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Abstract: This review paper synthesizes the recent advancements in voltage regulation techniques for
active distribution networks (ADNSs), particularly in contexts with high renewable energy source (RES)
penetration, using photovoltaics (PVs) as a highlighted example. It covers a comprehensive analysis
of various innovative strategies and optimization algorithms aimed at mitigating voltage fluctuations,
optimizing network performance, and integrating smart technologies like smart inverters and energy
storage systems (ESSs). The review highlights key developments in decentralized control algorithms,
multi-objective optimization techniques, and the integration of advanced technologies such as soft
open points (SOPs) to enhance grid stability and efficiency. The paper categorizes these strategies
into two main types: analytical methods and computational methods. In conclusion, this review
underscores the critical need for advanced analytical and computational methods in the voltage
regulation of ADNs with high renewable energy penetration levels, highlighting the potential for
significant improvements in grid stability and efficiency.

Keywords: active distribution network (ADN); soft open point (SOP); genetic algorithms (GAs);
particle swarm optimization (PSO); battery energy storage system (BESS); alternating direction
method of multipliers (ADMM); smart inverter

1. Introduction

The evolving dynamics of power distribution systems, increasingly influenced
by the integration of RESs, have necessitated innovative strategies for voltage regu-
lation in active distribution networks (ADNs). This review paper delves deeply into
various methodologies that have emerged to address the challenges posed by high
photovoltaic (PV) penetration and other renewable energy sources (RESs), with a par-
ticular focus on two primary types of optimization methods: analytical methods and
computational methods.

1.1. Review Methodology

This literature review aims to synthesize recent research related to voltage optimiza-
tion techniques in active distribution networks, specifically focused on analytical and
computational methods. The key questions that guided the paper selection process are:

e  What are the recent techniques used for voltage regulation in distribution grids with a
high penetration of renewable energy sources?

e  How are the analytical and computational optimization methods applied to manage
voltage fluctuations and improve network efficiency?

e  What are some of the current limitations and challenges in this research domain?
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Analytical methods are crucial in understanding and solving optimization problems
within power systems. These methods involve mathematical formulations and theoreti-
cal frameworks that provide insights into the fundamental principles governing system
operations. They are instrumental in devising control strategies for voltage regulation,
power flow management, and loss minimization in a more deterministic manner. This
review explores how analytical methods are applied to develop algorithms for reactive
power control, voltage stability assessment, and the efficient dispatch of PV inverters in
distribution networks.

In contrast, computational methods have gained prominence with the advent of
advanced computing technologies and the increasing complexity of power networks. These
methods cover a wide range of algorithms and heuristic approaches, including genetic
algorithms (GAs), particle swarm optimization (PSO), and other metaheuristic methods.
Computational methods are particularly effective in dealing with the non-linear, multi-
objective, and often stochastic nature of modern power systems. They offer robust solutions
for real-time control and optimization in scenarios where traditional analytical approaches
may fall short because of the high fluctuations and unpredictability of RESs.

Analytical techniques based on mathematical modeling and deterministic analysis as
well as computational data-driven methods offer complementary strengths for addressing
the multifaceted voltage regulation challenges in modern distribution systems. Hence, this
review accentuates both categories of optimization approaches from the recent literature.

1.2. Keywords and Search Strategy

The primary keywords used in our database searches included voltage optimization,
voltage regulation, voltage control, active distribution networks, renewable energy inte-
gration, photovoltaic (PV) systems, analytical optimization methods, and computational
optimization methods. These keywords were carefully selected to capture the essence
of the research domain, focusing on innovative strategies for managing the complexities
introduced by the high penetration of RESs in ADNS.

The paper selection methodology involved keyword-based searches on databases like
IEEE Xplore, ScienceDirect, and SpringerLink to filter for peer-reviewed articles from the
past 5-10 years. Specific exclusion criteria included gray literature sources without rigorous
analysis, centralized control techniques lacking optimization algorithms, and solutions
tailored for transmission grid operations. Out of the 86 cited references, 41 papers employ
analytical optimization strategies, while 45 leverage various computational methods like
metaheuristics and machine learning. This indicates the nearly equal prominence given to
both methodologies in contemporary research on voltage control for distribution systems.
Figure 1 presents a timeline graph depicting the distribution of the cited papers by their
year of publication over the previous decade. Among the 86 references cited, 79 have clearly
identifiable publication years. The graph highlights that the first paper dates back to 2010,
with a significant majority of the papers being published from 2016 onward. The rapidly
increasing publications over the past 5 years, with a peak in 2019, provides quantitative
evidence for the growing relevance and importance of voltage optimization techniques in
active distribution networks. It validates the need for a comprehensive literature review
synthesizing the latest advancements in this area to guide future research.

The filtered papers provide the basis for a targeted synthesis of diverse voltage reg-
ulation techniques that offer promising capabilities like decentralized control, enhanced
integration of renewable sources, and reduced power losses. But they also outline key
limitations and gaps in translating these solutions to large-scale practical implementations.
The summarized insights aim to direct future explorations in this crucial area of power
distribution optimization to address grid stability and efficiency challenges.
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Figure 1. Distribution of cited papers by year of publication.

1.3. Technological Innovations in Voltage Regulation

Smart inverters represent a significant area of focus within both analytical and com-
putational optimization frameworks. These devices not only convert solar energy into
grid-compatible power but also play a pivotal role in providing dynamic voltage support
and reactive power compensation where the output reactive power of a smart inverter
follows the Volt/Var and power capability curves in Figure 2.
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Figure 2. PV smart inverter curve: (a) Volt/Var curve; (b) power capability curve.

This review examines various studies that utilize both analytical and computational
methods to enhance the functionality of smart inverters in power distribution systems.
Another critical aspect of this review is the integration and optimization of battery en-
ergy storage systems (BESSs) in conjunction with smart PV inverters. The coordination
between these systems is essential for managing the intermittency of renewable sources
and maintaining grid stability. This paper reviews different bi-level optimization methods
and metaheuristic algorithms that leverage the capabilities of BESSs and PV inverters,
highlighting how analytical and computational approaches can be combined for effective
voltage regulation.

Furthermore, the paper discusses decentralized control algorithms, emphasizing the
shift from traditional centralized methods to more efficient, localized control strategies.
These algorithms, developed using both analytical and computational methods, demon-
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strate their effectiveness in managing voltage deviations and reducing line losses in complex
power systems with high PV penetration.

Advancements in multi-objective optimization techniques, particularly Multi-Objective
Particle Swarm Optimization (MOPSO), are also a significant focus of this review. These
techniques address the complexities introduced by high levels of RES penetration, aiming to
balance operational efficiency with system stability and reliability. Studies employing these
methods showcase significant improvements in reducing power losses, minimizing voltage
deviations, and optimizing the operation of various grid components such as on-load tap
changers (OLTCs) and shunt capacitors (SCs).

Lastly, the paper explores the impact of sophisticated control mechanisms like soft
open points (SOPs) and distributed static compensators (DSTATCOMs) in enhancing grid
functionality. These technologies contribute to improved voltage profiles, reductions in
power losses, and better management of the challenges posed by the integration of rooftop
PV systems in low-voltage distribution networks.

In summary;, this review paper provides a comprehensive analysis of the advanced
strategies and methodologies in voltage regulation for ADNs, underlining the importance of
both the analytical and computational methods. By exploring the applications of these two
optimization approaches, the review highlights the significant advancements in managing
the complexities introduced by renewable energy integration, setting a foundation for
future developments in efficient and resilient power grid management.

2. Voltage Related Optimization Methods
2.1. Analytical Methods
2.1.1. Robust Optimization

Voltage levels can be maintained within acceptable limits through the control of reac-
tive power, which can be produced or absorbed by PV inverters. In [1], the author presents
a decentralized method for reactive power control in PV-integrated distribution networks.
Utilizing linear decision rules based on a PV real power output, the approach uses an
adjustable robust optimization framework, employing convex quadratic programming
to ensure optimal voltage and power loss management. Demonstrated as more effective
than traditional local control methods via Monte Carlo simulations, this approach offers a
practical, robust solution for modern grid management with renewable energy integration;
however, its dependency on accurate PV output predictions might reduce the method’s
effectiveness. Reference [2] presents an innovative approach to integrating PV systems into
voltage and reactive power (Volt/Var) control in distribution networks. Adhering to the
new IEEE 1547-2018 standard [3], this method involves formulating local decision rules
for PV inverters, allowing them to adjust reactive power based on real power output. The
paper introduces two techniques for determining these rules: one based on linear program-
ming for minimizing voltage deviations and another based on closed-form solutions from
distributionally robust chance constraints. Demonstrated through simulations on networks
with up to 3146 nodes, the approach effectively reduces voltage violations but with a
minimal increase in network power losses. The authors in [4] propose a novel decentralized
algorithm for power flow optimization in active distribution grids with high Distributed
Energy Resource (DER) integration. This approach, known as Increment-Exchange-Based
Decentralized Mult-objective Optimal Power Flow (MO-OPF), addresses the complexities
of coordinating network operators and DER owners. The key innovation lies in its ability
to solve the MO-OPF problem in a decentralized manner without compromising private
DER data. The algorithm is based on quadratic functions of coupling variables’ increments,
facilitating efficient and privacy-preserving interactions between stakeholders. Demon-
strated through simulations on IEEE 33-bus and a real 266-bus distribution systems, the
method shows its effectiveness in providing distributed Pareto optimal solutions, offering
a scalable and privacy-conscious solution for optimizing power distribution in grids with
significant DER penetration. To address the challenges in voltage and VAR control within
distribution networks heavily integrated with PV sources, the paper in [5] introduces a
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multi-objective adaptive robust optimization (MOARO) approach, focusing on minimizing
voltage deviations and power losses in the presence of high PV penetration. This approach
is notable for its robustness in handling the uncertainties inherent in such networks. The
effectiveness of this method is validated through extensive simulations on the IEEE 123-bus
system, showcasing its efficiency and robustness. A comparative analysis with other multi-
objective programming algorithms highlights the superiority of the proposed method in
operational robustness and efficiency. This paper contributes significantly to the field of
power systems, offering an innovative solution for managing complex challenges in high
PV-penetrated distribution networks. A robust optimization method is proposed in [6]
for controlling the active and reactive power injections of distributed generators (DGs) in
coordination with transformers” OLTCs. The mixed-integer linear programming (MILP)
problem formulation accounts for uncertainties in the network admittance matrix and uti-
lizes sensitivity coefficients for optimization. In contrast, the paper in [7] addresses voltage
regulation in similar systems but emphasizes robust optimization under the uncertainties of
DGs and load variations. This paper uses a mixed-integer non-linear programming (MINP)
approach and validates its methodology on a modified IEEE 123-bus system, demonstrating
effective voltage control despite uncertain and fluctuating generation and load conditions.

