are detailed in Table 7.
5. Voltage regulation in the presence of DGs

As previously discussed, the integration of DG into established power
grids introduces a range of potential challenges. Traditional electric
grids were initially designed to meet load requirements by transporting
electricity from the generation source to the consumption end, assuming
unidirectional electricity flow. However, the introduction of DG units
leads to bidirectional energy flow, as surplus energy generated by DG is
fed back into the system. This bidirectional flow significantly impacts
the DN, affecting voltage control, system protection, and overall
network operation. The earlier section explored the protective consid-
erations associated with DG integration. Given that voltage regulation is
a primary challenge in DNs, this section aims to provide a comprehen-
sive analysis of potential strategies to address these issues. It is impor-
tant to note that voltage control could potentially hinder the seamless
integration of DG into electrical networks. The bidirectional energy flow
necessitates the adoption of modern techniques for voltage control
(Saxena et al., 2024b; Chiradeja and Ramakumar, 2004; Zahedi, 2011b,
2010).

Several factors must be considered when integrating DG into power
grids (Mahmud and Zahedi, 2016; Ruiz-Romero et al., 2014). The ele-
ments discussed influence multiple aspects, including the voltage pro-
file, SCLs, and power losses. Notably, the higher R/X ratio introduces
two critical considerations. Firstly, the potential difference across DNs is
significantly greater compared to voltage drops in transmission net-
works. Secondly, the influence of active power from DG units on voltage
levels is more pronounced than that of reactive power (Mahmud and
Zahedi, 2016). These dynamics are interconnected with the elevated
R/X value. Consequently, two separate structures have been suggested
to manage voltage in DNs integrated with DG, encompassing both
traditional and contemporary approaches, aiming to achieve common
objectives.

Among these strategies, active network management has proven to
be highly effective in maximizing DG penetration into power grids. This
approach enables system owners to optimize network performance by

Voltage regulation by power curtailment (on supply side) in power system (Mogos and Guillaud, 2004; Chalise et al., 2016; Ghosh et al., 2017; Zeraati et al., 2019; Su

et al., 2014).

Aspect Disconnecting DG Units Power Curbing for DG Units Pitch Angle Control for WGs

Objective Prevent voltage rise by completely Achieve voltage reduction by limiting DG power Regulate wind turbine speed and power output to
disconnecting DG units output manage voltage

Effectiveness - Eliminates 100 % of DG contribution - Limits DG output by 10-50 % depending on - Reduces WG power output by 10-30 %

Application Scenario

Impact on DG
Contribution

Feasibility

Contractual
Considerations

Suitability for Intermittent
Sources

Research and
Development

- Voltage rise reduced by up to 100 %

- Used when voltage exceeds 1.05 pu
- Suitable for extreme voltage rise cases

- DG contribution reduced to 0 %

- Potential loss of up to 100 % RES
generation

- Technically simple, but high
operational impact

- Can lead to up to 30 % economic loss
for DG owners

- No specific contracts needed, but may
lead to disputes

- Economic losses can reach 100 % of DG
revenue

- Not suitable for intermittent sources

- Can lead to a 100 % disruption in power
generation

- Not widely researched due to high DG
impact

- Minimal research focus due to high
disruption

agreements

- Voltage rise reduced by 20-80 %

- Applied when voltage is between 1.02 and 1.05 pu
- Feasible for DG with dispatchable characteristics

- Reduces DG contribution by 10-50 %
- Retains 50-90 % of RES generation

- Requires contractual agreements
- Feasibility increases if DG output reduction is
limited to <30 %

- Contracts must cover curbing thresholds
- Compensation may be required if curbing exceeds
20 %

- Suitable for dispatchable DG units

- For intermittent sources, curbing might result in
50-70 % output reduction

- Increasing research focus on maintaining grid
stability

- Studies show 30-50 % reduction in voltage rise

- Voltage rise reduced by 15-60 %

- Applied when wind generation exceeds 75 % of
DG capacity

- Suitable for scenarios with wind penetration
>30 %

- Limits WG power output by 10-30 %

- Retains 70-90 % of RES generation

- Requires turbine control systems
- Feasible with an investment of $20,000-$50,000
per turbine

- Compensation required if WG output is reduced
by >20 %

- Agreements may include a $5,000-$10,000
compensation per curbed event

- Specifically designed for WGs

- Suitable when wind energy fluctuates by +20 %

- Well-researched with 10-30 % improvement in
voltage stability
- Proven in multiple grid integration studies
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Table 9

Voltage regulation by DG reconfiguration in power system (Liu et al., 2018; Tian

et al., 2016; Badran et al., 2017).

Aspect Details Numerical Data
Network Transitioning DNs from a radial to - Loss reduction:
Reconfiguration a meshed state by manipulating 10-15 %
switches between radial feeds. This - Voltage profile
enhances overall system improvement: 3-7 %
functionality, reduces losses, and
improves voltage profiles.
Unbalanced DN Proposed restructuring strategy for - Operational cost
Management managing unbalanced DNs, reduction: 8-12 %

Voltage Control
Optimization

Reactive Power
Optimization

DG Integration

Benefits of
Reconfiguration

Technological
Tools Involved

Challenges
Addressed

Outcome of Studies

Future
Considerations

Impact on Grid
Stability

Environmental
Impact

focusing on optimizing voltage
control equipment (D-STATCOMs,
shunt capacitors, DERs, VRs) to
reduce operational costs.
Optimization of voltage control
equipment in unbalanced DNs to
improve efficiency and lower costs.
The strategy involves coordinated
control of devices to enhance
performance.

A combined approach of reactive
power optimization and network
reconfiguration to reduce power
losses and mitigate voltage
fluctuations, particularly in
networks with DG.

A comprehensive study on the
integration of DG into reconfigured
DNs, focusing on the
methodologies and considerations
critical for successful incorporation
of DG into the network.

- Reduced losses

- Improved voltage profiles

- Efficient resource utilization

- Enhanced stability with DG

- Mitigated voltage fluctuations

- D-STATCOM s (Dynamic Voltage
Restorers)

- Shunt Capacitor Banks

- DERs (Distributed Energy
Resources)

- VRs (Voltage Regulators)

- Managing unbalanced DNs

- Coordinating multiple voltage
control devices

- Ensuring network stability with
increasing DG penetration

- Minimizing operational costs

- Enhanced system reliability and
stability

- Reduced power losses

- Improved integration of DG into
DNs

- Optimized voltage control and
reactive power management

- Increasing DG penetration levels
will require further reconfiguration
and optimization strategies.

- Integration of advanced
technologies like Al for real-time
monitoring and control is
recommended.

- Reconfiguration and DG
integration significantly improve
grid stability, especially under high
renewable energy penetration.

- Reduced dependence on fossil
fuels due to better DG integration.
- Lower greenhouse gas emissions
due to optimized grid operations.

- Voltage imbalance
reduction: 5-10 %

- Voltage stability
improvement: 4-9 %
- Cost savings:
$100,000 - $300,000
annually

- Power loss reduction:

12-20 %
- Voltage fluctuation
reduction: 5-8 %

- DG penetration
increase: 20-30 %
- Stability
enhancement:
10-15 %

- Overall loss
reduction: 10-20 %
- Voltage profile
improvement: 3-7 %
- Stability
improvement:
10-15%

- D-STATCOM
efficiency: 90-95 %
- Shunt capacitor cost
reduction: 5-10 %

- Voltage imbalance
reduction: 5-10 %

- Cost savings:
$100,000 - $300,000
annually

- Reliability
improvement:
10-15%

- Power loss reduction:

12-20 %

- DG integration:
20-30 %

- Potential DG
penetration: 40-50 %
- Al optimization
efficiency: 15-20 %

- Stability
enhancement:

10-20 %

- Reduction in
frequency variations:
5-10 %

- GHG emission
reduction: 10-15 %

- Fossil fuel reduction:

8-12%
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implementing suitable management protocols (Bopp et al., 2003).
Leveraging diverse assets, this initiative imbues DNs with essential at-
tributes. Another avenue, intelligent distributed regulation, has been
introduced to maintain distribution system voltage at requisite levels
(Mosaddegh et al., 2017). A comprehensive overview of the potential
control challenges arising in DG distribution systems was presented by
the authors in 2023 (Saxena et al., 2022a). Additionally, the authors
conducted a thorough investigation into dispersed and decentralized
control systems for voltage management in DNs (Antoniadou-Plytaria
et al., 2017).

In formulating a control strategy, the network’s architecture must be
taken into account, as the placement of DG units significantly shapes the
voltage profile. Furthermore, the impact of DG varies based on the
specific experimental location. Conventional solutions for voltage
management generally rely on the synergistic utilization of three
distinct assets: OLTC, switching capacitors, and SVR, often referred to as
step voltage regulators. The primary goal of employing an OLTC is to
regulate the voltage level of a transformer by adjusting the turns in the
secondary winding, thus modifying the transformer’s turn ratio. Me-
chanically, this process gauges the current at the feeder’s substation side
and anticipates the potential difference along the distribution line,
enabling the appropriate tap setting. However, when DG is introduced,
the OLTC encounters challenges in accurately estimating and managing
conditions along the feeder (El-Markabi, 2004). Notably, the application
of OLTC can even lead to adverse effects on voltage regulation, poten-
tially resulting in voltage collapse (Zhu et al., 2000).

Conversely, neither OLTCs nor controlled capacitors are capable of
swiftly responding to rapid voltage fluctuations (Echavarria et al., 2007;
Hunziker and Schulz, 2017). To address this challenge, a variety of
contemporary strategies have been developed, leveraging programma-
ble elements to effectively manage voltage fluctuations in distribution
systems. These strategies can be classified as follows:

e Power consumption reduction on the supply side

e Configuration adjustments of the distribution system

e Coordinated area-wide voltage regulation using OLTC

e Application of the STATCOM

e Implementation of DG based on inverters

e Deployment of demand-side management (DSM) techniques
o Establishment of battery energy storage systems (BESS)

These methodologies encompass a broad range of innovative tech-
niques aimed at managing voltage fluctuations within DNs, thereby
enhancing their stability and performance. Fig. 8 illustrates the impact
of voltage fluctuations within the distribution system and the corre-
sponding mitigation measures.

