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Abstract: This manuscript presents a comprehensive review of recent advancements in electrical
distribution networks, with a specific focus on the incorporation of direct current (DC) applications.
The research aims to comprehensively address the current and future aspects of DC, spanning from
the distribution level to the utilization level. The renewed interest in DC power systems has led to the
investigation of several transitional challenges in recent years. A significant portion of these efforts
has been dedicated to determining the feasibility of applying DC to specific use cases. Additionally,
the literature has explored design considerations such as system architecture and voltage levels,
the integration of DC into existing distribution networks, load flow (LF) computations, and the
distinct safety concerns associated with DC power systems. In this paper, the various research
endeavors are categorized, evaluated, and scrutinized to assess the current state of the transition from
a purely alternating current (AC) distribution system to a solely DC or hybrid AC/DC distribution
system. A bibliometric analysis is conducted, constructing a network of co-occurrence based on
author-provided keywords, which reveals the primary research foci in this domain. The barriers
hindering the widespread adoption of DC distribution systems and potential solutions are also
discussed. Moreover, this article synthesizes ongoing efforts to address these obstacles and delineates
future research directions by emphasizing the existing knowledge gaps.

Keywords: bibliometric analysis; DC distribution networks; DC standards; DC voltage levels; future
distribution networks; hybrid AC/DC distribution networks; human safety; network configurations

1. Introduction

In recent times, a renewed discussion has emerged regarding the utilization of alter-
nating current (AC) and direct current (DC) in power distribution systems. This topic can
be traced back to a fervent disagreement that arose at the dawn of the twentieth century,
concerning the most efficient means of generating, transmitting, and distributing electrical
power. This historical dispute, commonly referred to as the “War of Currents”, involved
prominent figures such as George Westinghouse and Nikola Tesla, who advocated for AC,
in opposition to Thomas Edison, a staunch proponent of DC. The universal adoption of AC
distribution settled the argument for reasons that made perfect sense at the time [1]. The
advent of transformers, which offered a simple and effective way of regulating the voltage
levels of AC, was one of the reasons. The DC technology at that time was inadequate for
regulating voltage levels in transmission and distribution [2].

For over a century, single-phase AC distribution at either 110 V, 60 Hz, or 220 V,
50 Hz has been the prevailing standard, primarily because of the simplicity of voltage
conversion through transformers and the advancement of machinery designed for poly-
phase AC systems [3]. Nevertheless, it would be prudent to re-evaluate our engineering
methods regularly. In the past, such re-evolution has led to efficient and cost-effective
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high-voltage DC (HVDC) transmission systems for long-distance power transmission [4].
HVDC transmission has established its merit in the modern power system, employing
kV-range voltages (hence, small currents), to reduce line losses, and utilizing the whole
cross-sectional area of the conductor owing to the elimination of skin effects, thereby
transmitting more power than high-voltage AC (HVAC) [5]. In a distribution network
for long distribution lines, the impact of inductance and capacitance is significant, and
the skin effect must also be taken into consideration. However, for typical residential and
commercial voltage drop calculations, these factors may not have much influence.

Since the advent of advanced electronics, most daily use devices, such as phones,
televisions, laptops, computers, and even automobiles, have transitioned to DC [6]. DC
motors have found their way into washing machines, refrigerators, fans, and heating and
cooling systems, enabling greater speed control and efficiency [7]. The widespread adoption
of renewable energy power systems based on solar and wind energy is another factor in
shifting the power system paradigm to DC [8]. As battery technology has advanced, DC has
become the most common type of energy storage [9]. In developed countries, the primary
motivations for DC are to increase energy efficiency and conversion to renewable energy
sources [10]. However, DC provides the chance to significantly raise the standard of living
in developing nations [11]. So, a renewed focus on DC distribution is prompted by the
proliferation of DC loads and sources and the resulting ease with which DC voltage can be
regulated because of advancements in power electronics. Three significant developments
in the last two decades have led to this surge in interest in DC distribution networks. First,
the power from solar photovoltaics (PVs) has dropped dramatically in price and is likely to
fall more [12]. Second, LED lighting has become widespread globally, making traditional
incandescent and fluorescent light bulbs obsolete [13–15]. The third and potentially most
impactful advancement involves the transition from fossil fuels to more environmentally
friendly and efficient methods for electricity generation [16]. Moreover, surveys indicate
that economies of scale and technological advancements have contributed to the recent
precipitous decline in battery prices [17]. Another factor contributing to the decline in
battery prices is the fierce rivalry between major manufacturers.

This study offers a comprehensive literature review and analysis of research centered
on DC networks at the distribution and utilization levels, encompassing system design,
control, operation, stability, load flow (LF) solutions, protection, and safety issues. It is
noteworthy that certain sections of this article incorporate discussions on HVDC to address
the broader scope of the subject matter; however, this should not obfuscate the primary
focus of this review. This review specifically concentrates on DC and hybrid AC/DC
distribution networks. The objectives of this article are to present a cohesive overview
of previous work in this field, to indicate potential future research directions, and to
provide a framework for locating relevant information. Additionally, this paper aims to
offer a streamlined cognitive approach to new researchers regarding the challenges in the
widespread adoption of DC in distribution networks and potential solutions.

The rest of this paper is organized as follows: the bibliometric analysis of keywords
is presented in Section 2. The motivations to reconsider DC are addressed in Section 3.
Feasibility studies on DC distribution are presented in Section 4. Section 5 summarizes
LF calculation challenges and the related literature for DC and hybrid AC/DC networks.
Protection, safety issues, grounding methods, power quality, and some other challenges for
DC are discussed in Section 6. A discussion of DC voltage levels is presented in Section 7.
Section 8 presents the possible configurations of DC networks and the adoption of DC into
existing AC distribution networks. A summary of research gaps is provided in Section 9.
Finally, conclusions are drawn in Section 10.