2.1.2. Advanced Optimization Techniques in Power Systems

The Alternating Direction Method of Multipliers (ADMM) is a powerful optimiza-
tion technique that combines elements of dual decomposition and augmented Lagrangian
methods for solving complex problems. It is particularly effective for solving large-scale
optimization problems that can be decomposed into smaller, more manageable subprob-
lems. The ADMM achieves this by breaking down the original problem into parts, solving
each part separately, and then iteratively refining these solutions to converge to an optimal
solution. This method is well suited for distributed optimization problems common in
power systems, where it can significantly reduce computational burdens and handle com-
munication constraints effectively. Several studies have effectively employed the ADMM
in optimizing power distribution systems. Reference [8] presents a distributed approach
for Conservation Voltage Reduction (CVR) in distribution systems with a high PV pene-
tration. It introduces a multi-objective optimization model that coordinates the operation
of PV inverters with traditional voltage regulation devices using a modified ADMM to
address non-convex optimization challenges, ensuring quality solutions and computational
efficiency. In [9], a convex quadratic program (QP) optimization model for both balanced
and unbalanced systems is developed, utilizing the ADMM for distributed optimization.
The model, suitable for large-scale applications, includes a two-timescale architecture for
controlling DERs. Its simplicity and linear constraints ease computation, though: its static
nature can limit effectiveness in dynamic scenarios. The paper in [10] proposes a novel
linearized voltage model for AC optimal power flow (AC-OPF) problems, leading to a
tractable quadratically constrained quadratic program (QCQP), further simplified under
certain conditions. The Scalable Optimal Inverter Dispatch (SOID) algorithm, which uses
the ADMM for distributed implementation, efficiently adjusts the inverter dispatch to
reduce power losses and effectively correct voltage deviations. Further, the author in [11]
introduces a method for optimally setting transformer tap positions in distribution systems
using a rank-constrained semidefinite program (SDP). The ADMM is applied to solve this
relaxed SDP, demonstrating its effectiveness through case studies on single- and three-phase
distribution systems, showcasing advantages over centralized methods. The work in [12]
develops decentralized methods for optimal power setpoints in residential PV inverters,
also employing the ADMM. This paper addresses conventional PV inverter limitations
by incorporating voltage regulation and network loss minimization, demonstrating the
adaptability and efficiency of the ADMM in tackling various distributed optimization
challenges in power systems. Another utilizing of the ADMM but with an energy storage
system (ESS) is introduced in [13]; the paper proposes a multi-objective procedure that
considers various ancillary services provided by ESSs, such as voltage support and network
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loss minimization, along with minimizing the cost of energy from the external grid and
managing congestion.

2.1.3. Advanced Hierarchical and Predictive Control

The paper in [14] introduces a groundbreaking approach to optimal power flow (OPF)
in power systems, emphasizing real-time application. The authors propose a multi-stage
quadratic flexible OPF (MQFOPF) framework, characterized by an object-oriented device
modeling approach. This methodology allows for the seamless integration of various
power system devices, enhancing the flexibility of the OPF process. A key innovation of the
paper is the development of an efficient Sequential Linear Programming (SLP) algorithm,
designed to solve the OPF problem in real time using a rolling horizon scheme. This scheme
takes into account changing forecasts, enabling a dynamic optimization of the power sys-
tem’s operations. The effectiveness of this framework is demonstrated through a case
study on a real distribution feeder, showcasing its potential in managing power systems
with diverse and evolving requirements. The paper also acknowledges opportunities for
further optimization, particularly in improving the speed and convergence quality of the
SLP algorithm. The recent advancements in voltage regulation techniques for ADNs are
well captured in several innovative studies. Study [15] proposes real-time Volt/Var control
using two stages. The first stage schedules OLTCs and capacitor banks (CBs), while the
second stage uses a data-driven method to assess voltage violation risks and control the
dispatch of electric vehicles (EVs). Additionally, a rule-based strategy is employed for
coordinating PVs and CBs, enhancing the reactive power reserve, while in [16], the study
introduces a double-timescale voltage control scheme using model predictive control (MPC)
in distribution networks with DGs. The slow timescale control aims to rectify long-term
voltage deviations, while the fast timescale control efficiently manages rapid voltage fluctu-
ations and maximizes renewable energy capture. The control problem is solved using a
sophisticated branch-and-bound algorithm, with an ADMM-based solver for mixed-integer
quadratic programming (MIQP) problems. Reference [17] introduces a novel strategy for
reactive power and voltage optimization over multi-periods, featuring a decoupling rolling
approach. This approach accounts for the strong time-based interconnections between
different devices, including PVs and OLTCs. The strategy employs Bender’s decompo-
sition algorithm to separate the mixed-integer voltage optimization model into a master
problem which addresses long-period subproblems for OLTCs, and multiple short-period
subproblems for PV power. Utilizing MPC, these subproblems are then modified into a
series of rolling subproblems within the time window, facilitating an efficient and smooth
transition from the existing state to the optimal state. The paper focuses on achieving fast
computation and effective voltage regulation by employing a simplified discrete equation
for the adjustments of the OLTC tap and utilizing a linearized sensitivity matrix between
the power and voltage.

2.1.4. Soft Open Point (SOP) Utilization in Voltage Regulation

A soft open point (SOP) is a power electronic device that is fully controllable. It has the
capability to precisely manage the active power transfer between the interconnected feeders
on each side and provide certain reactive power and voltage support as shown in Figure 3.
The paper [18] introduces a method for addressing voltage and reactive power challenges
in ADNs with high DG penetration. This method centers around the use of SOPs, which
offer more precise and real-time control compared to traditional voltage regulation devices.

The paper’s key contribution is a time-series optimization model that coordinates
SOPs with traditional regulation devices like OLTCs and CBs. This model, which aims to
minimize operational costs and eliminate voltage violations, employs linearization and
conic relaxation techniques to transform the complex MINP problem into a more tractable
mixed-integer second-order cone programming (MISOCP) model. Reference [19] proposes
the innovative Phase-Changing Soft Open Point (PC-SOP) to address three-phase imbal-
ances in distribution networks, often exacerbated by unevenly distributed generation. The
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PC-SOP connects soft open points in a novel way to control active and reactive power, bal-
ancing the power flow among phases. Key contributions include developing an optimized
operational strategy for unbalanced ADNs that combines SOP regulation, ESS dispatch,
and DG curtailment. This approach effectively reduces power losses and improves voltage
regulation. The paper transforms the complex optimization problem into a more tractable
second-order cone programming (SOCP) model.
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Figure 3. Network with SOP connection.

In [20], a novel approach is presented to address voltage violations in networks with
high DG integration. The strategy combines decentralized and local control of SOPs
to effectively manage voltage fluctuations. Key features include a locally tuned Q/V
control curve for intra-area reactive power regulation, reducing system complexity and
communication needs. Additionally, decentralized coordination regulates active power
transmission among areas, accommodating DG output fluctuations. The study in [21]
focuses on using SOPs in networks with high distributed generation. The paper introduces
a Jacobian matrix-based sensitivity method to determine SOP operating regions under
varying load and generation conditions. Three optimization objectives are considered:
voltage profile improvement, balancing line utilization, and minimizing energy losses.
The study provides a graphical representation of SOP operating regions and quantifies
the impacts of different optimization objectives, aiding Distribution Network Operators
in SOP control and operation. For fully utilizing the regulation ability of SOPs, a robust
optimization method is proposed in [22]. This method involves a two-stage adjustable
robust optimization model that generates robust operation strategies for SOPs. These
strategies aim to reduce voltage violations and minimize power losses in ADNs. The robust
optimization model is formulated as a SOCP to improve accuracy and computational
efficiency. However, the effectiveness of the model relies on accurately predicting the
uncertainties associated with PV generation. Any inaccuracies in these predictions could
impact the performance of the SOPs. A two-stage optimization method for distribution
networks based on an integration of energy storage with SOPs is proposed in [23]. The
first stage involves day-ahead optimization using interval optimization (IO) for optimizing
the OLTC and the state of charge (SOC) selections of the BESS in every Energy Storage
Integrated Soft Open Point (E-SOP). In the second one, an intra-day optimization model
is utilized, which is based on the rolling optimization algorithm. This model is designed
to optimize both the active and reactive power across each side of the E-SOP, as well as
manage the charging and discharging power of the BESS within each E-SOP. The approach
aims to reduce comprehensive operating costs, control nodal voltage within desired ranges,
and improve voltage profiles and load-balancing indexes in distribution networks with
high levels of DGs. The authors in [24] propose a novel voltage regulation framework
utilizing SOPs and reactive powers of DG inverters. The approach is based on linearized
DistFlow equations, creating a biconvex problem that minimizes voltage deviations through
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a coordinated scheme for SOPs and DGs. This problem can be efficiently solved by an
alternative convex search algorithm. The paper’s contributions include modeling various
types of SOPs and power electronic devices as nodal or line variables in a universal voltage
regulation model, offering coordinated reactive power support in distribution systems.
Papers [25,26] explore innovative strategies for voltage regulation in ADNs in the context
of increasing DG penetration. Paper [25] introduces a combined strategy, where the active
power of SOPs is centrally adjusted using global network information, complemented by
local reactive power control based on real-time data. This approach aims to effectively
manage voltage profiles and reduce power losses, employing convex relaxation to simplify
the optimization model, while [26], in contrast, proposes a decentralized strategy using the
ADMM algorithm. This method optimizes the transmission power of SOPs across network
partitions, achieving near-global optimal solutions without heavy computational demands.
Both strategies underscore the critical role of SOPs in enhancing operational flexibility
and voltage stability in ADNs, each employing distinct methodologies to navigate the
challenges posed by high DG integration.

2.1.5. Local and Coordinated Voltage Control

Paper [27] proposes a coordinated local control strategy for integrating DGs based
on RESs into distribution networks. It emphasizes a collaborative approach between
distribution system operators and independent power producers for voltage regulation
and maximizing active power production. The control method, formulated as a non-linear
constrained optimization problem, is solved using Sequential Quadratic Programming
(SQP). The coordination of two voltage control algorithms is proposed in [28], where the
first one is based on control rules and the other on utilizing optimization. The paper
compares the network effects and costs of both algorithms and discusses their practical
implementation issues. This approach offers a cost-effective solution to the traditional
method of network reinforcement for mitigating voltage rise issues due to distributed
generation integration. The authors in [29] present a novel two-stage optimization method
to regulate voltage in unbalanced distribution networks with DGs, like solar power. It
focuses on the coordination between OLTCs and Static Var Compensators (SVCs). The
method’s efficiency is demonstrated by its ability to solve problems that were previously
unsolvable due to computational burdens, completing tasks in less than 10 min that could
take over 8 h. This is achieved through a two-stage process: a one-day-ahead optimization
using the forecasted load and generation values, followed by a real-time local optimization
based on the current load and generation.

2.1.6. Convexification and Relaxation

Paper [30] presents a multi-objective optimization problem for optimally allocating
Dispersed Storage Systems (DSSs) in ADNSs. This study aims to find the optimal balance
between technical and economic goals, addressing congestion in feeders and lines, network
losses, network voltage deviations, and costs associated with supplying loads, alongside
the stochastic nature of load demands and renewables productions. To address these
challenges, it uses a convex formulation of an AC-OPF problem which is then structured as
an MISOCP problem. A novel method for managing voltage control in ADNs with high
DG integration is proposed in [31]. This approach involves a centralized model for tuning
the parameters of local control curves of DG inverters, focusing on optimizing reactive
and curtailed active power based on local voltage measurements. Utilizing MISOCP, the
method effectively converts complex MINP challenges into more tractable problems. This
paper makes a significant contribution by offering an innovative solution for enhancing
voltage control and reducing power losses in ADNs, emphasizing the crucial role of DG
inverters in modern power systems. While the centralized-based method for parameter
tuning is effective, its complexity might increase significantly with the scale of the network,
potentially impacting its applicability in very large or complex distribution systems. In
contrast, paper [32] introduces an Optimal Tap Control (OTC) method to regulate OLTCs
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by minimizing voltage profile deviations and reducing the number of tap operations. This
method employs a linearization technique to convexify the optimization problem, allow-
ing it to be solved efficiently at operational timescales. The study in [33] introduces an
optimization method that integrates VAR optimization with network reconfiguration to
minimize power losses and prevent voltage violations. This approach involves formulating
reactive power of DGs, VAR compensators, tap-changer positions, and branch states as
decision variables in an MISOCP model. The method successfully transforms a non-convex
three-phase model into this format using techniques like second-order cone relaxation
and piecewise linearization, including a detailed linearization of the typically neglected
non-linear transformer model. This developed method showcases substantial improve-
ments in reducing network losses and mitigating voltage violations, positioning it as an
effective tool for active distribution network management. Reference [34] introduces an
innovative approach to optimizing energy dispatch in distributed PV systems, aimed at
enhancing Advanced Distribution Management Systems (ADMSs). The study proposes
a convex optimization model that controls smart inverters in distributed PV systems for
voltage regulation and conservation voltage reduction. This model, which employs a
linearized power flow and the gradient projection algorithm, is tested on an open-source
ADMS platform, demonstrating its effectiveness in improving grid operations. The paper
also outlines a control architecture for coordinating smart inverter outputs, supported by
simulations that validate the approach. Paper [35] presents a novel approach to voltage
regulation in networks with a high penetration of DERs. It formulates the issue as an
optimization program to minimize network losses, considering constraints on bus voltage,
power injections, and transmission line limits. The paper establishes conditions for solving
this problem through convex relaxation and semidefinite programming. A key contribution
is the development of a distributed algorithm that is robust against communication failures
and efficient for large-scale networks.