5.1. The curtailment of power on the supply side

In specific scenarios, distribution system operators might need to
disconnect all DG units from the power system to manage voltage rise
issues. This is due to the lack of universally applicable solutions for
effective voltage management. However, such an approach would
negate the benefits provided by these units, especially those based on
RES (Mogos and Guillaud, 2004). An alternative strategy for managing
voltage fluctuations is the implementation of power curbing for DG
units. This method effectively achieves the desired voltage reduction.
The feasibility of this approach depends on the contracts between the
network operator and DG owners, particularly for privately owned DG
units. For intermittently operating sources like WGs, this strategy can be
efficiently applied to DG units with dispatchable characteristics. Addi-
tionally, pitch angle control can be used for WGs to regulate wind tur-
bine speed and limit power output, thereby enhancing voltage
management. Researchers have employed active power output re-
strictions in wind turbines to address overvoltage problems resulting
from DG integration into DNs (Chalise et al., 2016).
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Table 10

Voltage regulation by OLTC techniques in power system.

Reference Objective Technologies Used Key Outcomes

(Huet al., Coordinated voltage - OLTCs integrated - Overvoltage
2016) regulation using with reactive power  reduction by 30 %

OLTCs and PV from PV modules - Enhanced PV
modules integration by 25 %

(Kabiri Voltage adjustment - OLTCs in - Voltage deviation
etal., in PV units and DG conjunction with PV reduced by 15 %
2015) units’ voltage - Improved DG

regulation voltage regulation
capabilities by 20 %

(Muttaqi Optimal scheduling - Combination of - Consistent voltage
etal., for voltage control DG, OLTCs, and output maintained
2015) with OLTCs, DG, voltage stabilizers within +2 % of

and stabilizers - Integrated voltage nominal
control approach - OLTC operation
reduced by 40 %

(Kraiczy Simultaneous - OLTCs and reactive - Voltage regulation
etal., operation of OLTC power from PV units  efficiency improved
2018) regulation and PV by 35 %

reactive power - Reactive power
supply support increased
by 50 %

(Salih and Coordination of - Utilization of - Voltage stability
Chen, voltageregulationin  reactive power from  improved by 28 %
2016) DNs with WGs and Wind Generators - Grid reliability

OLTCs (WGs) with OLTCs enhanced by 22 %

(Daratha Synchronized - Integration of - Voltage
etal., functioning of SVCs Static VAR fluctuations
2014) and OLTCs with PV Compensators reduced by 18 %

systems (SVCs) and OLTCs - Synchronized
with PV systems control
effectiveness
increased by 30 %

(Mehmood Coordinated voltage - Leveraging - Voltage control
et al., control with capacitor banks, performance
2018) capacitor banks, OLTCs, and improved by 20 %

OLTCs, and DG controllable DG - Capacitor bank
resources utilization
increased by 25 %

(Zhang and Voltage regulation - Integration of - Voltage regulation
Chu, in dynamic active Distributed maintained within
2017) DNs with DG, BESS, Generation (DG), +1.5 % of nominal

and OLTCs Battery Energy - Dynamic response
Storage Systems time reduced by
(BESS), and OLTCs 35 %

(Azzouz Three-level fuzzy- - Fuzzy-based - Voltage control
et al., based control control strategy precision improved
2017) strategy with OLTC - Power curtailment by 25 %

adjustment coupled with OLTC - Power curtailment
frequency reduced
by 30 %

(Sarimuthu Comprehensive - Various OLTC - OLTC operation
et al., study on various strategies efficiency improved
2016) OLTC voltage investigated by 20 %

control strategies - Comprehensive
strategy

effectiveness rated
at 85 %

The substantial penetration of PV cells into the power grid can lead
to voltage increases at the interconnection point, thereby restricting the
feasible integration of PV systems. To mitigate this issue, adjustments in
both active and reactive power settings can be made to reduce the
voltage rise (Ghosh et al., 2017).

The authors (Zeraati et al., 2019) proposed a different approach that
involves the use of PEV cells alongside the real power restriction of PV
systems to address voltage rise in LV distribution systems. Their solution
incorporates the reactive power capability of PV systems, combined
with active power reduction, within a multi-objective framework
inspired by the authors (Su et al., 2014). This approach effectively
manages voltage fluctuations in unbalanced four-wire LV distribution
systems, thereby mitigating the impact of PV’s active power reduction.
Table 8 summarizes strategies for managing voltage in power systems
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through the curtailment of supply-side power. This method is essential
for addressing voltage rise issues caused by excess generation from DG
units, particularly in networks with high renewable energy penetration.

5.2. DN reconfiguration

The reconfiguration of DNs entails the manipulation of switches
located between two radial feeds to transition the network from a radial
to a meshed operational state, thereby enhancing the overall system
functionality. This process yields multiple benefits, including reduced
losses, improved voltage profiles, and efficient utilization of system re-
sources. The authors (Liu et al., 2018) addressed the complexities of
unbalanced DNs by proposing a restructuring strategy aimed at opti-
mizing the processes of voltage control equipment to lower operational
costs. Their strategy involved the coordination of devices such as
D-STATCOMs, shunt capacitor banks, DERs, and VRs.

In another approach, the authors (Tian et al., 2016) proposed a
combined strategy involving reactive power optimization and network
reconfiguration to reduce power losses and mitigate voltage fluctuations
in the presence of DG, thereby ensuring network stability. This inte-
grated methodology effectively eliminates voltage variations, contrib-
uting to a more stable and reliable network. The authors (Badran et al.,
2017) conducted a comprehensive study in 2017 examining the inter-
section of DN restructuring and DG integration, shedding light on the
methodologies and considerations critical for the successful incorpora-
tion of DG into reconfigured DNs.

Table 9 presents an overview of the methods and strategies used for
voltage regulation in power systems through the reconfiguration of DG
units. The table summarizes various approaches that involve adjusting
the operational parameters or locations of DG units within the network
to manage voltage levels effectively.

5.3. OLTC

To address voltage control challenges in distribution systems, a
prominent strategy is the deployment of OLTCs. This approach entails
modifying voltage levels and selecting appropriate phase shifts to opti-
mize system performance. For effective voltage regulation in power
grids, integrating OLTCs with other voltage control devices is essential.
Substantial research has been dedicated to the application of OLTCs for
voltage control. A significant study by the authors examined coordi-
nated voltage regulation using OLTCs in conjunction with reactive
power from PV modules, aiming to mitigate overvoltage issues in DNs
and enhance PV system integration (Hu et al., 2016).

The authors (Kabiri et al., 2015) further explored the potential of
OLTCs for voltage adjustment in the context of PV units, noting that DG
also possesses voltage regulation capabilities. In related work, the au-
thors (Muttaqi et al., 2015) introduced an optimal scheduling method-
ology for voltage control, combining DG, OLTCs, and voltage stabilizers
to maintain a consistent output voltage. Their study emphasized an in-
tegrated voltage control approach, where DG functions as VRs, thereby
reducing adverse interactions between OLTCs and active devices inte-
grated with DG. The authors proposed a simultaneous operation of OLTC
regulation and reactive power supply from PV units (Kraiczy et al.,
2018).

The authors (Salih and Chen, 2016) explored the coordination of
voltage regulation in DNs by utilizing reactive power from WGs in
conjunction with OLTCs. The authors (Daratha et al., 2014) investigated
the synchronized functioning of SVCs and OLTCs, considering the
presence of PV systems to maintain voltage regulation. The authors
(Mehmood et al., 2018) introduced a coordinated voltage control
technique that leverages capacitor banks and OLTCs alongside PV sys-
tems, WGs, and other controllable DG resources. Furthermore, the
integration of DG, BESS, and OLTCs can collectively regulate voltage in
dynamic active DNs (Zhang and Chu, 2017).

The authors conducted research employing a sophisticated three-



V. Saxena et al.

Energy Reports 12 (2024) 3302-3322

Table 11
Voltage regulation by STATCOM techniques in power system (Lee et al., 2013; Zad et al., 2013; Gayatri et al., 2018).
Aspect Description Advantages Applications Challenges
Technology Type STATCOM is part of the FACTS (Flexible AC - Response time: <10 ms - Transmission and - Cost: $200,000 to $500,000 per

Transmission Systems) family, utilizing Voltage
Source Converter (VSC) technology. It typically
operates at voltage levels ranging from 11 kV to
800 kV and power ratings from +50 MVAR to +400
MVAR.

Reactive Power
Compensation

STATCOM provides dynamic reactive power
compensation, essential for maintaining voltage
stability in power networks. It can supply or absorb
reactive power to regulate the voltage at the Point of
Common Coupling (PCC). Compensation range
typically between +50 MVAR to +£400 MVAR.
Voltage Control STATCOM plays a crucial role in voltage control,
particularly in networks integrated with DG. It can be
coordinated with other devices such as On-Load Tap
Changers (OLTC) and Static Var Compensators (SVC)
for more effective voltage regulation. STATCOMs
typically provide a +£20 % voltage regulation range.

Deployment and
Operation

STATCOM can be deployed at various strategic points
within the grid, including both transmission and
distribution levels. It is particularly effective in
Medium Voltage (MV) systems for addressing voltage
control issues in the presence of DG.

Coordination with
Other Devices

STATCOM is often coordinated with other voltage
control devices such as OLTC and SVC to manage both
positive and negative sequence voltages, particularly
in systems with high DG penetration. STATCOMs are
capable of operating in coordination with devices
over a range of +£50 to +400 MVAR.

Versatility and
Potential

STATCOM is recognized as a versatile technology
with significant potential to improve voltage and
reactive power management across power networks,
from transmission to distribution levels. Typically
used in systems with a voltage range of 11 kV to
800 kV.

- Efficiency: >98 %
- Size: 50-70 % smaller
compared to traditional SVC.

- Enhances voltage stability.

- Can operate over a wide range
of voltage levels.

- Provides both inductive and
capacitive reactive power
(+£100 % rated value).

- Voltage regulation range:
+20 % of nominal voltage.
- Reduces voltage flicker by
30-50 %.

- Enhances overall grid
reliability and stability.

- Deployment time: 12-18
months for a typical project.

- Flexible deployment options.
- Can be installed in new or
existing substations.

- Operates effectively under
varying load conditions.

- Improves overall system
efficiency.

- Provides a more
comprehensive solution for
voltage and reactive power
management.

- Reduces reliance on traditional
compensators.