2. Bibliometric Analysis

Based on 2000 studies published over the last 8 years, VOSviewer software version
1.6.18 [18] was used to construct a network of term co-occurrence linked to “DC distribution
network” and “DC distribution system”, which appear in article titles, abstracts, and
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keywords. The Scopus database was searched using a search within the article title,
abstract, and keyword option. VOSviewer has the ability to provide an insightful view of
text-mining, and it was utilized to create a co-occurrence of keywords, as shown in Figure 1.
There are a total of 4663 keywords, out of which 158 meet the threshold of minimum
occurrence for a keyword of more than five times. There are a total of 13 clusters in the
network, with a total of 1033 links, and the total link strength is 1585. The 13 clusters are
based on 158 selected keywords, and each cluster represents one main area (keyword), as
shown in Table 1. The significance of the research is shown by the cumulative keyword
network that emerged over time. Table 1 shows the detailed bibliometric analysis based on
the authors’ keywords and their relationship with which they appeared in titles, abstracts,
and index keywords. This will help readers examine the areas of interest in this research
field; moreover, it also highlights the research gaps. Take, for example, cluster number 12,
where power flow is the main keyword. It is the weakest among all clusters, which may
indicate that it is either overlooked in the literature or there is less interest in this topic for
various reasons such as a perceived lack of challenges.

Figure 1. Co-occurrence network of keywords.

Table 1. Overview of the bibliometric analysis based on authors’ keywords.

Cluster Main Area Links Occurrences Related Keywords

1 Energy storage 27 20 Efficiency, renewable energy sources, battery, power flow,
DG, EV

2 AC/DC distribution system 15 42 Load flow, EV, DG, VSC, power router, AC/DC
converters

3 Constant power loads 14 16 DC transformer, DC/DC converters, energy storage,
stability analysis

4 Modular multilevel converter 26 33 Stability, DG, protection, DC loads, AC/DC converter,
DC/DC converter

5 Load modeling 22 10 Load flow, stability, voltage regulation, network
topology, optimal power flow, hybrid AC/DC network
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Table 1. Cont.

Cluster Main Area Links Occurrences Related Keywords

6 DC distribution network 66 236
Energy storage, load flow, stability analysis, protection,
voltage levels, network topology, human safety, RES,
EVs, DC loads, efficiency

7 DC protection 12 11 Fault detection, fault location, fault identification, DC
circuit breaker

8 Stability 23 30 Constant power load, DC/DC converters, EVs, flexible
DC distribution

9 DC microgrids 39 33
Power quality, protection, distributed generation, energy
management, LVDC, solid-state transformer (SST),
renewable energy sources

10 Distributed generation 31 44 Renewable energy, smart grid, power system planning,
DC grid, SST

11 Solid state transformer (SST) 8 7 AC and DC distribution network, AC-DC hybrid
distribution network, power quality, reliability

12 Power flow 6 6 Distributed generation, constant power loads, RESs

13 DC distribution 72 160 Power flow, DC loads, solid state transformer, network
topology, constant power loads, DC/DC converters

3. Motivations to Reconsider DC

Recent progress in semiconductor technology and power electronic converters has
significantly enhanced the capabilities of DC voltage regulation. The proliferation of DC
loads, renewable energy sources (RESs), and energy storage systems (ESSs) has stimulated
a re-examination of the suitability of DC deployment. These factors will be considered
when discussing the superiority of AC or DC systems. Given the current landscape, it is
reasonable that DC may emerge as the preferred choice, ousting AC in various applications.
DC systems may be used to reduce dependency on fossil fuels and greenhouse gas emis-
sions since they improve the efficiency of energy distribution and make it easier to integrate
decentralized RESs. Furthermore, DC will make the Vehicle-to-grid (V2G) operation of
electric vehicles (EVs) straightforward [19]. New demand for DC networks at the consumer
end will be sparked by the widespread use of distributed generation like PV and the
adoption of EVs. Directly connecting PV to an EV’s DC charging port reduces the necessary
conversion stages [20]. Interestingly, DC requires fewer outlets because of the widespread
usage of USB connections to power portable electronic devices like smartphones, laptops,
tablets, etc. Power transfers of up to 100 W are possible through the USB Type-C connection,
which is compliant with the new USB Power Delivery 2.0 Standard (20 V at 5 A). Because
of differing standards of AC worldwide, universal sockets and plugs can only be utilized
with DC [21]. However, standard AC household outlets and plugs cannot be used for DC,
and it needs standardization. The necessity to standardize new plugs and sockets stems
from the problem of hazardous arcing when removing an active load.

In general, power quality and control are often considered to be more straightforward
in AC distribution systems compared with DC distribution systems. This is due to several
factors including the following: 1—AC power systems have been in use for a longer time
and have well-established standards, equipment, and control mechanisms for managing
power quality issues such as voltage regulation, frequency control, and reactive power
compensation. The infrastructure and technology for monitoring and controlling AC power
systems are more mature and widely available. 2—AC systems inherently support the
flow and management of reactive power, which is essential for voltage control and stability.
Devices such as capacitors and synchronous condensers can be easily integrated into AC
systems to manage reactive power and improve power factors, contributing to better power
quality. 3—AC systems are the standard for grid-level power transmission and distribution,
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and they are well-suited for integrating with existing grid infrastructure. The ability to
synchronize and connect AC systems to the grid, as well as the availability of grid codes
and standards, makes it easier to control and maintain power quality in AC distribution
systems. On the other hand, while DC distribution systems offer advantages such as lower
transmission losses and the ability to integrate with certain types of renewable energy
sources and energy storage systems, they present unique challenges for power quality
and control. These challenges include the need for specialized equipment for voltage and
current regulation, fault protection, inrush phenomena, harmonics of upstream converters,
and switching components. It is important to note that advancements in power electronics
and control technologies are making DC distribution systems more viable and are enabling
improved power quality and control. As a result, the ease of power quality and control in
AC versus DC distribution systems may evolve as technology advances and as DC systems
become more prevalent in certain applications.