2.1.7. Other Optimization Frameworks

The authors in [36] propose a novel approach using simplified linear equations to
represent the characteristics of voltage control devices. This approach involves formulating
the voltage equations of the distribution network using QP, which incorporates the control
ranges of voltage devices and operating voltage ranges of the network. The method utilizes
MIQP for deriving optimal solutions. The results were compared with the optimal results
of a global search method and were almost identical to the optimal solution; however,
the use of simplified linear equations may not capture the full complexity of real-world
distribution networks, especially under varying load and generation conditions. A proba-
bilistic optimization strategy for the effective use of PV generators in voltage regulation
of distribution networks is introduced in [37]. This strategy incorporates probabilistic
scenarios of PV output into a constrained optimal load flow planning analysis, aiming
to minimize a voltage deviation index that reflects the quality of voltage regulation. The
novel aspect of this approach lies in using the PV generators, such as capacitors and in-
ductors, scheduling their reactive power compensation monthly to be in sync with the
high-voltage /medium-voltage (HV /MV) substation OLTC settings. A key feature of this
strategy is its independence from a communication infrastructure and the absence of feed-
back voltage control. In [38], an innovative optimization strategy that controls both the
reactive and real power of single-phase PV inverters is presented. This approach aims to
enhance voltage profiles and voltage balance while reducing network losses and the costs
associated with generation. The authors formulate a multi-objective OPF problem, solved
using a global SQP method. The paper in [39] presents a multi-objective optimization
approach, which can effectively coordinate the reactive power provided by smart inverters
and tap operations of OLTCs in multi-phase unbalanced distribution networks. The pri-
mary objectives are to reduce voltage deviations and the number of OLTC tap actions. The
paper introduces a novel linearization method for power flow equations, which helps to
convexify the optimization problem, ensuring convergence and reducing computational
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costs. This approach is modeled and solved using MILP. In [40], a framework for optimizing
distribution systems using linearized power flow equations is proposed. The optimization
addresses control variables such as adjustable capacitors, voltage regulators (VRs), and
configurations of the system to achieve objectives like loss minimization and voltage profile
improvement. The problem is formulated as MIQP, which guarantees optimal solutions.
The framework incorporates system operational constraints including feeder capacities,
drops in voltage levels, and switching operations. Key advantages of the proposed method
include its general applicability to distribution system optimization, efficient solution algo-
rithms, known optimality gaps providing effective stop criteria, and realistic load modeling
accounting for voltage dependency. However, the use of linearized power flow equations,
while simplifying the optimization process, might not capture all the non-linear dynamics
of real-world distribution systems, potentially affecting the accuracy of the optimization
results. Reference [41] presents a sophisticated approach to managing and controlling
distributed generation in electric distribution systems. It introduces a two-stage short-term
scheduling procedure, integrating a day-ahead scheduler and an intra-day scheduler, to
optimize the production of various energy and control resources, including embedded
generators, reactive power compensators, and transformers with on-load tap changers.
The day-ahead scheduler plans the distribution of resources for the next day, while the
intra-day scheduler adjusts these plans every 15 min based on the operational requirements
and constraints of the network. The intra-day scheduler employs the MILP algorithm to
solve a non-linear multi-objective optimization problem, with linearization achieved using
sensitivity coefficients derived from three-phase power flow calculations. A decentralized
control algorithm in [42] is presented for optimizing reactive power in electrical distribution
networks with PV sources. The main focus of the paper is on developing a control strategy
that minimizes voltage deviations and line losses by optimally dispatching the reactive
power of PV inverters. This is achieved by correlating the optimal reactive power dispatch
with locally measurable quantities, such as node voltage, reactive power consumption, and
PV generation. The paper demonstrates that a near-optimal local control strategy, derived
from global optimization problem solutions under various operating conditions, performs
effectively. It closely matches central optimal solutions and shows potential for real-time
voltage control in complex power systems with high PV penetration. However, there is
still a need for further research in more general scenarios, including varying levels of PV
penetration and different line characteristics.

2.2. Computational Method
2.2.1. Heuristic Optimization Methods

Recent advancements in voltage regulation for ADNs with high PV penetration have
led to innovative strategies to minimize voltage fluctuations and optimize network perfor-
mance. Paper [43] introduces a method based on worst-case voltage scenarios (WCVSs) us-
ing MINP. This approach, which coordinates CBs, OLTCs, and PV plants, aims to minimize
operational losses, limit voltage variations, and reduce the flow of reactive power through
OLTCs, and decrease the number of switch operations in substation CBs. Similarly, the
research detailed in [44] proposes a centralized—decentralized voltage regulation method,
considering the optimization of substations while regulating voltage variations. Both pa-
pers employ multi-objective MINP models and solve them utilizing the non-dominated
sorting genetic algorithm II (NSGA-II). Additionally, they incorporate decision-making
algorithms to choose optimal solutions from the Pareto front. These studies emphasize
the importance of sophisticated optimization techniques in improving the stability and
efficiency of power distribution networks in the era of renewable energy integration.

Several papers emphasize the effectiveness of GAs in optimizing power distribution
systems with smart inverters. Reference [45] proposes a multi-objective genetic algorithm
to optimize smart inverter Volt/Var curves for voltage regulation and loss minimization.
Tested on an IEEE 13-node feeder model, optimized curves reduced system losses and
improved voltage profiles compared to a baseline curve. Minimizing the reactive power
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injection showed a more significant loss reduction than absorption minimization. However,
only one PV system size/location is evaluated; thus, the optimization results could vary
for different PV sizes and distributions on the network. In [46], the author presents a
novel co-optimization technique using a GA for managing voltage fluctuations in power
distribution networks with high PV penetration. This technique integrates individual
optimization algorithms for Load Tap-Changing (LTC) transformers, SCs, and smart in-
verters to determine their optimal settings. The primary goal is to minimize system power
losses while optimizing the smart inverter power factor settings and ensuring conservative
voltage reduction. In [47], a novel algorithm, utilizing GAs, to optimize the parameters of
Volt/Var curves in smart inverters is introduced. This optimization aims to enhance the
performance of distributed generation systems. The key objectives of the algorithm include
minimizing voltage deviations, reducing network losses, and limiting the peak of reactive
power. The algorithm addresses various limitations of previous studies by incorporating a
multi-objective optimization function that adjusts Volt/Var curve parameters, considering
service transformers’ effects, and analyzing system improvements based on the number
of parameters optimized. The approach also evaluates the implementation of optimized
Volt/Var curves during practical periods and assesses suitable Volt/Var curves for clustered
photovoltaic generators. Study [48] introduces a deep reinforcement learning (DRL)-based
algorithm for coordinating multiple smart inverters. This approach balances voltage reg-
ulation and reactive power utilization, adapting to varying conditions without the need
for extensive network model knowledge. It demonstrates near-optimal performance in
maintaining grid voltage limits and significantly reducing PV production curtailment.

A coordination between BESS and smart PV inverters is proposed in [49]. The study
introduces a voltage management approach with two controlling stages: using BESS and
smart PV inverters’ reactive power injection capabilities. The core of this strategy is a
bi-level optimization method, leveraging metaheuristic optimization algorithms (MOAs)
such as Social Spider Optimization (SSO), Particle Swarm Optimization (PSO), and Cuckoo
Search Optimization (CSO). This approach regulates voltage levels by managing the BESS
charging and discharging rates. The method aims to increase the utilization of energy
from PVs and wind resources, along with enhancing voltage profiles. A notable aspect
of this research is its consideration of uncertainties in PV system generation, integrating
PV generation forecasts to enhance the decision-making process for BESS operation. The
results demonstrate that appropriate coordination between BESSs and smart PV inverters
can significantly enhance distribution system operations, enabling a seamless integration
of PVs and wind energy. However, employing three different MOAs for which there
is no comprehensive comparison in the literature means that this lack of comparative
data might impact the ability to fully assess the effectiveness of these algorithms in the
specific context of electrical distribution systems with high renewable integrations. The
paper in [50] presents a novel optimization technique known as Locust Search (LS) for
addressing the Optimal Capacitor Placement (OCP) issue in radial distribution networks.
This problem, characterized by its complexity due to high multi-modality, discontinuity, and
non-linearity, involves strategically installing capacitor banks within electrical distribution
systems. Proper allocation of these banks can significantly improve the feeder’s voltage
profile and reduce power losses, leading to substantial energy savings and cost reductions.
The LS algorithm, inspired by swarm optimization, was tested on several IEEE radial
distribution test systems and compared against other techniques. The results indicate that
the LS-based method effectively addresses the OCP problem, demonstrating high accuracy
and robustness in optimizing capacitor placement for improved network performance.

Reference [51] introduces a novel approach to enhance voltage control in distribution
systems by utilizing end-user reactive-power-capable devices. This integration is aimed at
providing substantial support to the grid’s voltage profile. The study develops a Centralized
Support Distributed Voltage Control (CSDVC) algorithm that decomposes the distribution
system into different areas using e-decomposition. It identifies Q-C buses, or candidate
buses, which are optimal for reactive power injection. The approach calculates the optimum
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reactive power injection for each of these candidate buses in every area, along with the
necessary tap position of the regulator, using a GA. The CSDVC algorithm is particularly
designed to address inaccuracies in load forecasting and potential faults in control area
centers, ensuring secure and reliable reactive power control. This advanced technique
exhibits potential for application in current electrical distribution systems. However, the
use of end users as reactive power support introduces uncertainty due to their stochastic
behavior. Changes in consumption patterns can lead to insufficient reactive power in
local regions, posing challenges for maintaining voltage stability. Additionally, if a local
control center fails, the entire control system for that region may become inoperable. An
optimization model using the Grey Wolf Optimization (GWO) heuristic search method is
proposed in [52]. This model aims to coordinate various distribution controllers, including
tap-changing transformers, capacitors, and PV inverters, to minimize voltage deviations
and ensure that all voltages stay within specified limits. The effectiveness of the GWO
method was compared with other heuristic-based optimization methods: Differential
Evolution and Harmony Search. The results from simulations indicated that the GWO
method was effective in managing voltage fluctuations and maintaining operational limits
in these distribution networks. Another work using the coordination between PV inverters
and the tap position of OLTCs in the distribution network is presented in [53] as a schedule
method. This scheduling is based on a pattern search optimization algorithm, which utilizes
predicted load demand and PV active power generation. The primary objectives are to
reduce bus voltage deviations and minimize the losses of the network while keeping the
number of tap operations within a predefined limit. Additionally, the paper includes a
stochastic analysis to assess the effectiveness of this optimal scheduling method in the
presence of inaccurate forecasting in load demand and PV generation, highlighting the
robustness of the work approach under uncertain conditions.