- High adaptability to different
network conditions.

- Can be used in various network
configurations.

- Contributes to overall grid
modernization efforts.

distribution networks.

- Voltage control in
Medium Voltage (MV)
systems.

- Integration with
Distributed Generation
(DG).

- Used for voltage
regulation at PCC.

- Mitigates voltage
fluctuations caused by load
variations or faults.

- Improves power factor
and reduces losses.

- Voltage control in
networks with high
penetration of DG.

- Coordination with OLTC
and SVC for improved
performance.

- Supports balanced and
unbalanced voltage
regulation.

- Medium Voltage (MV)
distribution networks.

- Areas with high
renewable energy
integration.

- Substations requiring
enhanced voltage and
reactive power control.

- Coordinated with OLTC
for optimal voltage
regulation.

- Works in tandem with
SVC to balance reactive
power.

- Suitable for systems with
varying DG penetration
levels.

- Suitable for integration
with smart grids.

- Enhances resilience of
power systems with high
renewable penetration.

- Essential for modern grid
stability and efficiency.

MVAR depending on power
rating and configuration.

- Complexity in control
algorithms.

- Requirement for advanced
communication systems for
coordinated operation.

- Requires continuous monitoring
and control for optimal
performance.

- Integration with existing
network infrastructure can be
challenging.

- Coordinated operation requires
sophisticated control systems.

- Potential interaction with other
grid components, requiring
careful system design.

- Maintenance costs: 2-3 % of
capital cost annually.

- Requires detailed planning for
deployment to ensure
effectiveness.

- High maintenance costs due to
sophisticated components and
control systems.

- Complex control algorithms
required for coordination.

- May lead to increased system
complexity, requiring advanced
monitoring and control.

- Adoption may be limited by high
costs and technical complexity.

- Continuous evolution of grid
standards requires ongoing
updates to STATCOM technology.

level fuzzy-based control strategy, which coupled power curtailment
with OLTC adjustment (Azzouz et al., 2017). Similarly, in 2013, the
authors conducted an extensive investigation into various strategies for
voltage control through the utilization of OLTCs, culminating in a
comprehensive study (Sarimuthu et al., 2016).

Table 10 provides an overview of the various OLTC techniques
employed for voltage regulation within power systems. OLTCs are in-
tegral components in transformers, allowing for the adjustment of
transformer tap positions under load conditions to maintain desired
voltage levels. The table highlights different strategies and configura-
tions of OLTCs that have been studied or implemented to enhance
voltage stability and control in power networks.

5.4. STATCOM

The STATCOM is categorized under FACTS. Utilizing VSC technol-
ogy, STATCOM effectively provides reactive power compensation to
power networks. By regulating the compensator’s reactive power,
voltage at the PCC can be controlled, benefiting both transmission and
DNs. The widespread application of STATCOM across various power
grids is attributed to its numerous advantages, particularly its rapid

response capabilities.

In distribution networks, STATCOM can be strategically deployed for
effective voltage control. The authors (Lee et al., 2013) examined the
coordinated operation of D-STATCOM, OLTC, and SVC for voltage
control, focusing on both positive and negative sequence voltages in the
presence of DG. Addressing voltage control issues in Medium Voltage
systems integrated with DG, the authors (Zad et al., 2013) proposed a
synchronized operational framework for OLTC and D-STATCOM.
Additionally, the authors (Gayatri et al., 2018). provided a compre-
hensive analysis of various approaches to reactive power compensation.
STATCOM thus represents a versatile technology with substantial po-
tential for improving voltage and reactive power management in power
networks.

PV-STATCOM and PV-SVC are used for voltage regulation and
reactive power compensation but use different technologies. PV-
STATCOM uses a voltage source converter to offer dynamic reactive
power support, while PV-SVC utilizes a combination of capacitors and
inductors to adjust reactive power. Each has its own advantages
depending on the specific requirements of the distribution network and
the level of renewable integration.

Table 11 underscores the versatility and effectiveness of STATCOM
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Table 12
Voltage regulation by Inverter based DG units in power system (Kabiri et al., 2014; Anantwar et al., 2017; Samadi et al., 2014; Collins and Ward, 2015; Varma et al.,
2009).

Aspect Description Advantages Applications Challenges

Technology Type DG units utilizing inverters with DC capability are - Reactive Power Control: - Voltage control in - Cost: $1000-$2000 per kW for

Reactive Power
Management

Innovative Control

essential for voltage regulation. Inverters manage
reactive power injection and absorption within the
electrical system, especially in PV-based DG units.

PV-based DG units, through their inverters, not only
inject power into the grid but also manage reactive
power by either injecting or absorbing it. This
capability is critical for voltage control and stability in
the network.

An advanced control strategy integrates a smart fuzzy

+100 % rated capacity

- Efficiency: 95-98 %

- Flexibility: Can be used for
both injection and
absorption of reactive
power.

- Voltage Regulation Range:
+20 % of nominal voltage.

- Reduces voltage
fluctuations by 30-50 %.

- Control Efficiency:
Improved by 15-25 % with
smart fuzzy logic.

- System Stability: Enhanced
due to advanced control

- Voltage Stability: Maintains

microgrids.

- Integration with PV
systems in distribution
networks.

- Enhances overall grid
reliability.

- Microgrids with renewable
energy sources.

- Systems with varying load
demands and generation
sources.

- Voltage support in
distribution networks.

- Microgrid environments
including PV, diesel, and
wind generators.

- Systems requiring precise
reactive power control.

- Distributed PV systems

high-quality inverters.

- Requires sophisticated control
algorithms.

- Integration with existing grid
infrastructure can be complex.

- Requires continuous
monitoring for optimal
performance.

- Potential interaction with other

network components, needing
careful system design.

- Implementation Complexity:
High due to integration of fuzzy
logic and PI control.

- Requires advanced computing
resources and expertise.

- Requires precise tuning for

Strategies logic controller with a conventional PI controller to
regulate reactive power output from PV systems. This
approach, developed by Anantwar, enhances system
performance in microgrids.
techniques.
Synchronized The Q(P) characteristic for PV systems ensures
Performance efficient voltage management along a feeder, keeping
Characteristics voltage levels within steady-state boundaries. This voltage.
method promotes stable voltage profiles across the
network.
Geographical Studies In Australia, PV inverters have been studied for their

potential to enhance voltage stability by effectively
regulating both active and reactive power. The
feasibility of PV solar farms for voltage control within
DNs has also been investigated.

within +5 % of nominal

- System Reliability:
Increased by 20-30 %.

- Voltage Control Efficiency:
90-95 % under varying
conditions.

- Grid Stability: Improved
resilience during variable
renewable energy

along feeders.

- Systems requiring stable
voltage profiles under
varying load conditions.

- PV solar farms in
distribution networks.

- PCC voltage control under
varying renewable energy
and load conditions.

different network configurations.
- Potential for instability if not
properly managed.

- Feasibility Studies: Required for
specific regions.

- Adaptation to local grid
conditions may be necessary.

- High initial investment for
large-scale deployment.

generation.

techniques in voltage regulation, providing insights into their applica-
tion across various scenarios within power systems.

5.5. Utilising inverter-based DG units

Inverter-based DG units are increasingly employed for voltage
regulation in distribution networks, particularly in scenarios where DG
integration poses challenges to voltage stability and power quality.
These DG units, typically powered by renewable energy sources such as
solar PV systems and wind turbines, convert DC power into AC power
through inverters. The use of inverters allows for precise control of both
active and reactive power, making them effective tools for voltage
regulation.

The integration of DG units into distribution networks can lead to
voltage fluctuations due to the intermittent nature of renewable energy
sources. Inverter-based DG units can mitigate these fluctuations by
providing dynamic voltage support. They can operate in various modes,
such as voltage control mode, where the inverter adjusts the output
voltage to maintain stability within the network, or power factor control
mode, where the inverter adjusts the reactive power output to optimize
the voltage profile across the network.

Due to their inherent capabilities, DG units utilizing inverters have
become pivotal assets for effective voltage regulation. This is achieved
through the proficient management of reactive power injection and
absorption within the electrical system. Particularly, PV-based DG units
provide more than mere power injection; they have the ability to inject
or absorb reactive power from the grid, thereby enhancing voltage
control mechanisms (Kabiri et al., 2014).

An innovative control strategy, proposed by the authors (Anantwar
et al., 2017), integrates a smart fuzzy logic controller with a conven-
tional PI controller. This strategy is specifically designed to regulate the
reactive power output of PV systems within a microgrid environment
that includes diesel units and wind generators. Developed by Anantwar,
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this approach demonstrates the effectiveness of combining advanced
control techniques to improve overall system performance. In a related
study, the authors (Samadi et al., 2014) introduced a synchronized
performance characteristic known as Q(P) for individual PV systems
distributed along a feeder. The primary objective was to manage voltage
levels efficiently, ensuring they remain within designated steady-state
voltage boundaries. This approach effectively controls voltage fluctua-
tions, thereby promoting stable and consistent voltage profiles across
the network.

In Australia, researchers evaluated the potential of PV inverters to
enhance voltage stability, focusing on the effective regulation of both
active and reactive power production. In a similar context, the authors
(Varma et al., 2009). investigated the feasibility of employing PV solar
farms for voltage control within DNs. Varma and colleagues explored the
use of PV solar arrays as a mechanism for voltage control at the PCC,
ensuring voltage stability even under uncertain conditions, such as
variable wind energy generation and unpredictable night-time load
demands.

Table 12 serves as a concise reference for understanding the role of
inverter-based DG units in voltage regulation, offering valuable infor-
mation for optimizing their integration into distribution networks.

5.6. DSM

DSM strategies involve collaborative arrangements between the
system operator and consumers to implement effective measures for
enhancing overall system efficiency. These measures provide benefits
across multiple fronts, including advantages for consumers, the system
operator, and society as a whole. It is important to note that the
implementation of DSM techniques may sometimes lead to a reduction
in system protection and stability due to an increase in overall power
demand.