It is important to conduct a thorough assessment of the merits of DC in comparison to
the traditional AC power system, encompassing considerations of efficiency, stability, and
controllability. The existing literature has predominantly concentrated on these aspects. The
investigation into the maximum power transfer capability of DC versus AC was explored
in [22], revealing that the utilization of DC could potentially enhance the transmittable
power. Reference [23] demonstrated that in a 13.8 kV system, DC incurred greater losses
than AC. Conversely, for systems with voltage levels of 18 kV and above, DC exhibited
lower losses, with a notable disparity. It is crucial to acknowledge that the author assumed
equal resistance for AC and DC lines, whereas, in reality, DC resistance is consistently lower
than AC resistance. If the analysis had factored in accurate DC resistance, the results may
have further favored DC. Reference [24] discussed the impact of series conversion losses
on DC and AC distribution, presenting a systematic approach for conducting an equitable
comparison. Reference [25] demonstrated that the current in a 380 V DC network was
61% of the current in a 230 Vac network, leading to conduction losses in DC being 37% of
those in an AC network. This could potentially result in a 1–2% efficiency gain for the DC
system. However, this finding raises the question of whether the DC grid demands more
power (380 × 0.61 > 230 × 1). For the same test system (230 Vac vs. 380 Vdc), the findings
in reference [26] revealed that the AC system outperformed the DC system, showing a
minimum efficiency advantage of approximately 2% and a maximum advantage of around
6% for a residential system. Additionally, the study examined the incorporation of VSD
in building air-conditioning loads, which utilize an intermediate DC power stage. If the
building’s power supply were to be DC instead of AC, it could eliminate the need for an
intermediate AC/DC conversion stage. However, this transition to a DC power supply
would roughly double the building’s DC power demand if the air-conditioning were to
operate as a DC load. Interestingly, the DC system demonstrated slightly higher efficiency
(approximately 1%) in the case of VSD air-conditioning. This observation suggests that,
historically, the efficiency of power transfer played a significant role in the displacement of
DC by AC. Similarly, in the present context, efficiency may once again emerge as a decisive
factor in the renewed competition between AC and DC. Reference [27] also utilized the
same test systems (230 Vac vs. 380 Vdc) to compare efficiency. The study asserted that
for buildings lacking access to an AC power source (e.g., islanded buildings with PV and
storage), DC distribution could enhance efficiency by 3.4%. Furthermore, applications that
incorporate both AC and DC sources with self-consumption and frequent battery use may
see an improvement of up to 1.3% with DC.

In the literature, discrepancies exist in the findings of DC distribution efficiency studies.
For instance, references [25–27] suggested little or no advantage of DC over AC, while
references [28–33] presented favorable results for DC (the specifics of these references
are presented in various sections of this paper based on the relevant context). Moreover,
references [34] mentioned approximately 2% energy savings with DC in the commercial
sector. Reference [35] demonstrated that the efficiency of medium and small buildings with
DC are 11.9% and 9.9%, respectively, and the best-case scenarios elevate these values to
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18.5% and 17.9%. A detailed review of efficiency and energy-saving analysis in the DC
power distribution can be found in [36].

In a comparative study of AC and DC systems, it is essential to ensure fairness. The
reported efficiency gap in various papers may be misleading. For instance, in references [2],
the comparison of a 230 Vac system with a 380 Vdc system does not solely demonstrate a
fair comparison as DC has a higher system voltage level. Reference [31] only considered DC
lighting in the comparison and neglected other factors. A comparison was made in refer-
ence [32] between a 400 Vac system and an 800 V (+400, 0, −400 V) DC system. The study’s
conclusion indicated that the three conductors’ DC supply enables the transportation of
electric power greater than that of AC, by approximately 30%.

To accurately assess the benefit of DC, it should be compared with an equivalent
AC system of the same voltage. Additionally, a fair comparison should consider the
same conductor, insulation, and realistic efficiencies of power electronic converters in both
systems. Apart from efficiency comparisons, it is crucial to investigate different scenarios
for improving the efficiency of DC networks. One such scenario can be the utilization of
multiple voltage levels, where a residential DC network can provide 380 V for larger loads
and 12, 24, and/or 48 V for smaller loads. Another scenario involves the implementation of
a modular approach for the distribution-level DC/DC converter. This method can enable
the integration of a large-sized distribution converter with smaller powered modules, with
only the necessary number of modules being activated at a given time, aiming to operate
the modular converter at optimal efficiency.

3.1. DC Loads

The majority of electronic devices used in homes and workplaces require DC power,
such as phones, laptops, computers, tablets, microwave ovens, TVs, etc. [37–39]. Using
a DC distribution system is preferable for implementing newer, more energy-efficient
lighting technology like compact fluorescent fixtures and solid-state [39,40]. Among other
applications, DC is utilized in variable-speed drives (VSDs) for pumps, mills HVAC units,
traction systems fans, elevators, etc. DC electric arc furnaces are more efficient and produce
less light flicker as compared with AC ones [41]. The electrochemical industry predomi-
nantly relies on DC [42,43]. The majority of the loads are DC these days, and powering up
these loads with AC needs conversion stages that result in conversion losses [44]. Currently,
every electronic load has its own power source. Such redundancies can be eliminated with
a DC bus, and it can improve the system’s overall efficiency. Studies demonstrated that
around 30% of the produced AC power is converted through a power electronic converter
before consumption [45]. The precise amount of wasted energy can vary; it usually varies
from 10 to 30 percent [46,47].