2.2.2. SOPs and PSO Algorithm in Voltage Regulation

Paper [54] proposes a novel control method for regulating voltages in unbalanced
three-phase electrical distribution systems. This method addresses a constrained optimiza-
tion problem that aims to minimize voltage deviations and maximize the active power
output of DERs. The harmony search algorithm is employed to solve this optimization
problem. To demonstrate the efficacy of this approach, the IEEE 13-bus distribution test
system was modified and tested in three scenarios: (a) a system controlled only by voltage
regulators, (b) a system controlled solely by DERs, and (c) a system controlled by both
voltage regulators and DERs. The simulation results indicate that systems with a combina-
tion of voltage regulators and DER controls achieve a better voltage profile, highlighting
the potential of integrating DERs into voltage regulation strategies for improved system
performance. The parameters of the harmony search algorithm are carefully selected,
and the convergence criterion is based on the change in the best objective function value.
However, setting these parameters and determining the appropriate convergence criteria
can be challenging and may impact the efficiency and accuracy of the algorithm.

The use of SOPs and the PSO algorithm as key tools for addressing the challenges
in electrical distribution networks has been a common thread in several research papers,
especially in the context of high levels of DGs and the integration of RESs, such as PV
systems and wind turbines. In [55], a multi-objective optimization framework is proposed.
This framework leverages SOPs—advanced power electronic devices adept at managing
precise active and reactive power flows. The research employs an enhanced version of the
PSO algorithm, the MOPSO, combined with a local search technique, the Taxi-cab method.
This approach aims to optimize various operational aspects, including power loss reduction,
feeder load balancing, and voltage profile improvement, demonstrating its effectiveness
in a 69-bus distribution network. Similarly, reference [56] investigates the complexities in
distribution networks arising from renewable energy integration. It identifies key issues like
overvoltage, load imbalances, and fluctuating power outputs, proposing the installation
of SOPs. The PSO algorithm is utilized to determine the optimal operating parameters
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for SOPs, focusing on minimizing bus voltage deviations and total line losses. Moreover,
in [57], the enhancement of ADNs through the integration of DG units is discussed. The
paper aims to improve energy efficiency by reducing power system losses and optimizing
voltage profiles while adhering to system constraints. The methodology involves network
reconfiguration, including strategic control over the quantity, size, and placement of DG
units and the use of SOPs for advanced power flow control. Once again, a modified PSO
algorithm is employed to determine the best system configuration, encompassing the
optimal sizing and positioning of DG units and the allocation and dimensioning of SOPs.
Additionally, paper [58] explores the integration of DG units and the control of SOPs in
ADN:s. This study aims to enhance system efficiency by reducing power losses, improving
voltage profiles, and balancing feeder loads. It presents a strategy for reconfiguring the
network through the optimal determination of the number, location, and size of DGs and
optimally managing SOP operations. A Modified Particle Swarm Optimizer (MPSO) is used
as a crucial tool for handling the variables involved. The paper in [59] introduces a Mutation
Fuzzy Adaptive Particle Swarm Optimization (MF-APSQO) algorithm to solve the multi-
objective optimization problem, effectively balancing the mitigation of overvoltage issues
and reduction in total line losses. The methodology is demonstrated using numerical results,
showing that the proposed multi-objective optimization method outperforms conventional
methods, enabling an enhanced utilization of high-penetration PV systems with reduced
power curtailment due to improved voltage regulation and line-loss minimization.

On the other hand, ESSs have become pivotal in voltage optimization within power
networks; especially in the context of integrating RESs, PSO plays a key role in these
developments. Reference [60] proposes a two-stage methodology to optimize reactive
voltage control in distribution networks with PVs and ESSs. It addresses the challenge of
voltage control due to the unpredictability of DGs by combining network reconfiguration
with reactive resources. The first stage involves finding an optimal network topology with
minimal line losses and reconfiguration, while the second stage determines the output of
reactive power devices for each hour, including PV inverters and energy storage devices.
In [61], the study introduces an improved particle swarm optimization (I-PSO) method
for optimizing both active and reactive power of the BESS to mitigate voltage fluctuations.
This approach is demonstrated to be more effective than the standard PV smoothing
mode. In [62], the author introduces an improved MOPSO algorithm for determining
the optimal capacity and locations of ESSs. The algorithm aims to minimize voltage
deviations and ESS capacity costs. A novel two-stage majorization configuration model
to optimize a hybrid energy storage system (HESS) in ADNs is presented in [63]. The
model specifically addresses the challenges posed by volatile energy sources like wind
and solar. By integrating both lead—acid batteries and supercapacitors, the study aims
to balance costs, network losses, and node voltage deviations. The unique aspect of this
paper is the use of a revised MOPSO approach to solve capacity configuration challenges,
further enhanced by a quantum particle swarm optimization with a chaotic mechanism
for operational optimization. Reference [64] integrates the reactive power control function
of PV inverters with the charge/discharge characteristics of ESSs to optimize voltage
deviations. The study employs an improved adaptive PSO algorithm based on distributed
information, demonstrating through simulations that this methodology more effectively
improves voltage deviations in distribution networks compared to existing reactive power
optimization strategies. This approach highlights the potential of coordinated control
strategies in managing voltage issues in modern power systems with significant renewable
energy integration. However, in grids where such storage systems are not widely deployed
or are of limited capacity, the effectiveness of the approach could be reduced.

Papers [65,66] both employ the NSGA-II genetic algorithm for optimizing ESSs in
ADNSs, whereas paper [65] focuses on reducing power losses and voltage violation risks
through extended reactive power optimization, considering the output of PV storage
systems. In contrast, the paper in [66] aims at optimal placement and capacity sizing of
battery storage systems, targeting overall cost, load, and voltage fluctuation reduction.
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Recent research employs diverse optimization algorithms to effectively manage volt-
age stability and efficiency in power networks with varying levels of renewable energy
integration. The study in [67] introduces decentralized optimization methods as an alter-
native to traditional centralized methods, overcoming challenges like high computational
costs and data privacy concerns. The study focuses on optimizing the operation of voltage
regulators and energy storage devices through decentralized coordination. It employs two
methods: the Advanced Arithmetic Optimizer algorithm and the Profile Steering approach,
aiming to improve the reliability and efficiency of optimization processes while minimizing
communication and computational costs. In [68], the paper explores optimal sizing and
siting of DG units to improve voltage profiles and reduce power losses. It also examines the
role of BESSs in peak shaving. The paper utilizes a Harris Hawks Optimization (HHO) algo-
rithm for finding near-optimal solutions, tested on 33- and 141-bus distribution test systems.
The paper in [69] introduces a method for voltage regulation in distribution networks using
BESS units. It focuses on optimizing BESS unit operation in networks with high solar PV
penetration. The method uses sparse optimization techniques for minimal unit engagement
and power output variation. A distributed Lagrangian primal-dual sub-gradient algorithm
is employed for decentralized decision making. A stochastic multi-objective framework
for daily control of Volt/Var in distribution networks is proposed in [70]. The objective
is to lower power losses, minimize voltage deviations, reduce the costs of energy, and
decrease overall emissions. The approach incorporates uncertainties in hourly demand,
wind energy, and solar radiation within a scenario-driven probabilistic model and utilizes
an evolutionary algorithm through a Modified Teaching-Learning Algorithm (MTLA) to
solve the MINP problem.

2.2.3. Multi-Objective Optimization

Recent advancements in active distribution network optimization emphasize the in-
tegration of sophisticated multi-objective optimization techniques, particularly MOPSO,
focusing on managing the complexities introduced by high RES penetration levels. In [71],
the author proposes a novel approach for Volt/Var optimization in ADNs with RESs. This
approach employs a two-timescale multi-objective coordinated control system, focusing on
minimizing power losses and reducing the number of control actions required for OLTCs
and SCs over a 24 h period. The paper introduces a three-step method, including local
search, global search, and user preference to address the multi-objective MINP problem.
The optimization is performed every 6 h, considering the variability in day-ahead predica-
tions of RESs, and every 15 min for the reactive power control of RESs, explicitly accounting
for RES uncertainties. The strategy employs a group-based MOPSO for global search and
the Interior Point Method (IPM) for local search and real-time optimization. The efficacy of
this methodology is demonstrated using the IEEE 33-bus distribution network, showcasing
significant improvements in power loss reduction and effective voltage regulation in the
presence of RES uncertainties. Similarly, reference [72] presents a comprehensive approach
to reactive power control in ADNs. This approach involves formulating a multi-objective
mixed-integer non-linear optimization problem focusing on reducing active power losses
and minimizing voltage deviations. The solution employs a group-based MOPSO and
fuzzy logic to find Pareto optimal solutions and select a preferred compromise solution.
A composite load model, including plug-in electric vehicles, static induction motors, and
ZIP loads, is used to better represent load behaviour. Further, in [73], the application of
MOPSO is employed for an optimal reactive power dispatch (ORPD) strategy. This strategy
focuses on reducing active power losses and minimizing voltage deviations by effectively
coordinating OLTC transformers, CBs, and DGs. The paper highlights the efficacy of the
MOPSO algorithm in handling non-linear functions, continuous and discrete variables, and
multiple constraints. By utilizing this method, the authors demonstrate improved active
power loss reduction and voltage profile optimization in distribution systems, offering a
valuable contribution to the field of smart grid technology and renewable energy integra-
tion. In [74], the paper introduces a multi-stage, multi-objective Volt/Var control strategy



Energies 2024, 17,1216

15 of 33

incorporating high solar PV penetration in smart grids. It focuses on enhancing energy
efficiency through CVR in distribution networks. The strategy comprises a dual approach:
a slow timescale control for planning and a fast timescale control for real-time operations.
In the planning stage, the paper employs a Discrete Multi-Objective Particle Swarm Op-
timization (DMOPSO) for stochastic multi-objective Volt/Var optimization, addressing
uncertainties and inaccuracies in predicting load demand and PV generation. For real-time
operations, it utilizes an adaptive Volt/Var droop-controlled approach to manage voltage
fluctuations induced by sudden variations in PV output. The research demonstrates signifi-
cant improvements in reducing peak demand, daily energy demand, and system losses,
offering a comprehensive control strategy for modern power systems with significant
renewable energy integration. A mathematical model for reactive power regulation based
on MPC is presented in [75]. The model proposes a multiple-timescale optimal reactive
voltage control method, specifically designed to lower the impact of uncertainties from
wind and photovoltaic energy sources on voltage control. To validate this approach, the
study employs the IEEE 57-node system integrated with RESs. The efficiency of the model
is exhibited using the Whale Optimization Algorithm combined with Simulated Annealing
(WOASA). The results from this approach show that the multiple-timescale control method
significantly enhances the operational safety of the power grid and effectively leverages
the potential of reactive power regulation.

Paper [76] proposes a novel Volt/Var (VV) co-optimization strategy for managing
the challenges of PV integration in low-voltage distribution networks. It addresses the
limitations of traditional models that assume a single voltage level and balanced networks.
The study introduces a three-stage approach, coordinating the operation of medium-voltage
switched capacitors and low-voltage PV inverters, to improve voltage profiles and reduce
power losses, and solved by employing improved direct load flow and MPSO methods.

The work in [77] investigates the impact of integrating DSTATCOMs and PV units
in Tala City, Egypt’s distribution network. Using an improved sine cosine algorithm, the
study assesses the network at varying PV penetration levels and optimizes the placement
of DSTATCOMs and PV units to minimize power losses and improve voltage stability.
The results show significant enhancements in power loss reduction and system stability
when combining PV units with DSTATCOMSs, demonstrating the effectiveness of this
integrated approach.