DSM techniques are frequently employed within LV distribution
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Table 13
Voltage regulation by DSM techniques in power system.
Aspect Description Advantages Applications Challenges Reference
DSM Techniques DSM involves collaborative arrangements - Improves system - LV distribution systems. - Potential reduction in (Zakariazadeh
between system operators and consumers to efficiency (up to 15 % - Voltage and demand system protection and et al., 2014)

Real-Time Voltage
Regulation
Framework

Integration with
Intelligent
Transport
Systems (ITS)

Electric Springs for
Dynamic Load
Response

Independent Load
Scheduling
Strategy

Centralized Direct
Control DSM
Framework

Load Shedding
Strategies with
DG Integration

implement measures that enhance overall
system efficiency. DSM techniques are widely
used in Low Voltage (LV) distribution
systems.

A framework relying on demand response
initiatives, utilizing data from Remote
Terminal Units (RTUs) for optimal tap
changer configurations and load reduction
when necessary.

Investigating the integration of ITS with
intelligent loads to address voltage control
and DSM requirements in buildings.

Use of electric springs for regulating voltage
and frequency under variable wind energy
conditions. Electric springs offer better
voltage regulation performance compared to
STATCOM in distribution systems.

Strategy to reduce peak demand and mitigate
reverse power flow from PVs, lowering
voltage elevation, particularly during
variability in PV power generation.

A two-step DSM framework focused on
centralized direct control to manage voltage
oscillations, especially with devices like
electric water heaters in systems with
significant RES.

Investigating load shedding strategies that
incorporate DG into distribution systems,
providing valuable insights into effective
DSM implementation strategies.

improvement)

- Reduces peak demand
(up to 20 % reduction)
- Optimizes resource
utilization.

- Involves consumer
participation.

- Enhances voltage
stability (up to 10 %
improvement)

- Reduces voltage
fluctuations.

- Adapts to real-time
system conditions.

- Promotes efficient
energy use in buildings.
- Intelligent response to
voltage fluctuations.

- Enhances demand-side
management in smart
buildings.

- Superior voltage
regulation (up to 5 %
improvement over
STATCOM)

- Efficient frequency
control.

- Effective in systems
with variable renewable
energy generation.

- Reduces peak demand
(up to 25 %)

- Minimizes reverse
power flow.

- Stabilizes voltage in
systems with high PV
penetration.

- Effective voltage
oscillation
management.

- Centralized control
allows for coordinated
response.

- Reduces impact of RES
on grid stability.

- Helps prevent grid
overload (up to 20 %
load reduction)

- Enhances system
stability by balancing
load and generation.

- Supports integration of
distributed generation.

control in residential and
commercial buildings.

- Systems with high RES
integration.

- Real-time voltage
regulation in systems
with fluctuating load and
generation.

- Coordination with tap
changers and RTUs for
dynamic response.

- Building settings with
high energy
consumption.

- Integration with smart
grids and ITS for
optimized energy use.

- Distribution systems
with high wind energy
integration.

- Voltage and frequency
control in renewable-
heavy grids.

- Distribution networks
with significant PV
integration.

- Peak demand
management in grids
with variable renewable
energy generation.

- Distribution networks
with high RES
integration.

- Voltage control in
systems with large-scale
electric heating loads.

- Systems with high DG

penetration.

- Emergency response to
prevent grid overload in
critical situations.

stability.

- Requires sophisticated
monitoring and control
systems.

- Consumer participation
may be inconsistent.

- Complexity in real-time
data analysis and decision-
making.

- High cost of
implementation and
maintenance.

- High initial investment for
intelligent systems.

- Complexity in system
integration and
coordination.

- High cost of electric
springs.

- Requires precise tuning for
optimal performance.

- Limited by the availability
and quality of renewable
energy sources.

- Requires detailed load
forecasting and scheduling.
- Challenges in consumer
acceptance and compliance
with scheduling strategies.

- Centralized control may
lead to single points of
failure.

- High costs associated with
centralized monitoring and
control systems.

- Potential disruption to
consumer services during
load shedding.

- Requires precise
coordination with DG to
avoid negative impacts on
grid stability.

(Zakariazadeh
et al., 2014)

(Luo et al., 2017)

(Chen et al.,
2015; Luo et al.,
2015)

(Yao et al., 2016

(Saxena et al.,
2024c

(Sapari et al.,
2018)

systems, which serve as an appropriate platform for their implementa-

management requirements in building settings (Luo et al., 2017).

tion. Through the application of DSM programming, the system load can
be adeptly controlled and adjusted as deemed necessary by the system
operator. This involves a collaborative agreement with consumers, who
agree to modify their consumption patterns in accordance with pre-
vailing conditions. This dynamic approach to demand management
contributes to optimizing system performance and ensuring efficient
resource utilization.

The authors introduced a real-time voltage regulation framework
that relies on demand response initiatives. This framework utilizes in-
formation gathered from Remote Terminal Units (RTUs) to identify
optimal tap changer configurations and appropriate levels of load
reduction when necessary (Zakariazadeh et al., 2014). Similarly, the
authors investigated the viability of integrating an ITS with an intelli-
gent load to promptly address voltage control and demand-side
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The authors (Chen et al., 2015) investigated dynamic load response
strategies incorporating electric springs to regulate voltage and fre-
quency under the influence of variable wind energy. In a comparative
study, the authors (Luo et al., 2015) examined electric springs and
STATCOM, highlighting that electric springs offer superior voltage
regulation performance in distribution systems compared to STATCOM.
Addressing variability in PV power generation, the authors (Yao et al.,
2016) proposed an independent load scheduling strategy to reduce peak
demand and mitigate reverse power flow from PVs, thereby lowering
voltage elevation.

Additionally, the authors (Saxena et al., 2024c) introduced a
two-step DSM framework tailored for distribution networks with sig-
nificant RES, emphasizing a centralized direct control approach for
managing voltage oscillations, particularly with electric water heaters.
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Table 14
Voltage regulation by BESS integration in DN.
Aspect Description Advantages Applications Challenges Reference
BESS Integration Integration of BESS for managing short- - Provides essential - Systems with high - High initial investment and (Jiang et al.,
term and mid-term voltage fluctuations.  reserves (up to 30 % of renewable energy maintenance costs. 2024)
BESS offers an environmentally friendly  system needs) integration. - Limited by battery life and

Vanadium Redox
Batteries for
Voltage
Fluctuation
Management

Synchronized BESS
Charging/
Discharging
Strategy

Coordinated Voltage
Regulation with
BESS

energy source, but long-term stability
requires significant investment due to
high costs.

Proposed use of Vanadium Redox
Batteries to mitigate voltage fluctuations
due to extensive integration of rooftop
PV systems, with a planning framework
to scale BESS for effective voltage
variation management.

A synchronized strategy for charging/
discharging BESS to minimize voltage
and frequency fluctuations, with
centralized control at a primary control
center.

Coordinated voltage regulation strategy
using dynamic droop control and BESS
in active DC distribution networks with
high PV penetration, aiming to optimize
DG capacity.

- Effective short-term
voltage and frequency
regulation.

- Environmentally
friendly energy storage
solution.

- Mitigates voltage
fluctuations.

- Scalable solution for
managing increased PV
penetration.

- Voltage and frequency
control in grids with
significant renewable
energy penetration.

- Emergency backup
power supply.

- Distribution networks
with extensive PV
integration.

- Voltage regulation in
grids with rooftop solar

capacity.

- Long-term voltage stability
requires large-scale investment in
BESS infrastructure.

- High cost of Vanadium Redox

Batteries.- Complexity in scaling
BESS to meet growing demand.-
Requires robust control systems
for effective operation.

(Nazaripouya
et al., 2015)

- Environmentally systems.
friendly technology. - Centralized control of
BESS for optimal
performance.
- Minimizes voltage and - Grids with high - High initial and operational (Jiang et al.,
frequency fluctuations. renewable energy costs. 2022)
- Centralized control penetration. - Complexity in coordinating
ensures coordinated - Centralized energy multiple BESS units.
response. storage management. - Dependence on centralized
- Enhances grid stability - Voltage and frequency  control systems for effective
with high RES regulation in operation.
penetration. distribution networks.
- Effective voltage - Active DC distribution - Requires advanced control (Li et al., 2024;
regulation in DC networks. systems. Mohamed et al.,
networks (up to 15 % - High PV penetration - High costs associated with BESS ~ 2024)

improvement)

- Optimizes DG capacity
within distribution
networks.

- Enhances system
efficiency and reduces
losses.

and control infrastructure.
- Complexity in coordinating with
existing grid systems.

areas.

- Integration with
dynamic droop control
for voltage regulation.

Researchers also conducted a comparative analysis on integrating
RES-based DG into distribution networks (Saxena et al., 2022b).

The authors (Sapari et al., 2018) recently investigated load shedding
strategies integrating DG into distribution systems, contributing valu-
able insights into effective implementation strategies.

Table 13 provides a comparative analysis of various DSM techniques
utilized for voltage regulation in power systems. The table highlights the
different DSM strategies employed to manage and control voltage levels
within distribution networks, particularly in the presence of DG and
RES.

5.7. BESS

Furthermore, the integration of BESS in power systems has gained
attention as an environmentally friendly energy source capable of
providing essential reserves to both the system and RES. BESS can
effectively manage short-term and mid-term voltage fluctuations; how-
ever, long-term voltage stability requires significant investment due to
the high costs associated with BESS (Jiang et al., 2024). The authors
(Nazaripouya et al., 2015) proposed a solution using Vanadium Redox
Batteries to mitigate voltage fluctuations induced by the extensive
integration of rooftop PV systems.

The authors (Nazaripouya et al., 2015) introduced a planning
framework aimed at scaling BESS to effectively manage voltage varia-
tions resulting from PV integration. The authors (Jiang et al., 2022)
proposed a synchronized charging/discharging strategy utilizing BESS
to minimize voltage and frequency fluctuations, centralizing control at a
primary control centre. The authors (Li et al., 2024) investigated a
synchronized approach for coordinating multiple BESS to mitigate
voltage surges due to increased PV penetration.

Table 14 emphasizes the critical role of BESS in enhancing voltage
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regulation, particularly in networks with high levels of renewable en-
ergy integration, by providing a reliable and responsive solution to
voltage stability challenges.

The authors (Mohamed et al., 2024) conducted a comprehensive
study integrating BESS to achieve goals such as voltage management,
loss minimization, and peak load reduction, optimizing DG capacity
within DNs. The authors (Krishan et al., 2017) addressed challenges
posed by high PV penetration, presenting a coordinated voltage regu-
lation strategy in active DC DNs using dynamic droop and BESS.
Table 15 provides a taxonomy summarizing these studies on voltage
regulation in DNs with DG presence.