In 2004, researchers at the Lawrence Berkley National Laboratory (LBNL) started
investigating the effectiveness of DC distribution in data centers. The study revealed that
DC distribution uses 28% less power than standard AC distribution in data centers [28–30].
For applications that use VSDs, AC is converted to DC by a rectifier, which is followed by
another converter that creates variable AC (VAC). A DC system improves overall efficiency
by eliminating the need for the rectifier stage. A power conversion plan for DC and AC
power systems is available in [48]. It is still uncertain whether EVs will be charged at home,
at a smart charging park (which centrally coordinates EVs at a smart garage, enabling the
vehicle-to-vehicle (V2V) and V2G operations), or at a fast-charging station [49–51]. The
pros and cons of each of these approaches are out of the scope of this review. However,
some specialists in the field of smart charging parks suggested that these locations should
function as DC networks, with a shared DC bus that can accommodate EV batteries and any
distributed generator (DG) units [52,53]. DC EV charging stations would be preferable over
AC EV charging stations since electric vehicles need periodic recharging and their batteries
are inherently DC-powered. According to [54–56], DC charging stations may be able to fully
charge EVs more quickly than AC charging stations owing to higher efficiency. Figure 2
demonstrates the decrease in conversion stages for loads, storage, and generation sources
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during the transition from an AC to a DC distribution network [10]. It is important to note
that Figure 2 should not mislead readers regarding the complexity and simplicity of AC or
DC lines. It simply illustrates the reduction in conversion stages in a DC system compared
with an AC system in a single-line diagram. The authors of [46] present a mathematical
method to help evaluate the advantages and disadvantages of using AC vs. DC power
distribution systems.

Figure 2. Reduction in conversion stages: (a) DC distribution system and (b) AC distribution
system [10].

DC power voltage levels (24, 48, and 125) are becoming more popular in lighting
because of their compatibility with battery storage and solar PV panels [14,15]. According
to research, companies might lower their energy use by 15% if they ceased employing the
DC-AC-DC inversion process [31,57]. Reference [58] conducted load models for steady-
state and transient analysis of DC networks and concluded that most of the loads used
today can operate equally well with a DC supply as with an AC supply.

3.2. Renewable Energy Sources (RES) and Distributed Generators (DGs)

The typical AC power distribution scheme is supported by large-scale power plants,
and the power generated by these plants is transmitted by HV lines. The “last mile” of
the public power distribution network is supplied by a last low-voltage conversion after
the energy has been distributed by medium-voltage (MV) overhead wires to smaller sites.
Distributed power sources are challenging the existing structure. DC might transform
the characteristics of future power networks. The goal is to produce and use our own
energy around the houses. In addition to becoming energy consumers, homes and other
structures will start producing their own electricity. Power can be traded in and out through
the connection to the public distribution network during peak demand hours. Trading
of energy resources is feasible on a local, regional, or national scale [59,60]. Instead of
depending on centralized power plants, the future power grid will be structured as a
network that connects and exchanges energy between several distributed power sources
and loads. Most of these entities will be able to generate enough energy for their own needs
and will participate in power trading to manage excess and deficiency capacity.

DC distribution is more cost-effective for residential/building usage than AC distri-
bution since DG installations at the point of consumption are becoming more prevalent.
Most RESs inherently have DC output at distribution voltage levels like PV and fuel cell
(FC). Even wind turbines (WTs), which are inherently AC generators, may be incorporated
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into a DC network more efficiently since extra conversions can be avoided [61]. There
is a worldwide trend toward increasing the utilization rate of RESs at the distribution
level, driven by economic and environmental factors [62,63]. So, the presence of DC in the
distribution system will make integrating decentralized and RESs easier. It is challenging
to establish precise criteria for assessing the competencies of DGs since there are several
diverse schools of thought on the definition of a DG, which varies from country to country.
Most scholars agree that the low-voltage (LV) network is the best location for a DG plant
since this is where consumers would find it most straightforward to use the energy while
experiencing the fewest system losses [64]. However, some postulate that an HV network
could also host a DG plant [65]. Generally, the term “distributed generation” refers to a
particular type of energy technology, like non-renewable or renewable energy.

3.3. Energy Storage Systems (ESSs)

ESSs and batteries are DC devices as well. Batteries and ultracapacitors are the
two most used energy storage types. Even though flywheels and permanent magnet
synchronous machines are mechanical energy storage devices, they are often connected
through a DC connection that is part of the distribution system [66]. Nippon Telegraph
and Telephone Corporation, a Japanese telecommunications operator, reported that DC
uninterruptible power supplies (UPSs) are more reliable in terms of availability than their
AC counterparts [25]. A comprehensive review of battery energy storage system (BESS)
integration within DC distribution networks is detailed in [67].

4. Feasibility Studies and Potential Applications

The possibility of using DC for power distribution has drawn the attention of many
researchers recently. The feasibility of supplying DC to commercial facilities is analyzed in
reference [68]. Efficiency played a significant role in choosing DC over AC. This explains
why comparing AC versus DC in terms of performance, losses, and financial advantages has
received so much attention. For instance, the Hammerstrom model [24] comprehensively
examines the energy transfer efficacy of DC and AC distribution topologies. According
to the author, each stage of energy conversion wastes 2.5% of the applied energy. It has
been shown that conversion losses are decreased in DC systems that use fuel cells or other
local DC sources. The study published in reference [69] lent credence to this conclusion. To
study DC distribution system losses, the authors presented a mathematical model. It was
also shown that an increase in power capacity or load leads to higher converter efficiency.