2.2.4. Control and Optimization Integration

Reference [78] introduces a two-stage optimization strategy to manage voltage fluc-
tuations and minimize power losses in distribution systems with high PV penetration.
The first stage involves a day-ahead optimal strategy focused on minimizing total voltage
deviations and power losses, constrained by the maximum allowable operations of OLTCs
and SCs. The second stage involves real-time inverter reactive power control to adjust for
the uncertainties in PV output and load demand. This stage utilizes an artificial neural
network (ANN) to estimate system states. Both optimization problems are formulated as
non-linear problems and are solved using direct search algorithms. The effectiveness of
this method is validated using a Hardware-In-the-Loop (HIL) simulation platform on a
modified IEEE 34-node test feeder.

The increasing integration of RESs into power systems has led to the advent of ad-
vanced technologies like smart inverters, which are instrumental in maintaining voltage
stability and efficiency. Smart inverters, primarily used in PV systems, convert the variable
direct current (DC) output of solar panels into a grid-compatible alternating current (AC).
Beyond this basic function, they are increasingly recognized for their capability to provide
dynamic voltage support and reactive power compensation as shown in Figure 1, which are
essential for stabilizing the grid amidst the variable nature of solar energy. In light of this
context, paper [79] addresses a critical aspect of modern power distribution systems: the
coordination of these smart inverters with traditional Volt/Var control (VVC) devices. The
paper proposes a coordinated methodology for Volt/Var optimization (VVO) that combines
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the rapid response capabilities of smart inverters with the established functionality of
traditional VVC devices including shunt capacitor banks (5CBs), OLTCs, and VRs. This
approach is aimed at effectively managing voltage fluctuations that occur because of the
variable nature of RESs, changes in network configurations, and varying load demands.
The methodology encompasses both centralized and local control algorithms with an objec-
tive to reduce the total cost of operating, while considering CVR and the voltage deviation
of nodes. Additionally, the study examines the influence of a BESS on the overall system
performance. To tackle this multi-objective optimization challenge, the fuzzy decision-
making technique and e-constraint method are applied. The efficiency of the proposed
VVO methodology is verified through its application to a well-known 33-bus distribution
system, showcasing significant improvements in energy consumption efficiency, reduction
in OLTC switching operations, and voltage stabilization. The subsequent study, ref. [80],
focuses on enhancing distribution system performance by optimizing the Volt/Var function
in smart inverters. This method addresses voltage deviations caused by DG connections,
aiming to reduce voltage deviations and minimize the loss of lines without affecting the
distributed generation output. The algorithm’s effectiveness is demonstrated through a
case study on the South Korean distribution system, confirming significant improvement
in system performance through optimized smart inverter settings. The author in [81]
addresses the challenges of increased line losses and voltage deviations in distribution
networks due to high PV and EV penetration. The study proposes new reactive power
regulation methods, utilizing the potential of PVs and EVs, to alleviate these challenges. It
establishes reactive power regulation models for PVs and EVs, along with methods to eval-
uate their reactive power-adjustable capacity dynamically. The paper employs five different
algorithms for optimization, with deep learning used to approximate the optimization
objectives of minimizing line losses and voltage deviations. The results demonstrate the
effectiveness of deep learning in accurately fitting the Pareto front achieved by intelligent
algorithms in practical applications.

2.2.5. Other Optimization Techniques

Using the Sparrow Search Algorithm (SSA), the study in [82] coordinates OLTCs, VRs,
smart inverter settings, and switched capacitor banks to optimize the unbalance and varia-
tion in voltage. The approach addresses individual phase voltage regulation, considering
the operational dynamics of these devices and the unbalanced load conditions. The results
show significant improvements in voltage variation and unbalance, demonstrating the
efficacy of the SSA in optimizing the system’s performance. In [83], the study employs
probability distribution models to estimate power generation and network load demands,
considering the fluctuations in load, along with the variability in solar radiation and wind
speed. It utilizes the Open Distribution System Simulator (OpenDSS) for modeling ADNs
and aims to reduce network voltage deviations and minimize power losses. The paper
introduces numerous novel metamodel-based global optimization (MBGO) methods, com-
paring them with traditional metaheuristic global optimization (GO) methods to identify
their respective advantages, limitations, and weaknesses. Simulations on different bus
systems demonstrate that MBGO methods are more suited for small- and medium-scale
ADNSs, while metaheuristic GO algorithms perform better in large-scale ADNs with simpler
objective functions. In [84], a multi-objective hierarchically coordinated VVC method that
utilizes droop-controlled PV inverters is proposed. The approach is designed to reduce the
voltage deviations and power losses through the optimization of reactive power setpoints
and droop control functions in PV inverters. It includes a comprehensive modeling of the
droop control characteristics of PV inverters, including voltage ranges and droop slope
gradients. To tackle the random variations in PV power generation, the paper applies
Taguchi’s orthogonal array testing technique. The effectiveness of this method is demon-
strated through tests on two distribution systems, showing improved control performance
compared to existing methods. The papers in [85-87] highlight innovative methods and
algorithms to optimize and control ADNs, ensuring the stable operation and efficient
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integration of renewable energy sources. In [85], the author proposes a technique using big
bang-big crunch (BB-BC) optimization and reactive power compensation to control voltage
profiles in distribution systems, thereby avoiding active power curtailment in DGs. The
method involves optimizing regulator taps and reactive power contributions of capacitors
and DGs, implemented by a central control unit for effective voltage management and
increased DG penetration. On the other hand, the paper in [86] presents a scheme for their
optimal placement in distribution networks to enhance system performance. The strategy
employs the artificial bee colony (ABC) optimization approach, focusing on reducing volt-
age deviations, power losses, and line loadings, contributing to improved voltage profiles
and network functionality. The paper in [87] proposes a strategy for optimal voltage control
in distribution networks, coordinating various distributed equipment like transformers,
voltage regulators, and compensators. The strategy uses a GA to manage operations effec-
tively, tested on a network model with photovoltaic generation to validate its efficacy in
voltage control.

3. Discussions on Optimization Strategies, Methods, and Practicality

The integration of RESs, especially PV systems, into power distribution networks
introduces a complex blend of opportunities and challenges in voltage regulation and sys-
tem stability. This paper’s exploration of various optimization strategies and technologies
provides an insight into the evolving landscape of active distribution network management.

3.1. Common Trends: Objectives, Algorithms, Architectures, and Benchmark Case Studies

In analyzing the various analytical and computational techniques applied for voltage
regulation, some key commonalities emerge in the optimization objectives and algorithms
adopted across studies reflecting contemporary research priorities. The cumulative per-
centages provided in the analysis reflect the proportion of papers focusing on specific
optimization objectives, algorithms, architectures, and test systems offering insights into
the research trends and focal points within the domain.

3.1.1. Objectives Analysis

(a) Voltage Deviation Minimization

Minimizing voltage deviations, emphasized by 64% of the studies, underscores the
critical importance of stability in power systems. This focus reflects the pivotal role that volt-
age stability plays in ensuring the reliable operation of electrical devices and maintaining
the integrity of the power grid. The significant attention on this objective demonstrates an
ongoing effort within the research community to enhance grid reliability and performance
under varying load conditions.

(b) Active Power Loss Reduction

The fact that around 53% of the studies target the reduction in active power loss
is indicative of a broader push toward efficiency in power distribution. By minimizing
losses, utilities can achieve significant energy savings and reduce operational costs, which
is essential in the context of growing energy demands and the push for sustainable en-
ergy practices.

(c) Correlation Between Voltage and Loss Reduction

The fact that there is about a 44% overlap between papers focusing on minimizing
voltage deviations and reducing power losses indicates a significant intersection in research
objectives, demonstrating that nearly half of the studies in this domain consider these two
issues concurrently. This overlap highlights the intertwined nature of voltage stability and
efficiency in power systems, where addressing one often contributes to improvements in
the other.
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(d) Conservation Voltage Reduction

Although less emphasized, the fact that 12% of the papers focus on conservation
voltage reduction (CVR) signifies an interest in demand-side management strategies. CVR
can be an effective tool for reducing peak demand, thereby enhancing the overall efficiency
of the power system and potentially deferring the need for new generation capacity.

3.1.2. Algorithm Analysis
(a) Metaheuristic Algorithms

Over 67% of papers leverage metaheuristic algorithms for handling complex, non-
convex problems. The popularity of metaheuristic algorithms, including Particle Swarm
Optimization (PSO), Genetic Algorithm (GA), and Multi-Objective PSO (MOPSO), reflects
their flexibility in navigating complex, multi-dimensional search spaces. These algorithms
are well suited for optimizing non-linear, multi-objective problems characteristic of voltage
regulation tasks, where trade-offs between different objectives might need to be care-
fully balanced.

(b) Convex Optimization

Almost 32% of the papers apply convex relaxation/convexification techniques. The
use of convex optimization techniques, such as Second-Order Cone Programming (SOCP),
Semidefinite Programming (SDP), and the Alternating Direction Method of Multipliers
(ADMM), points to a methodological approach aimed at simplifying complex optimiza-
tion problems. By reformulating or approximating non-linear, non-convex problems as
convex ones, researchers can leverage powerful mathematical tools to find globally optimal
solutions more efficiently.

3.1.3. Benchmark Case Studies

A number of benchmark case studies are recurrently used within the literature, includ-
ing IEEE bus systems (e.g., IEEE 33-bus and IEEE 69-bus) and real-world network models.
However, the IEEE 33-node feeder and IEEE 123-node feeder models are frequently adopted
benchmarks to compare voltage regulation techniques. These case studies serve as common
grounds for validating and comparing the effectiveness of different optimization strategies.

3.1.4. Common Optimization Architecture

Recent studies have increasingly focused on decentralized and distributed optimiza-
tion approaches, highlighting a shift toward more scalable and resilient voltage regulation
solutions that can better accommodate the distributed nature of renewable energy resources.
However, the centralized optimization at a system level still adopts architecture. The per-
formance of centralized optimization strategies relies heavily on having accurate system
data and forecasts. A few papers do analyze the impact of uncertainties and inaccuracies
in the inputs [22,43,71,78]. The lack of studies analyzing the impact of false or uncertain
data represents a gap in validating the real-world performance of the proposed centralized
optimization schemes. More research is likely required to enhance optimization robustness
under data inaccuracies.