6. Current challenges and suggestions
6.1. Current challenges

e Incompatibility with Traditional Systems: Traditional power
systems were not designed to handle the complexities introduced by
large-scale DG integration. This leads to challenges in protective
systems and voltage regulation within DNs. The variable nature of
DG outputs can disrupt established fault detection and isolation
processes.

o Fault Current Management: The integration of DG units, especially
those that generate power continuously, can alter fault current
characteristics, including their magnitude and flow paths. This re-
quires adjustments in protective relay settings and coordination
schemes to ensure accurate fault detection and protection.

e Voltage Fluctuations and Overvoltage Conditions: DG units,
particularly photovoltaic (PV) systems, can cause significant voltage
fluctuations and potential overvoltage conditions when generating
excess power. Managing these fluctuations is critical to maintaining



V. Saxena et al.

Table 15
Categorization of examined articles concerning the control of voltage in DNs
with the inclusion of DGs.

Ref. Problem Statement Remedial Action
(Mogos and Voltage regulation Controlling both active and
Guillaud, 2004) challenges in DG- reactive power of DG units

(Chalise et al.,
2016)

(Ghosh et al.,
2017)

(Zeraati et al.,
2019)

(Su et al., 2014)

(Liu et al., 2018)

(Tian et al., 2016)

(Hu et al., 2016)

(Muttaqi et al.,
2015)

(Salih and Chen,
2016)

(Daratha et al.,
2014)

(Mehmood et al.,
2018)

(Zhang and Chu,
2017)
(Azzouz et al.,

2017)

(Lee et al., 2013)

(Zad et al., 2013)

(Kabiri et al.,
2014)

(Anantwar et al.,

2017)

(Samadi et al.,
2014)

(Collins and Ward,
2015)
(Zakariazadeh
et al., 2014)
(Luo et al., 2017)

(Chen et al., 2015)

(Luo et al., 2015)

(Yao et al., 2016;

Jiang et al.,
2024)

(Jiang et al., 2022;
Li et al., 2024)

incorporating networks
Excessive voltage caused by
miniature wind turbines
Voltage rises with high DG
penetration

Voltage drops during peak
demand and rise from
rooftop PVs

Enhancing unbalanced LV
networks with PVs

Optimal system
realignment and voltage-
related issues

Voltage violations from DG
penetration and load
demand

Voltage rises from PV cells
and imbalance

Voltage control with DC
mechanisms in AC context
Voltage regulation with DG
integration

Efficient regulation of
voltage in systems with PVs
that experience imbalance
Voltage rises due to
widespread DG penetration

Voltage control in high
penetration systems
Advanced voltage
regulation in operational
DNs

Regulating voltage in
systems incorporating
renewable DGs

Voltage control in MV
radial layouts

Voltage control with the
involvement of PV cells
Regulating voltage using
renewable DG and diesel
engines

Voltage increases from
widespread PV use

Voltage increases in
networks with home PVs
Ensuring voltage control
with fluctuating DG
production

Voltage control with
variable wind energy
Voltage and frequency
management with
intermittent wind

Control of voltage levels in
DNs

Voltage rises from rooftop
PVs

Voltage and frequency
fluctuations in networks

Dynamic adjustment of pitch
angle to reduce WG output
Management of reactive power
and restriction of active power
for PVs.

Active curtailment of power
generation from PV arrays

Efficient reactive power
regulation and active power
reduction

Effective utilization of voltage
regulation devices

Optimization of VARs and
network reconfiguration
strategies

Leveraging transformers with
single-phase tapping
capabilities

Introducing a structured
coordination approach
Coordinated operation of
OLTC and management of
reactive power in WG.
Coordinated SVC and OLTC for
enhanced control

Synchronized functioning of
OLTC, capacitor banks, and
generators in coordination
Synchronized control strategy
for PVs, BESS, and OLTCs
Applying fuzzy logic to
regulate OLTCs, PV systems,
and WGs.

D-STATCOM for the regulation
of voltage

Coordinated D-STATCOM and
OLTC management

Managing the inverter to inject
reactive power

Managing the reactive power
generated by PV inverters.

Simultaneously synchronized
control of reactive power and
power fed into the system
Control of real and reactive
powers in distributed inverters
Emergency demand response
and load reduction strategy

Incorporating thermal energy
storage using ice

Employing electric springs
programs

Regulating dispersed electric
springs

Demand-side management for
energy consumption
scheduling

Implementing energy storage
systems with distributed
batteries
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voltage levels within acceptable limits and ensuring the stable
operation of the network.

Advanced Protection Strategies: Traditional protection systems
may not effectively address the new challenges posed by DG. The
need for advanced protection strategies, such as DOCRs and adaptive
protection schemes, is crucial to handle the altered fault current
characteristics introduced by DG.

Voltage Regulation and Control: Integrating DG requires sophis-
ticated voltage regulation and control strategies. The variability in
DG output necessitates dynamic adjustments in voltage levels to
maintain stability and prevent overvoltage conditions.

6.2. Suggestions

@ Upgrade Protective Systems: Implement advanced protective de-

vices and strategies that can handle the variable nature of DG out-
puts. This includes the use of adaptive protection systems and DOCRs
that provide localized fault detection and minimize disruptions.
Implement Smart Grid Technologies: Deploy smart grid technol-
ogies that offer real-time monitoring and control of voltage levels.
Smart grids can dynamically adjust voltage regulation in response to
changing DG outputs and load conditions, improving overall
network stability.

Enhance Voltage Regulation Techniques: Utilize voltage regula-
tion devices, such as STATCOMs and voltage regulators, to manage
voltage fluctuations effectively. Incorporate these devices into a co-
ordinated control strategy to address both overvoltage and under-
voltage issues.

Develop Comprehensive Control Strategies: Develop and imple-
ment comprehensive control strategies that integrate DG with
existing grid management systems. This includes real-time data an-
alytics and adaptive control techniques to optimize the performance
of the grid under varying DG conditions.

Invest in Research and Development: Support ongoing research
and development efforts focused on innovative solutions for DG
integration. This includes exploring new technologies and method-
ologies for enhancing protective systems, voltage regulation, and
overall grid stability.

Conclusion

The integration of DG into power systems, especially at the LV level,

is driven by the goals of improving system reliability, enhancing pro-
tection mechanisms, and increasing overall efficiency. DG technologies,
such as solar and wind power, are seen as crucial for diversifying energy
sources and reducing dependency on centralized generation. However,
integrating DG into existing power grids presents a series of complex
challenges.

One of the primary challenges arises from the fact that traditional

power systems were not originally designed to handle large-scale DG
integration. This mismatch can lead to issues in protective systems and
voltage regulation within DNs. Protective systems, which are crucial for
detecting and isolating faults to prevent damage to equipment and
ensure safety, must adapt to the variable nature of DG outputs. The
introduction of DG alters fault current characteristics, including
magnitude and flow paths, necessitating adjustments in protective relay
settings and coordination schemes.

For instance, DG units can contribute to fault currents during grid

disturbances, affecting the operation of overcurrent protection devices.
To manage this effectively, advanced protection strategies like DOCRs
are increasingly deployed. These devices not only detect fault currents
but also ensure that protective actions are localized to the affected area,
thus minimizing disruption to the rest of the network.

In addition to protective concerns, integrating DG, particularly PV

systems, can lead to voltage fluctuations and potential overvoltage
conditions within DNs. This is because DG units, when generating
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surplus power relative to local demand, can elevate voltages beyond
acceptable limits. Managing these voltage variations requires sophisti-
cated control strategies, including voltage regulation devices and smart
grid technologies that can dynamically adjust voltage levels in response
to changing DG outputs and load conditions.

Addressing these challenges requires a comprehensive approach that
considers both protective system enhancements and advanced voltage
control strategies tailored to the characteristics of DG technologies.
Research and development efforts are increasingly focused on devel-
oping adaptive solutions that can accommodate higher levels of DG
penetration while maintaining grid stability and reliability.

In conclusion, while the integration of DG offers significant benefits
in terms of sustainability and energy diversification, it necessitates
careful consideration of its impact on protective systems and voltage
control mechanisms within Distribution Networks. By addressing these
challenges proactively, stakeholders can ensure that DG integration
proceeds smoothly and contributes positively to the resilience and effi-
ciency of future power systems.

8. Future perspectives
Looking ahead, the integration of DG into power systems is expected

to grow, driven by the increasing adoption of renewable energy sources
and advancements in technology. Future perspectives include:

Increased Penetration of Advanced DG Technologies: As tech-
nology advances, the penetration of sophisticated DG technologies,
such as next-generation PV systems, advanced wind turbines, and
energy storage systems, will become more prevalent. These tech-
nologies will require continued adaptation of grid management and
protection strategies.

Evolution of Smart Grid Capabilities: The development of smart
grids will play a critical role in managing the complexities associated
with high levels of DG integration. Future smart grids will feature
enhanced communication, automation, and control capabilities to
effectively handle dynamic grid conditions.

Integration of Artificial Intelligence and Machine Learning: The
use of artificial intelligence (AI) and machine learning (ML) will
become increasingly important for predictive analytics and real-time
decision-making in grid management. Al and ML can optimize grid
performance by predicting DG output variations and adjusting con-
trol strategies accordingly.

Enhanced Collaboration and Standardization: Greater collabo-
ration among stakeholders, including utilities, technology providers,
and regulators, will be essential for developing standardized ap-
proaches to DG integration. Standardization will help ensure
compatibility and interoperability among various DG technologies
and grid management systems.

Focus on Resilience and Sustainability: Future developments will
prioritize enhancing the resilience and sustainability of power sys-
tems. This includes building more robust and adaptable networks
that can withstand and recover from disruptions while maximizing
the benefits of renewable energy sources.

Funding

This research was supported by the Chung-Ang University Research
Grants in 2024. This research was also supported by Basic Science
Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (2020R1A2C1004743).

CRediT authorship contribution statement
Mohammed H. Alsharif: Writing — review & editing, Investigation,

Conceptualization. Mun-Kyeom Kim: Writing — review & editing,
Funding acquisition, Conceptualization. Praveen Kumar: Investigation,

3320

Energy Reports 12 (2024) 3302-3322

Conceptualization. Bhupender Sharma: Visualization, Supervision.
Saurabh Kumar Rajput: Supervision, Project administration. Vivek
Saxena: Writing — original draft, Validation, Methodology, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Saibal Manna:
Supervision, Software.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
Data will be made available on request.