In [23], the authors compared the losses of DC and AC distribution networks. The
study discussed two models, one AC, and the other, DC, to simulate a large distribution
system with 714 buses and 235 loads. The comparative findings revealed that in a DC
network, the current can be 1.22 times greater than the AC current for an equivalent
conductor cross-sectional area. However, the comparison was oversimplified since it
neglected the skin effect and assumed that the resistance of the cable was the same. Similarly,
the study presented in [70] made similar assumptions. Because of these oversimplified
assumptions, these studies led to the conclusion that DC distribution systems are not
recommended. Different results were found in later investigations; one such example is
the research given in [66], which uses precise DC resistance in its calculations. The results
demonstrated that the AC resistance of a cable will always be larger than its DC resistance.
As frequency increases, the skin is permeated more deeply, resulting in a greater disparity
between AC and DC resistances and ultimately higher losses at higher frequencies in AC.

A comprehensive examination of the efficiency of DC power distribution networks is
detailed in [36]. Reference [71] demonstrated the feasibility of DC distribution networks
for commercial buildings with electronic loads, while the feasibility of DC for industrial
applications can be found in [72]. Reference [32] provides a comprehensive comparison of
the electrical capabilities of cables used in DC and AC systems. The study revealed that,
for distances where a cable’s performance is hindered by the voltage drop limit, the DC
solution allows for the transmission of power 1.7 times more than AC, depending on the
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conductor configuration or the DC distribution system. The study made the assumption
that the DC pole-to-ground voltage equals the RMS value of the AC line voltage, which
is 400 V. Additionally, the study demonstrated that the three conductors’ DC supply
(+400, 0, −400 V) enables the transportation of electric power greater than that of AC, by
approximately 30%. It was also shown that DC distribution provides advantages beyond
reduced losses, including higher safety, decreased electromagnetic fields, and improved
power quality. Indeed, similar views were expressed in [23,68,73,74]. As part of a load flow
(LF) analysis, the authors of [75] investigated the losses in the DC distribution network with
both AC and DC resistance. Consistent with the prior findings, their research confirmed
that a DC distribution system’s power loss and transfer capacity are better than an AC
distribution system. The authors of [76] investigated the feasibility of linking several AC
microgrids through a DC connection and concluded that doing so improves the systems’
efficiency and reliability. Case studies involving implementing a DC distribution system
for household appliances were empirically examined in [77], along with the associated
risks and potential solutions.

The authors of [19] use MT-DC in the distribution network to distribute EV charging
demand over several transformers, easing network congestion and supporting more EV
adoption. The authors of [78] examined how LV distribution systems have developed
through time, beginning with conventional AC passive networks and moving on to the
anticipated use of hybrid AC/DC systems. Last-mile distribution systems now have the
technical and financial wherewithal to revive DC networks and integrate new technologies.
However, the authors believe that the most cost-effective method of incorporating the latest
technologies into the existing AC networks is the harmonious cohabitation of both systems
via the development of hybrid AC/DC networks. Another example of a typical application
is a field test of an LVDC distribution network at 750 Vdc, conducted in Finland [79]. In
rural parts of Finland, the 20/0.4 kV AC distribution system becomes more expensive
than the LVDC distribution system once the distance between substations approaches
one kilometer. Reference [61] suggested control algorithms for a multi-voltage-level DC
network to enhance the utilization of renewable energies and address the coordinated
and interconnected challenges associated with distributed renewable energies and urban
power load.

At the Lawrence Berkeley National Laboratory (LBNL), two DC system demonstra-
tions were tested [33]. The results showed a 10% energy reduction for the whole data
center when compared with an AC baseline example. Singapore’s Water and Energy Re-
search Laboratory (WERL), in collaboration with Nanyang Technological University (NTU)
and Schneider Electric Singapore, developed a hybrid AC/DC network [48]. This hybrid
grid was designed as a test bed for various hybrid grid infrastructures to determine what
voltage levels are best for the DC network to connect various DC sources and loads. It
also serves to study any new issues that arise from such connections and to evaluate any
resulting DC protection and metering equipment. Reference [80] compared the recently
released IEC standards [81,82] (IEC 62052-11:2020 and IEC 62053-41:2021)for DC energy
meters with local standards in China. The standardization of DC electricity meter testing
does not fully address immunity to DC-specific disturbances. In this context, an arbitrary
waveform testbed was created in [83] for testing DC electricity meters. This testbed can
assess meters in the presence of broadband disturbance signals with frequency components
up to 150 kHz. It can handle DC voltage and current levels up to 1500 V and 600 A. Despite
the seemingly less challenging nature of standardizing DC energy metering compared
with the current DC metering standards, industry stakeholders are engaged in ongoing
discussions regarding the specific requirements for various applications [84].

The authors of [38] experimented and demonstrated that commercially available appli-
ances might operate adequately in DC distribution networks. They supplied DC power for
electronics such as TVs, laptops, and small motor drives, as well as energy-efficient light
bulbs such as compact fluorescent lamps (CFLs) and LEDs. Positive results and improved
power quality substantiated the practicability of directly powering appliances with DC
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voltage. The authors underscored the importance of coexisting AC and DC distribution
networks to expedite the transition to DC. In [85], the authors proposed a system for resi-
dential applications where power is produced and distributed through a DC distribution
line (three-wire, 170 V) found in cogeneration systems. For laboratory testing, the authors
developed a small replica of the real system. The system’s performance during a power
fluctuation was verified using the utility grid’s common coupling, separation, and recon-
nection point. Their experimental results demonstrated that the system could continue to
provide reliable, high-quality power to the loads.