3.2. Efficiency and Application: Analytical vs. Computational Methods in Voltage Optimization

A detailed comparison between analytical and computational methodologies is pre-
sented, focusing on the advantages, limitations, key applications, and, notably, their time
efficiency and processing speed. Outlined in Table 1, the analysis illuminates the dis-
tinct capabilities and performance of both approaches in addressing voltage optimization
challenges in active distribution networks. This evaluation aims to assist researchers and
practitioners in selecting the most suitable technique based on the problem’s complexity,
available computational resources, and time constraints.
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Table 1. Efficiency and application comparison of analytical and computational techniques.
Category Advantages Limitations Key Applications Time Efficiency
Provide deterministic -Decentralized control
analysis grounded in May struggle with algorithm Faster for simpler,
mathematical rigor, complex system design—Local voltage ~ well-defined problems
Analytical Approaches crucial for capturing dynamics and large stability assessment—  through direct
physical system network computational ~Coordination of OLTCs, mathematical
behaviors and tractability. capacitor banks, and formulations
constraints. PV inverters
Leverage big data and -Large—s.cale renewable N
. . generation Slower initial setup but
machine learning to . o
navieate complex Sometimes suffer from  coordination— adaptable to complex,
Computational ‘gate comp limited explainability Probabilistic non-linear systems,
optimization T . .
Methods . and dependence on multi-objective potentially requiring
landscapes, offering
¢ input data patterns. optimization— more computational
adaptability to intricate - .
- . Metaheuristic Volt/Var  time
objective functions. e .
optimization
3.3. Voltage Optimization Techniques: A Research Taxonomy
The taxonomy of the reviewed papers as shown in Table 2 provides a structured
overview of research spanning references [1,2,4-87] on voltage optimization in ADNSs. It
details diverse strategies, from analytical to computational, highlighting their impact on
grid stability and the integration of RESs. This section outlines key methods, their benefits,
and limitations, offering insights for future research and practical applications in enhancing
power system resilience and efficiency.
Table 2. Taxonomy of reviewed papers.
Reference Category Method Description Limitations and Gaps
' ' Uses adjustable robgst optlmlzat'lon Depends on accurate PV output
. Decentralized reactive  and convex quadratic programming to - L .
[1] Analytical . . .. predictions. Effectiveness
power control determine decentralized decision rules reduced by inaccurate forecasts
for PV inverter reactive power control y ’
inverer reacive power control based _ Focused only on PV-based
. Robust distributed PV PR P Volt/Var control. Did not
[2] Analytical . on distributionally robust . o .
inverter control L . consider coordination with other
optimization to minimize voltage
.- DERs
deviations
Increment-exchange Ena'bl(?s dfecentrahzed multl-o]?]ectlve Trading off some optimality for
[4] Analytical decentralized optimization through quadratic privacy preservation—solutions
S functions of coupling variable .
optimization . . . . are not perfectly Pareto optimal
increments while preserving privacy
C o Handles uncertainties using robust
Multi-objective . . .
. . optimization to minimize voltage Unclear if approach handles all
[5] Analytical adaptive robust - 1 A
P deviations and losses with high PV types of uncertainties.
optimization .
penetration
Robust optimization for ~Handles uncertainties using robust ps .
. . L Sensitive to errors in network
[6] Analytical DG reactive power MILP optimization approach for . .
. o admittance matrix
control control of DG reactive power injection
Robust optimization Robust optimization formulation Effectiveness depends on
[7] Analytical P * using MINP to handle uncertainty in ~ accurate load and generation

forecasting
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Table 2. Cont.

Reference Category Method Description Limitations and Gaps
Distributed optimization model for Suboptimal solutions possible
(8] Analvtical Distributed CVR using  conservation voltage reduction using com I;re d to centralizg d
y ADMM optimization  Alternating Direction Method of iparec
Multipliers optimization.
Develops quadratlF programming Needs coupling with slow
Quadratic (QP) model for optimal reactive power timescale control for
[9] Analytical . dispatch in balanced and unbalanced .
programming ) . . comprehensive system
systems; two-timescale architecture manasement
for controlling DERs & '
. . . Have not been extensively
SOID algorithm for Linearized voltage model enables benchmarked with other
[10] Analytical inverter optimization uadratic optimization of inverter . .
y p q p
using ADMM dispatch using ADMM methods like SOCP. Testing
& P & limited to balanced networks.
Transformer tap Determines optimal tap positions isf?iléie:nvzlt}; a;tgec;ffv}:]?:;g
[11] Analytical ~ optimization using SDP  through rank constrained SDP, solved applicab}i’ii tz and dynamie
and ADMM via ADMM response handling
]?ecentrahzed P v Develops decentralized methods for . .
. inverter setpoint . . Limited testing on more complex
[12] Analytical L . optimizing inverter power setpoints . .
optimization with usineg ADMM aleorithm system configurations.
ADMM i &
Multi-objective . . - Need for advanced algorithms in
optimization for ESS Optimizes various objectives related dynamic grid conditions
[13] Analytical P . . to ESS services using ADMM-based L .
ancillary services with mulfi-obiective procedure Aligning strategy with ESS
ADMM ) p capabilities and constraints.
Multi-stage quadratic Prgposes: real—t}me OPF fr.amework Need for speed and convergence
. . using object-oriented device models I .
[14] Analytical flexible OPF . . quality improvement in
and SLP algorithm for sequential
framework ... MQFOPF
optimization
Two-stage real-time Volt/Var control
. S method using data-driven model for Balancing different optimization
[15] Analytical - Two-stage optimization voltage violation risk assessment and  objectives in real-time control.
EV dispatch
- Double-timescale voltage control
Model predictive g .. .
control. mixed-inteser scheme utilizing model predictive Does not consider the voltage
[16] Analytical ’ua dratic & control (MPC) and specialized deviations in unbalanced
d . mixed-integer quadratic system.
programming .
programming solver
Decoupling rolling Uses Benders decompogtlf)n énd Could be computationally
[17] Analytical multi-period MPC for decoupled optimization of intensive, especially for larger
y rpent OLTCs and PV systems across time »esp y &
optimization periods networks
o . Coordinates SOPs with OLTCs and Centrahze(.:l approach may
. SOP coordination using . . - struggle with computational and
[18] Analytical capacitors through linearization and - .
MISOCP . LS communication demands in
conic relaxation into MISOCP
larger ADNS.
o Introduces phase-changing SOP Need f or further st.u d'y on
[19] Analytical SOP optimization for concept and employs conic relaxation coordination and timing
y unbalanced networks P! proys €@ between PC-SOP and other
strategies for optimization .
phase transfer techniques
‘ Decentralized SOP Develops decentralized ar'ld lqcal Car? only achl'eve near-global
[20] Analytical optimization control schemes for coordinating optimal solutions, not absolute

multiple SOPs

optimality.
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Table 2. Cont.

Reference Category Method Description Limitations and Gaps
Uses Jacobian matrix sensitivit Inherent trade-offs in the control
. ensitivity analysis tor . . A scheme, such as improve
Sensitivity analysis f y h h as improved
[21] Analytical T analysis to quantify SOP optimization ) -
SOP optimization voltage profile leading to
trade-offs .
increased energy losses.
Potential moderate complexity
Employs adjustable robust in computation for larger
. Robust SOP S . networks.
[22] Analytical L . optimization model transformed into
optimization via SOCP . .- Performance under larger
computationally efficient SOCP . e
uncertain conditions is yet to be
fully assessed.
Interval and rollin Two-stage scheme using interval The method mainly targets
. s & optimization for day-ahead planning  long-term optimization, needing
[23] Analytical optimization for . L .
E-SOPs and rolling optimization for real-time  research on short-term
E-SOP control (5-15 min) control strategies.
. S niversa an coordination e algorithm achieves a
Biconvex optimization Uni 1 SOP and DG dinati The ACS algorith i
[24] Analytical for S OPs};n 4 DGs method based on biconvex relaxation  local optimum but may not
solved using alternative convex search  reach the global best solution.
Convex relaxation for =~ Combined centralized SOP control iig;gﬁrelilt Z(;E};;e:fv??:reran o
[25] Analytical centralized and local ~ though convex relaxation and local '8
. . of network performance metrics
SOP control decentralized reactive power control .
is needed
P . Employs ADMM algorithm for Achieves near-global optimal
[26] Analytical SoP OphArr];lZ\Z;f MUSINE  Jecentralized optimization of SOP solutions but may miss the
power transmission between networks  absolute best solution.
Requires close cooperation
Coordinate PV and Formulates non-linear constrained between DSOs and IPPs for data
. optimization problem for coordinating  sharing, which could be a
[27] Analytical voltage control .
co-optimization PV and voltage control systems solved  challenge in terms of data
P using SQP privacy, security, and operational
coordination.
Coordmatlon. of two analytical voltage Effectiveness reliant on sufficient
. . . control algorithms—one rule-based .
[28] Analytical Analytical algorithms S controllable resources in the
and one optimization-based;
network.
compares network effects and costs
Two-stage optimization coordinating ~ Focus on specific OLTC and SVC
[29] Analytical  Two-stage optimization QLTCS and SVCs using forecast data operatlor} strategies, po§51bly
in day-ahead stage and local overlooking other effective
optimization in real-time stage approaches.
Dispersed storage Determines optimal allocation of Effectiveness demonstrated on a
. Sperse ag dispersed storage systems using modified IEEE 34-bus test feeder;
[30] Analytical optimization mixed- . . . .
integer SOC model mixed-integer SOC programming broader applicability needs more
model validation.
The need for frequent parameter
Uses MISOCP optimization to adaptation could lead to
[31] Analvtical Centralized tuning of =~ determine parameters for local increased communication
i Y local inverter control ~ voltage-based inverter reactive and requirements, posing a challenge
active power control in terms of system efficiency and
resource utilization.
Employs linearization to enable , .
. control via convex optimization formulation for .
OLTC 1 vi ptimization f lation f OTC’s performance heavily
[32] Analytical relies on accurate solar and

convex optimization

optimal tap-changing transformer
control

power demand forecasts.
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Table 2. Cont.

Reference Category Method Description Limitations and Gaps
MISOCP optimization = Transforms non-convex AC OPF to xodeez?;ce Cc)(;g[:;tlaftéﬁnal burden
[33] Analytical integrating VAR MISOCP using convexification 88ests p .
y 8 8 8
. . o . optimization, especially for
devices techniques to optimize VAR devices
complex networks.
Smart inverter Convex optimization model to control ~ Limited applicability in diverse
[34] Analytical optimization model for  smart inverters for voltage regulation  energy resource scenarios
y P ge reg 8y
ADMSs and conservation voltage reduction beyond PV systems.
Need to explore the coupling
Convex relaxation for Establishes sufficient conditions to between this method and
[35] Analytical . enable voltage regulation as a convex  conventional voltage regulation
y DER voltage regulation 8¢ res &e reg
seres optimization program devices across different time
scales.
Quadratic Formulates voltage control model of =~ The method relies on
[36] Analvtical roerammine voltage distribution network as quadratic approximation for solutions,
y p %ontrol n%o del & program using simplified linear which may not be optimal in all
voltage equations scenarios.
Probabilistic Incorpo.rates probfi bﬂ.IStIC PV . Potential challenges in accurately
. L generation scenarios into constrained . :
[37] Analytical optimization for . predicting real-time PV output
) optimal load flow problem L
voltage regulation - . and sudden variability.
formulation for voltage regulation
Strategy based on the
Multi-objective OPF for  Develops multi-objective OPF solved ;Véiziﬁzzafoﬁﬁfr?ii:t}i]o(g
[38] Analytical PV inverter with SQP to optimize inverter real and .
optimization reactive power control systems. Reliance on a
p centralized system to collect data
and control inverter settings.
MILP for coordinated  Linearization approach enables MILP Eé;r::;ltll}; rClZInAp\?lr; Cllavcvli:}rt
[39] Analytical inverter and OLTC formulation for coordinating inverters L ng
y )
broader comparisons with other
control and OLTCs .
voltage regulation methods.
MIQP optimization Uses MIQP optimization of control Cﬁ)zg}zglg—es}z;;;unslgf%le\r/iglfjor
[40] Analytical model with linearized = variables based on linearized power Probiemsoving
. specific distribution system
power flow flow equations .
issues.
Employs MILP optimization and Potential oversimplification of
[41] Analvtical Two-stage scheduling  sensitivity analysis for day-ahead and network dynamics due to
Y and control procedure  intra-day scheduling of distributed linearization in the MILP
energy resources and control devices  problem-solving process.
Derives near-optimal decentralized .
. . . Further research required for
. Decentralized reactive  inverter control from global .
[42] Analytical S S . o more general scenarios beyond
power optimization optimization solutions to minimize ,
L the study’s current parameters.
voltage deviations and losses
Handles OLTCs, capacitor banks, and Heavy dependence on
. MINP for worst-case PV plants using MINP optimization y aeper -
[43] Computational . . communication for coordinating
voltage scenarios for worst-case voltage scenarios to .
o - controllable units.
limit variations and losses
Centralized— Employs multi-objective MINP Potential issues with frequent
[44] Computational decentralized voltage optimization and NSGA-II algorithm  switching of substation
P regulation & for centralized—decentralized voltage  capacitors and power factor