References

Aghdam, T.S., Karegar, H.K., Abbasi, A., 2016. Discussion on "optimal protection
coordination for meshed distribution systems with DG using dual setting relays".
IEEE Trans. Smart Grid 7, 1756, 1756.

Al Kaabi, S.S., Zeineldin, H., Khadkikar, V., 2014. Planning active distribution networks
considering multi-DG configurations. IEEE Trans. Power Syst. 29, 785-793.

Alsharif, M.H., 2017. Comparative analysis of solar-powered base stations for green
mobile networks. Energies 10, 1208.

Alsharif, Mohammed H., Nordin, Rosdiadee, Ismail, Mahamod, 2016. Green wireless
network optimisation strategies within smart grid environments for Long Term
Evolution (LTE) cellular networks in Malaysia. Renew. Energy 85, 157-170.

Anantwar, H., Lakshmikantha, D.B.R., Sundar, S., 2017. Fuzzy self-tuning PI controller-
based inverter control for voltage regulation in off-grid hybrid power system. Energy
Procedia 117, 409-416.

Anaya, K.L., Pollitt, M.G., 2015. Integrating distributed generation: regulation and trends
in three leading countries. Energy Policy 85, 475-486.

Antoniadou-Plytaria, K.E., Kouveliotis-Lysikatos, I.N., Georgilakis, P.S.,

Hatziargyriou, N.D., 2017. Distributed and decentralized voltage control of smart
distribution networks: Models, methods, and future research. IEEE Trans. Smart Grid
8 (6), 2999-3008.

Archana, S., Rajpurohit, B.S., Lingfeng, W.D.G., 2016. Integration with power quality
improvement feature for smart grid. In: Pant, M., Deep, K., Bansal, J.C., Nagar, A.,
Das, K.N. (Eds.), Proceedings of Fifth International Conference on Soft Computing
for Problem Solving. Springer, Singapore, pp. 901-913.

Azzouz, M.A., Farag, H.E., El-Saadany, E.F., 2017. Real-time fuzzy voltage regulation for
distribution networks incorporating high penetration of renewable sources. IEEE
Syst. J. 11 (3), 1702-1711.

Badran, O., Mekhilef, S., Mokhlis, H., Dahalan, W., 2017. Optimal reconfiguration of
distribution system connected with distributed generations: A review of different
methodologies. Renew. Sustain. Energy Rev. 73, 854-867.

Bagheri, A., Monsef, H., Lesani, H., 2015. Integrated distribution network expansion
planning incorporating distributed generation considering uncertainties, reliability,
and operational conditions. Int. J. Electr. Power Energy Syst. 73, 56-70.

Baran, M., & El-Markabi, 1. (2004). Adaptive overcurrent protection for distribution
feeders with distributed generators. In Proceedings of Power Systems Conference
and Exposition, IEEE PES (pp. 715-719).

Bayat, A., Bagheri, A., Noroozian, R., 2016. Optimal siting and sizing of distributed
generation accompanied by reconfiguration of distribution networks for maximum
loss reduction by using a new UVDA-based heuristic method. Int. J. Electr. Power
Energy Syst. 77, 360-371.

Bhide, A., Monroy, C.R., 2011. Energy poverty: a special focus on energy poverty in India
and renewable energy technologies. Renew. Sustain. Energy Rev. 15, 1057-1066.

Bopp, T., Shafiu, A., Cobelo, 1., Chilvers, L., Jenkins, N., Strbac, G., 2003. Commercial and
technical integration of distributed generation into distribution networks. Proc. 17th
Int. Conf. Electr. Distrib. (CIRED) 1-4.

Brahma, S.M., Girgis, A.A., 2004. Development of adaptive protection scheme for
distribution systems with high penetration of distributed generation. IEEE Trans.
Power Deliv. 19 (1), 56-63.

Chalise, S., Atia, H.R., Poudel, B., Tonkoski, R., 2016. Impact of active power curtailment
of wind turbines connected to residential feeders for overvoltage prevention. IEEE
Trans. Sustain. Energy 7 (2), 471-479.

Chawla, A., Bhalja, B.R., Panigrahi, B.K., Singh, M., 2018. Gravitational search-based
algorithm for optimal coordination of directional overcurrent relays using user
defined characteristic. Electr. Power Compon. Syst. 46 (1-2), 43-55.

Chen, X., Hou, Y., Tan, S.C., Lee, C.K., Hui, S.Y.R., 2015. Mitigating voltage and
frequency fluctuation in microgrids using electric springs. IEEE Trans. Smart Grid 6
(1), 508-515.

Chilvers, ., Jenkins, N., Crossley, P., 2005. Distance relaying of 11 kV circuits to increase
the installed capacity of distributed generation. IEEE Proceedings-Generation. Transm.
Distrib. 152 (1), 40-46.

Chiradeja, P., Ramakumar, R., 2004. An approach to quantify the technical benefits of
distributed generation. IEEE Trans. Energy Convers. 19 (4), 764-773.

Coffele, F., Booth, C., Dysko, A., 2015. An adaptive overcurrent protection scheme for
distribution networks. IEEE Trans. Power Deliv. 30, 561-568.


http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref1
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref1
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref1
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref2
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref2
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref3
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref3
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref4
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref4
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref4
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref5
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref5
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref5
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref6
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref6
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref7
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref7
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref7
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref7
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref8
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref8
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref8
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref8
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref9
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref9
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref9
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref10
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref10
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref10
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref11
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref11
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref11
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref12
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref12
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref12
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref12
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref13
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref13
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref14
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref14
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref14
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref15
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref15
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref15
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref16
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref16
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref16
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref17
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref17
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref17
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref18
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref18
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref18
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref19
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref19
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref19
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref20
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref20
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref21
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref21

V. Saxena et al.

Collins, L., Ward, J.K., 2015. Real and reactive power control of distributed PV inverters
for overvoltage prevention and increased renewable generation hosting capacity.
Renew. Energy 81, 464-471.

Costa, F.B., Monti, A., Paiva, S.C., 2017. Overcurrent protection in distribution systems
with distributed generation based on the real-time boundary wavelet transform.
IEEE Trans. Power Deliv. 32, 462-473.

Daratha, N., Das, B., Sharma, J., 2014. Coordination between OLTC and SVC for voltage
regulation in unbalanced distribution system distributed generation. IEEE Trans.
Power Syst. 29 (1), 289-299.

Echavarria, R., Claudio, A., Cotorogea, M., 2007. Analysis, design, and implementation
of a fast on-load tap changing regulator. IEEE Trans. Power Electron. 22 (2),
527-534.

El-Khattam, W., Sidhu, T.S., 2008. Restoration of directional overcurrent relay
coordination in distributed generation systems utilizing fault current limiter. IEEE
Trans. Power Deliv. 23 (1), 576-585.

El-Markabi, L.M.S. (2004). Control and protection for distribution networks with distributed
generators (Ph.D. Thesis). North Carolina State University.

Firouz, Y., Farhadkhani, S., Lobry, J., Vallée, F., Khakpour, A., DurieuX, O., 2014.
Numerical comparison of the effects of different types of distributed generation units
on overcurrent protection systems in MV distribution grids. Renew. Energy 69,
271-283.

Gayatri, M.T.L., Parimi, A.M., Pavan Kumar, A.V., 2018. A review of reactive power
compensation techniques in microgrids. Renew. Sustain. Energy Rev. 81,
1030-1036.

Ghosh, S., Rahman, S., Pipattanasomporn, M., 2017. Distribution voltage regulation
through active power curtailment with PV inverters and solar generation forecasts.
IEEE Trans. Sustain. Energy 8 (1), 13-22.

Gong, J., Lao, K.-W., 2024. Electric spring for two-timescale coordination control of
voltage and reactive power in active distribution networks. IEEE Trans. Power Deliv.
39 (3), 1864-1876.

Hou, Q., Dai, N., Huang, Y., 2024. Voltage regulation enhanced hierarchical coordinated
Volt/Var and Volt/Watt control for active distribution networks with soft open
points. In. IEEE Trans. Sustain. Energy 15 (3), 2021-2037.

Hu, J., Marinelli, M., Coppo, M., Zecchino, A., Bindner, H.W., 2016. Coordinated voltage
control of a decoupled three-phase on-load tap changer transformer and
photovoltaic inverters for managing unbalanced networks. Electr. Power Syst. Res.
131, 264-274.

Hunziker, C., Schulz, N., 2017. Potential of solid-state transformers for grid optimization
in existing low-voltage grid environments. Electr. Power Syst. Res. 146, 124-131.

Javadian, S., Haghifam, M.-R., Bathaee, S., Firoozabad, M.F., 2013b. Adaptive
centralized protection scheme for distribution systems with DG using risk analysis
for protective devices placement. Int. J. Electr. Power Energy Syst. 44, 337-345.

Javadian, S., Haghifam, M.-R., Firoozabad, M.F., Bathaee, S., 2013a. Analysis of
protection system’s risk in distribution networks with DG. Int. J. Electr. Power
Energy Syst. 44, 688-695.

Jiang, S., Wang, H., Li, G., Xin, Y., Wang, L., Xu, Y., 2024. A novel coordinated control
strategy for frequency regulation of MMC-HVDC connecting offshore wind farms. In.
IEEE Trans. Sustain. Energy 15 (2), 1028-1038.

Jiang, S., Xu, Y., Li, G., Xin, Y., Wang, L., 2022. Coordinated control strategy of receiving-
end fault ride-through for DC grid connected large-scale wind power. IEEE Trans.
Power Deliv. 37 (4), 2673-2683.

Kabiri, R., Holmes, D.G., McGrath, B.P., 2014. The influence of 2014 PV inverter reactive
power injection on grid voltage regulation. Proc. 5th IEEE Int. Symp. Power Electron.
Distrib. Gener. Syst. (PEDG) 1-8.

Kabiri, R., Holmes, D.G., McGrath, B.P., Meegahapola, L.G., 2015. LV grid voltage
regulation using transformer electronic tap changing, with PV inverter reactive
power injection. IEEE J. Emerg. Sel. Top. Power Electron. 3 (4), 1182-1192.