A small naval power system was used as a model in [72] to investigate the standard
DC/AC power grid to address the neutral voltage shift issue. The proposed research
involved the utilization of a DC/DC buck converter with an isolation transformer and
a high-resistance ground. As a component of the National Science Foundation-funded
Future Renewable Electric Energy Delivery and Management Systems Center (FREEDM), a
non-arcing DC connection was developed for a 380 Vdc [86]. In another study that was
part of the same project, the traditional electromagnetic transformer was replaced with an
SST [87]. Another study showed that DC loads can be integrated at the DC bus, reducing
conversion losses due to the DC intermediate stage provided by SST [88].

In 2018, the International Electrotechnical Commission (IEC) polled organizations and
enterprises throughout the globe to evaluate the market potential for such networks [16].
Considering all the factors, DC networks are expected to impact both developing and
developed economies significantly. In the former, DC is increasingly recognized as a
solution for achieving greener and more sustainable energy, while in the latter, it will
establish the framework for extending electricity access even in the most remote locations.
An investigation of the underlying immaturities of DC use in public energy distribution
systems and some design aspects can be found in [89]. A summary of market assessment
and expert feedback on DC distribution systems can be found in [90].

CIRED Working Group 2019-1 focused their efforts on the question “DC networks
on distribution level—a new trend or a vision?”. The results of surveys conducted all
around the globe by educational institutions, organizations, and scientific and technological
institutions are compiled in the 2020 technical report [91]. This technical report by CIRED
WG-2019 summarizes 14 worldwide pilot projects with MVDC and LVDC grid-related
potential (future) DC network use cases. Europe, East Asia, and North America were
the main areas where the developments transpired. The Hybrid Provision of Energy
based on Reliability and Resiliency by Integration of DC Equipment (HYPERRIDE) project
under this working group addresses the field implementation of DC and hybrid AC/DC
networks [92]. The principal objective of this project was to demonstrate an MVDC/LVDC
and AC/DC hybrid network architecture using a DC underlay grid to connect micro- and
nano-grids. H2020 TIGON is another initiative that falls within this team’s purview. This
project aimed to improve the reliability, robustness, and performance of DC-based hybrid
grids intelligently and affordably by using cutting-edge DC technology. To accomplish
this, an MVDC connection between the primary grid and the LV hybrid network was
recommended as part of a modular model of DC-based grid design, as shown in Figure 3.
TIGON demonstrations will use this concept to integrate distributed RES, ESS, and various
loads more effectively, such as EVs [93].

An important shared goal of HYPERRIDE and TIGON is the integration of hybrid
AC/DC networks in European distribution power grids to support the decarbonization
of the energy industry, as shown by their innovative actions with planned technological
demonstrations. TIGON promotes MVDC grid technology and utility applications (DC/DC
converters, SSTs). HYPERRIDE exploits Aachen’s MVDC campus grid infrastructure and
innovates LVDC microgrids for other clients in the country (ASM Terni demonstration).
Both initiatives intend to promote hybrid AC/DC grid integration technologies such
as DC protection, system grounding, sensors, and interoperability concerns to integrate
a large proportion of RES (PV, Wind), new DC loads (e.g., EVs), and storage for grid



Energies 2024, 17, 1822 11 of 45

flexibilization. A prototype DC distribution system for industrial application has been
simulated to investigate the interaction between power converters [72].

Figure 3. TIGON’s main concept [93].

A demonstration facility for the DC distribution network was built in the island city
of Fukuoka, Japan. It comprises renewable energy sources and an energy management
system accommodating various loads. The 380 V common DC bus connects the renewable
generation to the ESSs [10,44]. Taiwan has transitioned to DC for enhanced distribution
systems, leading to the establishment of a demonstration facility by the Elegant Power
Application Research Center to showcase the advancements in power applications [94].
While several Asian countries have already implemented DC distribution systems for
domestic use, Europe is trailing behind. Intelligent DC homes are being introduced at
Aalborg University in Denmark. Boosting research and the engagement of firms and
industry in developing DC technologies for residential applications, the Danish council for
strategic research on sustainable energy environment has granted funding for the initiative
to establish a pioneer facility in Europe [95].

This facility is a test bed for appliances, DC/DC converters, management algorithms,
and communications systems. It also investigated the possible energy savings, benefits,
and obstacles associated with utilizing locally generated electricity in DC form, as opposed
to converting it to AC for distribution. Researchers from Lappeenranta University of
Technology, Elenia Oy, and Ensto Finland Oy began collaborating on the “LVDC RULES”
project in 2015 [96,97]. The final product of this study was a pilot installation integrated
into Elenia Oy’s distribution network [98]. The ultimate objective of “LVDC RULES”
was to implement LVDC distribution on an industrial scale. Prior utility-scale LVDC
installations in Finland used two separate methods as follows: one employed modified
commercial component to offer a flexible research platform, while the other employed
custom-built converters.
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5. Load Flow Studies for DC Distribution Networks

It is feasible to shift gradually from AC to DC in the distribution paradigm, starting
with hybrid AC/DC networks and advancing to fully DC networks. Additionally, hybrid
AC/DC networks may represent the future distribution system. This section will concen-
trate on LF techniques and challenges for DC and hybrid AC/DC networks and discuss
the research gaps that need further attention.