control

violations.
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Reference Category Method Description Limitations and Gaps
Emplovs genetic aleorithm to Prioritizes specific objectives,
Multi-objective GA for o ti};niZe fmart invgrter Volt/Var like voltage profile and system
[45] Computational smart inverter Volt/Var p . loss minimization, but may not
curves for loss reduction and voltage .
curves . capture trade-offs in more
regulation .
complex scenarios.
Int tes individual optimizati
. I negrates mdividua” optmization Encountered trade-offs where
. PV device coordination  algorithms for tap changers, .
[46] Computational . . . . . lower voltages for CVR benefits
using GA capacitors, and inverters using genetic . .
. slightly increase system losses.
algorithm
Parameter optimization Genetic algorithm used to optimize Service transformer integration:
[47] Computational  for smart }i)nver ters Volt/Var curve parameters to improve inclusion in the model not fully
P usine GA distributed generation system assessed for different network
& performance types.
Comparison with other methods:
eep reinforcemen nline coordination of smart inverters ~ while effective, the propose
Deep reinf t Onli dination of ti t hile effective, the proposed
[48] Computational learning algorithm for  using deep reinforcement learning for ~ shows a slight increase in PV
smart inverters voltage regulation curtailment compared to OPF
due to more reactive power use.
Bi-level optimization Combines metaheuristic algorithms in ~ The effectiveness of voltage
[49] Computational for batter pan d inverter bi-level optimization strategy for control may be constrained by
P y anc battery storage and smart inverter the limited capacities of BESSs
coordination y & p
voltage control and smart inverters.
Optimizes capacitor placement using  LS’s distinct method of avoiding
. Locust search locust swarm optimization algorithm  concentration around best
[50] Computational p &
P algorithm to improve voltage profile and reduce  solutions needs further
losses real-world scenario testing.
Variable effects in different grid
. o : sh iffering i
Centralized support distributed types: s ows d.l erng 1rr.1pacts
o . g of local region increases in
. e-decomposition, voltage control algorithm utilizing ) .
[51] Computational . . o . systems with and without
genetic algorithm e-decomposition and genetic
. . .97 constant voltage DGs,
algorithm for optimization -
suggesting dependency on
specific grid characteristics.
Focuses on numerical accuracy
Grev wolf optimization Coordinates control devices using and simulation speed, but
[52] Computational y al or}ijthm grey wolf optimization to minimize overlooks aspects like scalability
& voltage deviations and robustness in variable
network conditions.
o Schedules tap changer and inverter Relies on day—'ahead predictions
Schedule optimization . of PV generation and load
53] Computational . h setpoints based on forecast load and d 1 with effecti
¢ putational using pattern searc . emand, with ettectiveness
- generation to regulate voltage and . .
algorithm L potentially impacted by forecast
minimize losses
accuracy.
. Focuses on three specific control
Employs harmony search to optimize . .
. Harmony search . scenarios, potentially
[54] Computational ) voltage regulator and DER reactive X .
algorithm . overlooking other operational
power control for voltage regulation . . .
configurations and their impacts.
Uses multi-objective particle swarm Improvefd results over
L. . conventional MOPSO, yet
[55] Computational Enhanced PSO for optimization enhanced with local broader comparisons with other
g optimization with SOPs  search to optimize networks with soft

open points

optimization techniques are not
conducted.
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Reference Category Method Description Limitations and Gaps
Employs particle swarm optimization The study ignores the impact of
. PSO to determine SOP POYS P P the SOP capacity on power
[56] Computational to find optimal control parameters for L
parameters . transfer efficiency and voltage
soft open points .
control in the network.
The study’s general approach to
Modified PSO Optimizes size, placement of DG units DG challenges is not thoroughly
[57] Computational algorithm for DG and  and allocation of SOPs using adapted  assessed for its adaptability to
SOP optimization particle swarm algorithm changing grid technologies and
requirements.
Compares results with the
Reconfiguration Network reconfiguration involving existing literature, but could
[58] Computational optimization using DGs and SOPs based on modified benefit from a wider range of
modified PSO particle swarm optimization method = comparative studies with
different optimization methods.
Mutation fuzzy Balances ox.lervolltage mitigation and  Significant energy savings are
. . . loss reduction using adapted noted, but adaptability in
[59] Computational ~ adaptive particle - : . . . .
s meta-heuristic particle swarm different grid environments is
swarm optimization . . .
algorithm not extensively examined.
Two-stage optimization MthO.dOl.O gy with separate The paper’s effectiveness in
. . optimizations for network topology : . : .
[60] Computational algorithm for ESSs and - . dynamic or highly variable grid
. and reactive resource dispatch e
reactive power . . conditions is not fully explored.
including ESSs
Compares the I-PSO approach
Optimizes battery active and reactive mainly WIt.h the PV smoothing
. . mode, lacking a broader range of
. Improved particle power to smooth PV fluctuations - -
[61] Computational swarm optimization using adapted particle swarm comparisons with other
p al ofithmp p advanced methods. Also, did
& not consider the insufficient
BESS capacity.
. PSO algorithm o Emplqys {mproved parfacle swarni Need for further research on
[62] Computational optimize ESS capacity  optimization to determine optimal o .
. - scalability and adaptability.
and placement ESS size and locations
Addresses power fluctuation
Multi-objective PSO for ~ Uses enhanced multi-objective particle = smoothing and voltage
[63] Computational hybrid ESS swarm optimization for optimizing improvement, but does not
configuration hybrid energy storage configuration deeply examine performance in
extreme operational scenarios.
Centers on PV inverter reactive
Coordination of ESSs  Integrates ESS and PV control power and energy storage
[64] Computational and PVs using capabilities using adaptive particle optimization, and does not
improved PSO swarm optimization variant explore interactions with other
network components.
Foctses on reactive bower Mainly focuses on PV storage
NSGA-II algorithm for R P . . systems in ADNs, potentially
. optimization and risk reduction using .7 """ .
[65] Computational PV storage . . . limiting its relevance for
N genetic algorithm with PV storage 1
optimization networks with different energy
systems
sources.
NSGA-II method for ~ Evolves Pareto optimal solutions for .The NSGA-I heuristic algorlt'hm
. introduces randomness, leading
[66] Computational ~ESS placement and energy storage placement and o s
. : . to variability and subjectivity in
sizing capacity using NSGA-II . . .
selecting the optimal solution.
Decentralized Examines decentralized optimization =~ Advantages in privacy and cost,
[67] Computational optimization methods as alternatives to centralized but potential trade-offs in

algorithms

approaches

effectiveness and robustness.
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Table 2. Cont.

Reference Category Method Description Limitations and Gaps
The study limits DG units and
Harris Hawks Employs bird-inspired metaheuristic = BESS capacity to 1 MW, which
[68] Computational optimization aleorithm optimization for optimal sizing and might not be applicable in
P & siting of DGs different regions with varied
capacity requirements.
Distributed o . A gap in multi-time period
. optimization algorithm e c . optimization, indicatin,
ptimization algorith Develops distributed Lagrangian plimization, indicating
[69] Computational optimization scheme for coordinating .7 . """ " .
for battery . limitations in current handling
s . battery storage units .
optimization of long-term voltage regulation.
Multi-objective iiﬁ:ifs-llalgscsét:gzll::sttlisclrslfheme Dividing control variables into
[70] Computational stochastic optimization ontimized with centralized and local groups
P and evolutionary ptm . . may not fully address dynamic
. teaching-learning-based evolutionary . .
algorithm . network interactions.
algorithm
MOPSO and interior Two-timescale scheme using MOPSO  Effective voltage/var
. point method for for global search and interior point optimization (VVO) relies on
[71] Computational . . . .
coordinated method for real-time reactive power accurate forecasts, with errors
optimization optimization potentially impacting results.
Pareto optimization Multi-objective PSO combined with f;?gesii:(teel;igfsl ;ﬁén\i};jiii
[72] Computational using MOPSO and fuzzy logic to obtain and select & .
. . . network evaluations are
fuzzy logic compromise solutions
necessary.
MOPSO algorithm for ~ Employs multi-objective particle Wh11.e the T“Oqel offers multaple
. . . L . solutions, it might not provide a
[73] Computational optimal reactive power swarm optimization for coordinated . .
. . . comprehensive understanding
dispatch dispatch of reactive power resources . .
for all operational scenarios.
Planning stage uses discrete MOPSO . . .
. . . - I f flexible el hicl
[74] Computational Multl—stage stochastic under uncertainties, operating stage Crlii«aci;o loaezlsboileafcz)i‘lifdrri lcle
P MOPSO optimization  uses adaptive droop-based Volt/Var ) &
. performance unexplored.
mechanism
Whale optimization Hybrid whale optimization with Requlres further res.ea1.*c.h to
. . . . improve system reliability and
[75] Computational and simulated simulated annealing used to solve .
. . . o expand the scope of reactive
annealing algorithm predictive control optimization model -
power regulation.
Multi-stage Proposes three-stage approach The pre-set threshold OFmax is
. optimization for , ropose ‘age app assumed constant, not
[76] Computational . integrating modified PSO for . .
coordinated Volt/Var L . accounting for dynamic network
coordinating Volt/Var control devices .
control conditions.
Obtimizin The study is limited to a specific
DST. ATE OMs af 1PVs Assesses placement of DSTATCOMs case study (Tala City), which
[77] Computational usine improved sine and PV units using enhanced sine may not generalize to other
cofine E loorithm cosine optimization algorithm distribution networks with
& different characteristics.
Performs day-ahead optimization to The ANN-based state estimation
minimize voltage deviations and method depends on the
. Two-stage direct search : . availability and accuracy of
[78] Computational . losses, along with real-time .
optimization . . measurements; its performance
ANN-based inverter reactive power . R .
control might be limited in scenarios
with insufficient data.
Uses ¢-constraint and fuzzy zggrt;dgoﬁ)fﬁgoishgzzzgmy
[79] Computational Hierarchical decision-making optimization scheme adapts topeV(I))lvin rid
P coordinated VVO methods for coordinating inverters, P 58

OLTCs, VRs, and capacitor banks

conditions and increasing DER
penetration over time.
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Reference Category Method Description Limitations and Gaps
Smart inverter VVO Optimization method to determine Ee(f dtifronrifiteif)lrieczgige}: Siictlngs
[80] Computational arameter optimization optimal parameters for smart inverter o tilfnal balance, under \;ga r gin
P p Volt/Var control functionality P . yms
system conditions.
Long computation time for data
Deep learning Uses deep learning to fit Pareto fronts  acquisition and network training,
[81] Computational ~— approximation of from multi-objective optimization and potential infeasible solutions
optimization objectives  algorithms due to DL’s poor generalization
with insufficient data.
. L Employs sparrow search algorithm to .The approach may neglec.t the
Device coordination R interactions and cumulative
[82] Computational using sparrow search optimize individual phase voltage effects of phase imbalances on
P & spart regulations from various control o'p s
algorithm devices the entire network’s voltage
stability
. High-dimensional problems in
Comparison of Compares performance of laree ADNS pose siegnificant
[83] Computational metaheuristic and metaheuristic algorithms with ch agllen os rlg uiring new
P metamodel metamodel-based global optimization 8¢S, Teq 5
o . approaches or enhancements to
optimization methods  techniques R
existing methods.
Optimization using Applies Taguchi’s experimental L
[84] Computational Taguchi’s orthogonal  design within solution algorithm for giieeisiois’:v?ziilirsiit;:ﬁ) 1Sr1
array testing Volt/Var control optimization '
Coordinated real-time Proposgs technique gsipg l?ig Reliance on the specific
[85] Computational voltage control usin bang-big crunch optimization method erformance of the modified
F BB—BgC o ’cimiza’cior:g combined with reactive power }];B—BC optimization method
p compensation to control voltages P '
Optimal placement of Determines optimal placements of ﬁfﬁgl‘:ﬁl;;gifitﬁsleded o
[86] Computational EIS)S unitI;usin ABC distributed ESSs using artificial bee com Igtehensive sizin ,and
P 1SIg colony metaheuristic optimization to P o &
algorithm enhance svst P power quality improvements
ystem performance . )
post-ESS implementation.
Centralized control requires a
Optimal distribution voltage control ff?alils; ?gil;n;zizﬁrlsysmm' If
omputationa enetic algorithm method coordinating various devices,
87 Computational ~ Genetic algorith: hod dinating various devi ¢

solved using genetic algorithm

self-information-based control,
limiting system-wide
optimization.