Karatepe, E., Ugranli, F., Hiyama, T., 2015. Comparison of single-and multiple-
distributed generation concepts in terms of power loss, voltage profile, and line flows
under uncertain scenarios. Renew. Sustain. Energy Rev. 48, 317-327.

Kefayat, M., Ara, A.L., Niaki, S.N., 2015. A hybrid of ant colony optimization and
artificial bee colony algorithm for probabilistic optimal placement and sizing of
distributed energy resources. Energy Convers. Manag. 92, 149-161.

Kraiczy, M., Stetz, T., Braun, M., 2018. Parallel operation of transformers with on-load
tap changer and photovoltaic systems with reactive power control. IEEE Trans.
Smart Grid 9 (6), 6419-6428.

Krishan, R., Verma, A., & Mishra, S. (2017). Voltage regulation of residential DC
distribution feeder using coordinated battery energy storage units. In Proceedings of
IEEE International Conference on Smart Grid and Smart Cities (ICSGSC) (pp. 146-
151).

Kumar, D.S., Srinivasan, D., Reindl, T., 2016. A fast and scalable protection scheme for
distribution networks with distributed generation. IEEE Trans. Power Deliv. 31,
67-75.

Lee, T.L., Hu, S.H., Chan, Y.H., 2013. D-STATCOM with positive-sequence admittance
and negative-sequence conductance to mitigate voltage fluctuations in high-level
penetration of distributed-generation systems. IEEE Trans. Ind. Electron. 60 (4),
1417-1428.

Li, J., Fang, Z., Wang, Q., Zhang, M., Li, Y., Zhang, W., 2024. Optimal operation with
dynamic partitioning strategy for centralized shared energy storage station with
integration of large-scale renewable energy. J. Mod. Power Syst. Clean. Energy 12
(2), 359-370.

Liu, Z., Chen, Z., Sun, H., Hu, Y., 2015. Multiagent system-based wide-area protection
and control scheme against cascading events. IEEE Trans. Power Deliv. 30,
1651-1662.

3321

Energy Reports 12 (2024) 3302-3322

Liu, Y., Li, J., & Wu, L. (2018). Coordinated optimal network reconfiguration and voltage
regulator/DER control for unbalanced distribution systems. IEEE Transactions on
Smart Grid.

Luo, X., Akhtar, Z., Lee, C.K., Chaudhuri, B., Tan, S.C., Hui, S.Y.R., 2015. Distributed
voltage control with electric springs: comparison with STATCOM. IEEE Trans. Smart
Grid 6 (1), 209-219.

Luo, X., Lee, C.K., Ng, W.M., Yan, S., Chaudhuri, B., Hui, S.Y.R., 2017. Use of adaptive
thermal storage system as smart load for voltage control and demand response. IEEE
Trans. Smart Grid 8 (3), 1231-1241.

Ma, J., Li, J., & Wang, Z. (2010). An adaptive distance protection scheme for distribution
system with distributed generation. In Proceedings of the 5th International Conference
on Critical Infrastructure (CRIS): IEEE (pp. 1-4).

Ma, J., Ma, W., Wang, X., Wang, Z., 2013. A new adaptive voltage protection scheme for
distribution network with distributed generations. Can. J. Electr. Comput. Eng. 36
(3), 142-151.

Mahmud, N., Zahedi, A., 2016. Review of control strategies for voltage regulation of the
smart distribution network with high penetration of renewable distributed
generation. Renew. Sustain. Energy Rev. 64, 582-595.

Manditereza, P.T., Bansal, R., 2016. Renewable distributed generation: the hidden
challenges: a review from the protection perspective. Renew. Sustain. Energy Rev.
58, 1457-1465.

Marchesan, G., Muraro, M., Cardoso, G., Mariotto, L., da Silva, C., 2016. Method for
distributed generation anti-islanding protection based on singular value
decomposition and linear discrimination analysis. Electr. Power Syst. Res. 130,
124-131.

Mehmood, K.K., Khan, S.U., Lee, S.-J., Haider, Z.M., Rafique, M.K., Kim, C.-H., 2018.
A real-time optimal coordination scheme for the voltage regulation of a distribution
network including an OLTC, capacitor banks, and multiple distributed energy
resources. Int. J. Electr. Power Energy Syst. 94, 1-14.

Mogos, E.F., & Guillaud, X. (2004). A voltage regulation system for distributed
generation. In Proceedings of IEEE PES Power Systems Conference and Exposition
(Vol. 2, pp. 787-794).

Mohamed, A., Rigo-Mariani, R., Debusschere, V., Pin, L., 2024. Operational planning
strategies to mitigate price uncertainty in day-ahead market for a battery energy
system. IEEE Access 12, 85388-85399.

Mosaddegh, A., Canizares, C.A., Bhattacharya, K., Fan, H., 2017. Distributed computing
architecture for optimal control of distribution feeders with smart loads. IEEE Trans.
Smart Grid 8 (3), 1469-1478.

Muthukumar, K., Jayalalitha, S., 2016. Optimal placement and sizing of distributed
generators and shunt capacitors for power loss minimization in radial distribution
networks using hybrid heuristic search optimization technique. Int. J. Electr. Power
Energy Syst. 78, 299-319.

Muttaqi, K.M., Le, A.D.T., Negnevitsky, M., Ledwich, G., 2015. A coordinated voltage
control approach for coordination of OLTC, voltage regulator, and DG to regulate
voltage in a distribution feeder. IEEE Trans. Ind. Appl. 51 (2), 1239-1248.

Naiem, A., Hegazy, Y., Abdelaziz, A., Elsharkawy, M., 2012. A classification technique
for recloser-fuse coordination in distribution systems with distributed generation.
IEEE Trans. Power Deliv. 27, 176-185.

Nanda, S., Pattanayak, B., Barik, S.K., Senapati, R.N., 2024. DC microgrid, faults and
detection techniques: A comprehensive review. In Proceedings of the 2024 5th
ICRTCST (pp. 321-325). Jamshedpur, India.

Nazaripouya, H., Wang, Y., Chu, P., Pota, H.R., Gadh, R., 2015. Optimal sizing and
placement of battery energy storage in distribution system based on solar size for
voltage regulation. Proc. IEEE Power Energy Soc. Gen. Meet. 1-5.

Nikolaidis, V.C., Papanikolaou, E., Safigianni, A.S., 2016. A communication-assisted
overcurrent protection scheme for radial distribution systems with distributed
generation. IEEE Trans. Smart Grid 7 (1), 114-123.

Petinrin, J.O., Shaaban, M., 2016. Impact of renewable generation on voltage control in
distribution systems. Renew. Sustain. Energy Rev. 65, 770-783.

Prakash, P., Khatod, D.K., 2016. Optimal sizing and siting techniques for distributed
generation in distribution systems: a review. Renew. Sustain. Energy Rev. 57,
111-130.

Rajaram, R., Kumar, K.S., Rajasekar, N., 2015. Power system reconfiguration in a radial
distribution network for reducing losses and to improve voltage profile using
modified plant growth simulation algorithm with Distributed Generation (DG).
Energy Rep. 1, 116-122.

Riad, A.J., Hasanien, H.M., Ullah, Z., Alkuhayli, A., Yakout, A.H., 2024. Voltage control
of PEM fuel cell in a DC microgrid using optimal artificial rabbits algorithm-based
fractional order PID controller. IEEE Access Vol. 12, 89191-89204.

Ruiz-Romero, S., Colmenar-Santos, A., Mur-Pérez, F., Lopez-Rey, A., 2014. Integration of
distributed generation in the power distribution network: the need for smart grid
control systems, communication and equipment for a smart city - use cases. Renew.
Sustain. Energy Rev. 38, 223-234.

Saleh, K.A., Zeineldin, H., Al-tavHinai, A., El-Saadany, E.F., 2015. Optimal coordination
of directional overcurrent relays using a new time-current-voltage characteristic.
IEEE Trans. Power Deliv. 30 (2), 537-544.

Salem, M.M., Elkalashy, N.I., Atia, Y., Kawady, T.A., 2017. Modified inverter control of
distributed generation for enhanced relaying coordination in distribution networks.
IEEE Trans. Power Deliv. 32 (1), 78-87.

Salih, S.N., Chen, P., 2016. On coordinated control of OLTC and reactive power
compensation for voltage regulation in distribution systems with wind power. IEEE
Trans. Power Syst. 31 (5), 4026-4035.

Samadi, A., Eriksson, R., Soder, L., Rawn, B.G., Boemer, J.C., 2014. Coordinated active
power-dependent voltage regulation in distribution grids with PV systems. IEEE
Trans. Power Deliv. 29 (3), 1454-1464.


http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref22
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref22
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref22
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref23
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref23
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref23
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref24
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref24
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref24
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref25
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref25
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref25
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref26
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref26
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref26
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref27
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref27
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref27
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref27
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref28
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref28
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref28
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref29
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref29
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref29
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref30
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref30
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref30
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref31
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref31
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref31
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref32
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref32
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref32
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref32
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref33
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref33
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref34
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref34
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref34
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref35
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref35
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref35
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref36
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref36
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref36
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref37
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref37
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref37
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref38
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref38
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref38
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref39
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref39
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref39
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref40
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref40
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref40
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref41
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref41
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref41
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref42
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref42
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref42
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref43
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref43
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref43
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref44
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref44
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref44
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref44
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref45
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref45
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref45
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref45
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref46
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref46
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref46
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref47
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref47
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref47
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref48
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref48
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref48
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref49
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref49
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref49
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref50
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref50
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref50
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref51
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref51
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref51
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref52
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref52
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref52
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref52
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref53
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref53
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref53
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref53
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref54
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref54
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref54
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref55
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref55
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref55
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref56
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref56
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref56
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref56
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref57
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref57
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref57
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref58
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref58
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref58
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref59
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref59
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref59
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref60
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref60
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref60
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref61
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref61
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref62
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref62
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref62
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref63
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref63
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref63
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref63
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref64
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref64
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref64
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref65
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref65
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref65
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref65
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref66
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref66
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref66
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref67
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref67
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref67
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref68
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref68
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref68
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref69
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref69
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref69

V. Saxena et al.

Sapari, N.M., Mokhlis, H., Laghari, J.A., Bakar, A.H.A., Dahalan, M.R.M., 2018.
Application of load shedding schemes for distribution network connected with
distributed generation: a review. Renew. Sustain. Energy Rev. 82, 858-867.