5.1. LF Methods for DC Distribution Networks

The LF analysis in AC networks has been extensively researched since the 1960s.
However, the exploration of LF in DC networks has recently emerged, coinciding with the
resurgence of interest in DC networks. It is crucial to recognize that LF in DC networks
differs from the LF in conventional power systems [99]. In a DC distribution network, LF
refers to the presence of DC, while the term DC-LF represents a linearization of the LF
equations in AC grids. In DC networks, LF equations are maintained in the real domain.
The Ybus matrix in DC networks consistently exhibits diagonal dominance, and the Zbus is
monotonic because of the pure resistive characteristics of the DC network. A matrix is said
to be diagonally dominant if the magnitude of the diagonal elements is greater than the sum
of the magnitudes of the off-diagonal elements in each row. Diagonally dominant matrices
are more likely to lead to a convergent solution in iterative numerical methods. In the
context of DC load flow analysis, a diagonally dominant Ybus matrix can contribute to the
convergence of the solution, making it easier to obtain a stable and accurate solution. The
diagonally dominant property ensures that the self-impedance or admittance of each node
or bus in the network has a significant impact on the overall solution. This property helps
in stabilizing the iterative solution process by giving more weight to the local characteristics
of each node, which can lead to a more stable and accurate solution. A matrix is said to be
monotone if it is non-singular and all its principal minors (determinants of submatrices) are
non-negative. A monotone Zbus matrix contributes to the stability of the DC LF solution.
It ensures that the impedance matrix has consistent and non-negative properties, which
can help in maintaining the stability and accuracy of the solution. This property helps in
ensuring that the impedance matrix accurately represents the network’s characteristics,
contributing to a stable and reliable solution.

The unknown variables in DC networks are solely voltage magnitudes. The analysis
of DC distribution networks presents several challenges that necessitate the application of
the most current methodologies for resolution [100]. The presence of a CPL in the system
causes the DC network’s LF equations to become non-linear. Consequently, solving the LF
equations necessitates iterative techniques [101–103]. Numerous operational and control
optimization problems need accurate and efficient LF solutions. In addition, when LF
equations are nonlinear, the LF method’s convergence is not always guaranteed. Several
LF approaches in the literature for DC networks have their origins in the well-studied and
well-established AC-type [17] LF methods.

LF methods proposed for DC networks in the literature include the classical inci-
dence matrix (CIM)-based method [104], the monotone mapping method (MMM), the
Z-bus method, the energy function method (EFM) [105], successive approximation (SA)-
based methods [106,107], the backward/forward sweep (BFS) method [108], classical
Newton Raphson (NR)-based methods [103,109,110], the Quasi NR (Q-NR) method [111],
the upper triangular matrix (UTM) method [112]; linear methods based on loop analysis
(LA) [113], approximation of hyperbolic constraint (A-oHC) [111,114], Taylor series expan-
sion (TSE) [106,111,115], and hyperbolic and straight line approximation (SLA) [116] with
logarithmic transform of voltage magnitudes (LT-oVM); graph theory methods based on
Laplacian Matrix (LM) [75], improved LM (ILM) [117], extended ILM (e-ILM) [118], and
fixed-point iteration (FPI) [119]; and methods based on modified augmented nodal analysis
(MANA) [120] and extended MANA (e-MANA) [121]. In the literature, LF in bipolar DC
networks was also addressed recently [109,119].
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The computational time of SA-based LF solvers is less when compared with classical
NR methods in terms of function evaluations, but they require more iterations than the
NR method [122]. On the other hand, the classical NR method has limitations in solving
non-differentiable LF equations (the overcurrent protection of power electronic converters
can create non-differentiable equations in the LF problem) [119]. The LA method proposed
in [113] employs injected power rather than injected currents for both radial and mesh
DC networks. The LA method proposed in [113] has fewer errors as compared with the
LT-oVM method proposed in [116], but it requires more processing time. The BFS method
proposed in [108] only considers radial DC network configuration. The BFS class of solvers
was initially developed for radial networks and then extended to meshed networks at the
expense of additional iterations and/or increased divergence risks. In addition, they have
topological limitations and a lack of generality, which is reflected in numerous case-by-case
treatments in the literature for AC networks [123]. The UTM method proposed in [112] has
network topology limitations (cannot be applied to meshed networks) and it requires a large
number of iterations for convergence. The TSE-based linear formulation proposed in [115]
considers only radial configurations. That study was extended to account for meshed DC
networks [106] and bipolar DC network configurations [111]. The speed and accuracy of
TSE-based methods depend on the order of terms used in the LF equation for linearization.
The lower-order terms may result in fast simulation speed at the cost of accuracy, and vice
versa, for the higher-order terms [124]. Although the LM-based LF method proposed in [75]
can solve both radial and meshed network configurations, it requires one extra matrix
to solve the meshed configuration. The ILM method, proposed in [117], is the improved
formulation of the LM method, and it can solve both radial and meshed configurations
with one incidence matrix. The ILM method was further extended (e-ILM) to accommodate
DC/DC converter models [118]. The LM and ILM have linear convergence when compared
with the MANA method, whose convergence is quadratic as it uses the NR algorithm.
The MANA method proposed in [120] uses the MANA formulation and the NR algorithm
and was extended to accommodate DC/DC converter models into LF equations [121].
The convergence characteristics of the NR method are dependent on its implementation
techniques. The study in [125] demonstrated that the NR method has better convergence
characteristics when implemented with MANA, as compared with classical nodal analysis
(NA), by inspecting the Jacobian condition number.

It is important to note that the LF equations in DC-DNs become non-linear and/or
non-convex if CPL is present in the network. The non-linear and non-convex nature of
the LF equations means that the uniqueness of the solution cannot be assumed. An LF
solver based on the convergence conditions and the amount of constant-power generation
and load for DC meshed networks was proposed in [105]. The study used contraction
mapping to verify the uniqueness of the solution but did not define the conditions for the
contraction constant. Moreover, the uniqueness of the solution can only be established
if the LF equations are strictly convex. There are some other LF methods that have been
successfully applied to AC networks. However, their application to DC networks needs
further research. For instance, regarding the Holomorphic Embedding PF method (HE-
PFM) [126,127], although the HE-PFM proposed in [128] is for hybrid AC/DC grids, it can
solve DC networks as well. Moreover, HE-PFM was considered in [120] for convergence
and simulation time comparison. Therefore, the HE-PFM is included in this survey.