3.4. Approach Methods: An Overview

Decentralized control algorithms emerge as a significant theme, demonstrating con-
siderable potential in managing voltage fluctuations and reducing line losses in networks
with high PV penetration levels. These algorithms offer an alternative to centralized control
methods, which can be limited by computational complexities and data privacy concerns.
The decentralized approach, utilizing local measurements and decision making, shows
promise for real-time voltage control and system optimization. However, their effectiveness
heavily relies on the accuracy of local measurements and the speed of decision making.
Future systems should incorporate edge computing technologies to bolster the real-time
processing capabilities of decentralized frameworks.

Smart inverters have emerged as a pivotal technology in grid management, providing
dynamic voltage support and reactive power compensation. The increasing capabilities of
these inverters, particularly when combined with BESSs, enable more efficient management
of the variable nature of solar energy. The paper highlights various optimization methods
that leverage these technologies, underscoring their critical role in enhancing grid resilience
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and stability. We believe that the next generation of smart inverters should integrate
machine learning algorithms for predictive control, adapting to grid conditions dynamically.
This integration not only improves voltage regulation but also optimizes energy storage
usage, paving the way for a more resilient grid.

Another key aspect is the application of both computational and analytical optimiza-
tion methods. Computational methods like GAs and PSOs provide robust solutions for
the complex, multi-objective problems typical of modern power systems. Conversely, ana-
lytical methods offer deterministic approaches, essential for understanding fundamental
operational principles and developing theoretical control strategies. However, the practical
application of analytical methods might be constrained by simplifications and assumptions.
In contrast, computational methods, especially those employing artificial intelligence and
machine learning, present promising solutions to these constraints by adapting to the
complexities of real-world scenarios.

The review underlines the significance of multi-objective optimization techniques in
balancing various operational goals, such as minimizing power loss, maintaining volt-
age stability, and optimizing renewable energy utilization. These techniques, especially
MOPSO, are instrumental in addressing the intricacies introduced by high RES penetration
levels. However, the advancement of multi-objective optimization techniques, especially
those incorporating environmental and economic objectives, is critical. Future research
should explore optimization frameworks that integrate a cost analysis and carbon footprint
assessment to support decision making.

Moreover, despite technological advancements, challenges remain, particularly in
terms of scalability and adaptability to diverse and dynamic grid conditions. Overcoming
these challenges requires a holistic approach that considers not just technological solutions
but also regulatory frameworks, market mechanisms, and infrastructure upgrades. Ad-
ditionally, the development of standardized protocols for grid management systems will
facilitate the integration of new technologies and enhance system adaptability.

Practical implementation issues, including economic, scalability, and regulatory factors,
also need careful consideration. Theoretical and simulation-based studies, while promising,
may encounter various barriers in real-world applications. Navigating these economic and
regulatory challenges is crucial for the successful deployment of these strategies.

In conclusion, the paper navigates through a spectrum of optimization strategies
employed for voltage regulation in active distribution networks with high renewable
energy penetration. Table 3 outlines different approaches, from robust optimization to
customized techniques, each with specific merits and limitations. It highlights the diversity
of strategies in managing voltage within power systems, emphasizing the balance between
effectiveness and the challenges posed by dynamic grid conditions. This summary aims to
provide a clear comparison, aiding in the identification of suitable methods for addressing
voltage regulation challenges.

Table 3. Approach methods: advantages and disadvantages.

Research Focus and

Citations

Methodological

Approach Pros Cons Keywords

Robust Optimization

[] /2/4_7]

Uses adjustable robust

Active Distribution

L . Networks, Robust

optimization models to . . Relies on accurate PV L
- Effective handling of L Optimization,
ensure optimal voltage - > output predictions, .
uncertainties; provides . Uncertainty
and power loss : which may not always
robust solutions . Management, Voltage
management under be available )
. Regulation, Power Loss
uncertainties

Management
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Research Focus and Methodological
Citations Approach Pros Cons Keywords
Advanced Distribution
Advanced Utilizes ADMM for . . Manag?m('ent Systems,
A - Computationally Static models may have Distributed
Optimization distributed SR T . oo
. . Lo efficient; flexible limitations in dynamic ~ Optimization, ADMM,
Techniques in Power optimization problems .
Systems [8-13] in power systems framework scenarios Power Systems,
y - Efficiency, Energy
Storage System
Employs predictive Predictive Control,
Advanced Hierarchical control and rolling Adaptive to changing Algorithm speed and Hierarchical Control,
and Predictive Control ~ horizon optimization conditions; enables convergence Real-Time
[14-17] for real-time dynamic optimization =~ improvements needed  Optimization, Rolling
optimization Horizon Optimization
Soft Open Points,
Soft Open Point (SOP) Leverages SOPs to More flexibility than . Voltage Regulation,
e . " . Increased complexity s .
Utilization in Voltage actively manage traditional devices; for laree networks Distributed Generation,
Regulation [18-26] voltage and power flow  handles DG effectively & Power Flow

Management

Coordinates local and
distributed control
elements for voltage

Local and Coordinated
Voltage Control [27-29]

Cost-effective; reduces
network reinforcement

Limitations in high DG
penetration scenarios

Voltage Control,
Distributed Energy
Resources, Local

. need Control, Coordinated
regulation ¢
ontrol
Convexification,
Convexification and Uses comie ela.x ation Computationally May not fully capture Relaxation Techniques,
. . and linearization to L. L SOCP, SDP,
Relaxation Techniques . L. L. efficient; ensures distribution network . . .
convexify optimization . Linearization, Conic
[30-35] convergence dynamics .
problems Relaxation,
Optimization Problems
Employs various Optimization
Flexible Optimization techniques for Adaptable to multiple ~ Simplified models may  Frameworks, Flexibility,
Frameworks [36—42] adaptable optimization =~ problem formulations reduce accuracy Adaptability, Model
frameworks Simplification
Heuristic Methods,
Utilizes algorithms like Handles complex Performance Metaheuristic
Heuristic Optimization NSGA-II, GA, DRL, roblems e ffecgvel ) dependent on Algorithms, NSGA-II,
Methods [43-52] PSO for complex P ey P ) GA, DRL, PSO,
manages uncertainties parameter tuning .
problems Uncertainty
Management
Precise power flow Soft Open Points,
SOP- and PSO-based Leverages SOPs and control; May be outperformed Particle Swarm
L PSO for power flow ) AR
Optimization [53-59] T computationally by other methods Optimization, Power
optimization . . s
efficient Flow Optimization
Employs MOPSO for Complex problem Multi-Objective
Multi-Objective trade-off optimization Balances multiple formulftion‘p scalabilit Optimization, MOPSO,
Optimization [60-77] between competing objectives; flexible . Y Trade-Off Analysis,
o issues ) S
objectives Competing Objectives

Combines optimization
models with control
algorithms like ANN
and deep learning

Control and
Optimization
Integration [78-81]

Adaptive control;
handles uncertainties

Reliant on accurate
system state estimators

Integration of Control
and Optimization,
ANN, Deep Learning,
Uncertainty
Management
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Research Focus and Methodological
Citations Approach Pros Cons Keywords
Sparrow Search
Algorithm,
Customized Diverse algorithms i . o Metamodel-Based
L. . L Specialized solutions; Narrow scope; limited .
Optimization tailored for specific - o Global Optimization,
tailored approaches generalizability

Techniques [82-87]

applications Big Bang-Big Crunch
Optimization, Artificial

Bee Colony

3.5. Future Directions and Emerging Technologies

The analysis of current strategies and methodologies in voltage regulation within
ADNSs with high penetration of PVs and RESs underscores the complexity and evolving
nature of modern power systems. The reliance on metaheuristic and convex optimiza-
tion algorithms has demonstrated substantial success in navigating these complexities.
However, this focus also signals the necessity for ongoing innovation and adaptation in
algorithm development to meet future challenges and opportunities. Below are key areas
for future directions and emerging technologies in voltage regulation:

1.  Hybrid Optimization Techniques

The exploration of hybrid optimization techniques represents a significant opportunity
for advancing voltage regulation strategies. Combining the strengths of analytical models
and computational algorithms could yield more effective and efficient solutions. Such
hybrid methods would benefit from the precision and theoretical foundations of analytical
models while harnessing the flexibility and adaptability of computational algorithms,
especially in dealing with non-linear dynamic problems in ADNSs.

2. Impact of Emerging Technologies

Emerging technologies, including blockchain and the Internet of Things (IoT), hold
the potential to dramatically transform voltage regulation practices. Blockchain technology
could offer secure, transparent, and efficient mechanisms for energy transactions and
data management within ADNSs, facilitating better demand response and distributed
energy resource management. Similarly, the IoT could enhance grid monitoring and
control capabilities, providing real-time data for more responsive and adaptive voltage
regulation strategies.

3. Conservation Voltage Reduction (CVR)

The relatively low emphasis on CVR in the current research suggests room for ex-
panded exploration, especially in relation to demand response and integrated demand-side
management strategies. Enhancing the focus on CVR could lead to more sophisticated ap-
proaches for managing energy demand, contributing to overall grid efficiency and stability.

4. Integration of Advanced Al and ML Techniques

The integration of advanced Artificial Intelligence (AI) and Machine Learning (ML)
techniques into voltage regulation strategies offers a promising avenue for future research.
Al and ML can provide powerful tools for predicting grid behavior, optimizing energy
distribution, and managing the integration of RESs. These technologies can enhance the
robustness and adaptability of voltage regulation methods, allowing for more effective
management of complex and dynamic grid environments.

In conclusion, while current strategies for voltage regulation in ADNs have shown
significant promise, the continuous evolution of grid technologies and energy sources neces-
sitates further research and development. By focusing on hybrid optimization techniques,
leveraging emerging technologies, expanding the scope of CVR, integrating advanced
Al and ML, and adopting comprehensive grid management strategies, future research
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can ensure the successful integration of PVs and RESs into a more efficient, resilient, and
adaptable power system.

4. Conclusions

The advancements in voltage regulation for ADNs underscore the increasing impor-
tance of sophisticated, multi-objective optimization techniques and the integration of smart
grid technologies. The reviewed methods demonstrate significant improvements in voltage
profile management, loss minimization, and operational efficiency, particularly in networks
with high PV and EV penetration. Notably, the integration of RESs, coupled with innova-
tive control strategies and optimization algorithms, offers promising solutions for future
grid management. However, challenges remain, particularly in terms of the scalability
of these solutions and their adaptability to diverse and dynamic grid conditions. Future
research should focus on enhancing the robustness of these strategies, further integrating
artificial intelligence and machine learning techniques, and exploring more comprehensive
approaches to grid management that encompass the full spectrum of RESs and advanced
grid technologies. This proposed structure provides a concise, yet comprehensive overview
of the key findings and methodologies discussed in the paper, while also setting a direction
for future research and development in the field.
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