Sarimuthu, C.R., Ramachandaramurthy, V.K., Agileswari, K.R., Mokhlis, H., 2016.

A review on voltage control methods using on-load tap changer transformers for
networks with renewable energy sources. Renew. Sustain. Energy Rev. 62,
1154-1161.

Saxena, V., Kumar, N., Nangia, U., 2021b. Protagonist of renewable energy in distributed
generation: a review. Rev. Tecnol. fa En. Marcha 34 (4), 3-15.

Saxena, V., Kumar, N., Nangia, U., 2021a. Analysis of Smart Electricity Grid Framework
Unified with Renewably Distributed Generation. In Advances in Smart
Communication and Imaging Systems. Lect. Notes Electr. Eng. Vol. 721, 735-751.

Saxena, V., Kumar, N., Nangia, U., 2022b. Recent trends in the optimization of renewable
distributed generation: a review. Ing. {a e Invest. ON. 42 (3), €97702.

Saxena, V., Kumar, N., Nangia, U., 2022a. An impact assessment of distributed
generation in distribution network. Artif. Intell. Sustain. Comput. 2022, 33-46.

Saxena, V., Kumar, N., Nangia, U., 2022a. Smart grid: a sustainable smart approach.
Journal of Physics. Conf. Ser. 2022 (1), 012042.

Saxena, V., Kumar, N., Nangia, U., 2023. An extensive data-based assessment of
optimization techniques for distributed generation allocation: conventional to
modern. Arch. Comput. Methods Eng. 1-27.

Saxena, V., Kumar, N., Nangia, U., 2024b. Coal power plant-enabled grid resilience
through distributed energy resources and demand response integration. Electr. Eng.

Saxena, V., Kumar, N., Nangia, U., 2024a. Computation and optimization of BESS in the
modeling of renewable energy based framework. Arch. Comput. Methods Eng.

Saxena, V., Kumar, N., Nangia, U., 2024c. Impact analysis of demand response on the
optimal placement of solar PV systems in the distribution network. Braz. Arch. Biol.
Technol. 67, €24230419.

Shabani, M., Karimi, A., 2018. A robust approach for coordination of directional
overcurrent relays in active radial and meshed distribution networks considering
uncertainties. Int. Trans. Electr. Energy Syst. 28 (1), e2532.

Shen, S., Lin, D., Wang, H., Hu, P., Jiang, K., Lin, D., et al., 2017. An adaptive protection
scheme for distribution systems with DGs based on optimized Thevenin equivalent
parameters estimation. IEEE Trans. Power Deliv. 32 (1), 411-419.

Sinclair, A., Finney, D., Martin, D., Sharma, P., 2014. Distance protection in distribution
systems: How it assists with integrating distributed resources. IEEE Trans. Ind. Appl.
50 (3), 2186-2196.

Singh, M.K., Saxena, V., 2021. Voltage Conditioning and Harmonic Mitigation Using
UPQC: A Review. In: Singh, J., Kumar, S., Choudhury, U. (Eds.), Innovations in
Cyber Physical Systems. Lecture Notes in Electrical Engineering, vol 788. Springer,
Singapore.

Su, X., Masoum, M.A.S., Wolfs, P.J., 2014. Optimal PV inverter reactive power control
and real power curtailment to improve performance of unbalanced four-wire LV
distribution networks. IEEE Trans. Sustain. Energy 5 (3), 967-977.

Sun, S., Liu, J., Zhang, X., Wang, Y., Chen, Z., 2024. Transient damping of virtual
synchronous generator for enhancing synchronization stability during voltage dips.
CES Trans. Electr. Mach. Syst. 8 (2), 143-151.

Tan, W.-S., Hassan, M.Y., Majid, M.S., Rahman, H.A., 2013. Optimal distributed
renewable generation planning: a review of different approaches. Renew. Sustain.
Energy Rev. 18, 626-645.

3322

Energy Reports 12 (2024) 3302-3322

Taylor, M., Ralon, P., & Ilas, A. (2016). The power to change: Solar and wind cost
reduction potential to 2025. International Renewable Energy Agency (IRENA).

Tian, Z., Wu, W., Zhang, B., Bose, A., 2016. Mixed-integer second-order cone
programming model for VAR optimization and network reconfiguration in active
distribution networks. IET Gener., Transm. Distrib. 10 (8), 1938-1946.

Varma, R.K., Khadkikar, V., Seethapathy, R., 2009. Nighttime application of PV solar
farm as STATCOM to regulate grid voltage. IEEE Trans. Energy Convers. 24 (4),
983-985.

Wan, H., Li, K., Wong, K., 2010. An adaptive multiagent approach to protection relays
coordination with distributed generators in industrial power distribution system.
IEEE Trans. Ind. Appl. 46, 2118-2124.

Yamaguchi, H., Kataoka, T., 2008. Current limiting characteristics of transformer type
superconducting fault current limiter with shunt impedance and inductive load. IEEE
Trans. Appl. Supercond. 18 (2), 668-671.

Yao, E., Samadi, P., Wong, V.W.S., Schober, R., 2016. Residential demand side
management under high penetration of rooftop photovoltaic units. IEEE Trans.
Smart Grid 7 (3), 1597-1608.

Yazdanpanahi, H., Xu, W., Li, Y.W., 2014. A novel fault current control scheme to reduce
synchronous DG’s impact on protection coordination. IEEE Trans. Power Deliv. 29
(2), 542-551.

Zad, B.B., Lobry, J., & Vallée, F. (2013). Coordinated control of on-load tap changer and
D-STATCOM for voltage regulation of radial distribution systems with DG units. In
Proceedings of the 3rd International Conference on Electric Power and Energy
Conversion Systems (pp. 1-5).

Zahedi, A., 2010. A review on feed-in tariff in Australia, what it is now and what it
should be. Renew. Sustain. Energy Rev. 14 (9), 3252-3255.

Zahedi, A., 2011b. Maximizing solar PV energy penetration using energy storage
technology. Renew. Sustain. Energy Rev. 15 (2), 866-870.

Zahedi, A., 2011a. A review of drivers, benefits, and challenges in integrating renewable
energy sources into electricity grid. Renew. Sustain. Energy Rev. 15, 4775-4779.

Zakariazadeh, A., Homaee, O., Jadid, S., Siano, P., 2014. A new approach for real-time
voltage control using demand response in an automated distribution system. Appl.
Energy 117, 157-166.

Zeineldin, H.H., Mohamed, Y.A.-R.I., Khadkikar, V., Pandi, V.R., 2013. A protection
coordination index for evaluating distributed generation impacts on protection for
meshed distribution systems. IEEE Trans. Smart Grid 4 (3), 1523-1532.

Zeineldin, H.H., Sharaf, H.M., Ibrahim, D.K., El-Zahab, E.E.-D.A., 2015. Optimal
protection coordination for meshed distribution systems with DG using dual setting
directional over-current relays. IEEE Trans. Smart Grid 6 (1), 115-123.

Zeraati, M., Golshan, M.E.H., Guerrero, J.M., 2019. A consensus-based cooperative
control of PEV battery and PV active power curtailment for voltage regulation in
distribution networks. IEEE Trans. Smart Grid 10 (1), 670-680.

Zhang, C., Chu, X., 2017. Voltage regulation strategy for active distribution network
coordinating DGs, ESS units and OLTC. Proc. IEEE Power Energy Soc. Gen. Meet. 1-5.

Zhang, Y., Dougal, R.A., 2011. Novel dual-FCL connection for adding distributed
generation to a power distribution utility. IEEE Trans. Appl. Supercond. 21 (3),
2179-2183.

Zhu, T., Tso, S., Lo, K., 2000. An investigation into the OLTC effects on voltage collapse.
IEEE Trans. Power Syst. 15 (2), 515-521.


http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref70
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref70
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref70
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref71
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref71
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref71
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref71
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref72
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref72
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref73
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref73
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref73
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref74
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref74
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref75
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref75
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref76
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref76
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref77
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref77
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref77
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref78
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref78
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref79
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref79
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref80
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref80
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref80
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref81
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref81
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref81
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref82
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref82
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref82
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref83
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref83
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref83
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref84
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref84
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref84
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref84
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref85
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref85
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref85
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref86
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref86
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref86
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref87
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref87
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref87
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref88
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref88
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref88
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref89
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref89
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref89
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref90
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref90
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref90
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref91
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref91
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref91
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref92
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref92
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref92
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref93
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref93
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref93
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref94
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref94
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref95
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref95
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref96
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref96
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref97
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref97
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref97
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref98
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref98
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref98
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref99
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref99
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref99
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref100
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref100
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref100
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref101
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref101
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref102
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref102
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref102
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref103
http://refhub.elsevier.com/S2352-4847(24)00594-8/sbref103

	Navigating the complexities of distributed generation: Integration, challenges, and solutions
	1 Introduction
	2 Classification of DGs
	3 Various aspects of DG integration
	3.1 Uncertainties following DG integration
	3.2 Advantages of DG integration

	4 Protection measures in the presence of DGs
	4.1 Traditional protection system
	4.2 Protection system after DG integration

	5 Voltage regulation in the presence of DGs
	5.1 The curtailment of power on the supply side
	5.2 DN reconfiguration
	5.3 OLTC
	5.4 STATCOM
	5.5 Utilising inverter-based DG units
	5.6 DSM
	5.7 BESS

	6 Current challenges and suggestions
	6.1 Current challenges
	6.2 Suggestions

	7 Conclusion
	8 Future perspectives
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	References