It is crucial to determine the optimal solution strategy that yields the highest perfor-
mance in both solution quality and computational effort for radial and mesh configurations.
The selection of an LF solver is contingent upon its specific application. For instance, in
scenarios where simulation speed takes precedence over accuracy, approximate or linear
LF methods may be utilized. A comprehensive overview of DC LF methods, categorized
based on four different metrics, is provided in Table 2.
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Table 2. The main features of the literature on DC LF methods.

Reference PF Method Network
Topology

DC/DC
Interconnections

Existence and Uniqueness of
the PF Solution

Iterative/
Non-Iterative

Ref. [113] LA R:
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microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 

BP:

Energies 2024, 17, x FOR PEER REVIEW 14 of 46 
 

 

Table 2. The main features of the literature on DC LF methods. 

Reference PF Method Network  
Topology 

DC/DC  
Interconnections 

Existence and Uniqueness of 
the PF Solution 

Iterative/ 
Non-Iterative 

Ref. [113] LA R:  M:  BP:    iterative 

Ref. [116] 
SLA 

A-oHC 
R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [114] A-oHC R:  M:  BP:    non-iterative 

Ref. [111] 
A-oHC 
Q-NR 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [103] NR R:  M:  BP:    iterative 
Ref. [109] NR R:  M:  BP:    iterative 
Ref. [110] NR R:  M:  BP:    iterative 
Ref. [104] CIM R:  M:  BP:    iterative 

Ref. [105] 
MM 

Z-bus 
EFM 

R:  M:  BP:  
R:  M:  BP:  
R:  M:  BP:  

 
 
 

 
 
 

iterative 
iterative 

non-iterative 
Ref. [108] BFS R:  M:  BP:    iterative 

Ref. [107] 
BFS 
SA 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [106] 
SA 
TSE 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [115] TSE R:  M:  BP:    non-iterative 
Ref. [112] UTM R:  M:  BP:    iterative 
Ref. [119] FPI R:  M:  BP:    iterative 
Ref. [75] LM R:  M:  BP:    iterative 
Ref. [117] ILM R:  M:  BP:    iterative 
Ref. [118] e-ILM R:  M:  BP:    iterative 
Ref. [120] MANA R:  M:  BP:    iterative 
Ref. [121] e-MANA R:  M:  BP:    iterative 

R: radial, M: meshed, BP: bipolar, : considered, : not considered. 

5.2. LF Methods for Hybrid AC/DC Distribution Networks 
Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC 

microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
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crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
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consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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schemes for DGs and allow unbalanced AC LF in [134]. 
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schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
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and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 

Energies 2024, 17, x FOR PEER REVIEW 14 of 46 
 

 

Table 2. The main features of the literature on DC LF methods. 

Reference PF Method Network  
Topology 

DC/DC  
Interconnections 

Existence and Uniqueness of 
the PF Solution 

Iterative/ 
Non-Iterative 

Ref. [113] LA R:  M:  BP:    iterative 

Ref. [116] 
SLA 

A-oHC 
R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [114] A-oHC R:  M:  BP:    non-iterative 

Ref. [111] 
A-oHC 
Q-NR 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [103] NR R:  M:  BP:    iterative 
Ref. [109] NR R:  M:  BP:    iterative 
Ref. [110] NR R:  M:  BP:    iterative 
Ref. [104] CIM R:  M:  BP:    iterative 

Ref. [105] 
MM 

Z-bus 
EFM 

R:  M:  BP:  
R:  M:  BP:  
R:  M:  BP:  

 
 
 

 
 
 

iterative 
iterative 

non-iterative 
Ref. [108] BFS R:  M:  BP:    iterative 

Ref. [107] 
BFS 
SA 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [106] 
SA 
TSE 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [115] TSE R:  M:  BP:    non-iterative 
Ref. [112] UTM R:  M:  BP:    iterative 
Ref. [119] FPI R:  M:  BP:    iterative 
Ref. [75] LM R:  M:  BP:    iterative 
Ref. [117] ILM R:  M:  BP:    iterative 
Ref. [118] e-ILM R:  M:  BP:    iterative 
Ref. [120] MANA R:  M:  BP:    iterative 
Ref. [121] e-MANA R:  M:  BP:    iterative 

R: radial, M: meshed, BP: bipolar, : considered, : not considered. 

5.2. LF Methods for Hybrid AC/DC Distribution Networks 
Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC 

microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
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geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC 

microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
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ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 

Energies 2024, 17, x FOR PEER REVIEW 14 of 46 
 

 

Table 2. The main features of the literature on DC LF methods. 

Reference PF Method Network  
Topology 

DC/DC  
Interconnections 

Existence and Uniqueness of 
the PF Solution 

Iterative/ 
Non-Iterative 

Ref. [113] LA R:  M:  BP:    iterative 

Ref. [116] 
SLA 

A-oHC 
R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [114] A-oHC R:  M:  BP:    non-iterative 

Ref. [111] 
A-oHC 
Q-NR 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [103] NR R:  M:  BP:    iterative 
Ref. [109] NR R:  M:  BP:    iterative 
Ref. [110] NR R:  M:  BP:    iterative 
Ref. [104] CIM R:  M:  BP:    iterative 

Ref. [105] 
MM 

Z-bus 
EFM 

R:  M:  BP:  
R:  M:  BP:  
R:  M:  BP:  

 
 
 

 
 
 

iterative 
iterative 

non-iterative 
Ref. [108] BFS R:  M:  BP:    iterative 

Ref. [107] 
BFS 
SA 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [106] 
SA 
TSE 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [115] TSE R:  M:  BP:    non-iterative 
Ref. [112] UTM R:  M:  BP:    iterative 
Ref. [119] FPI R:  M:  BP:    iterative 
Ref. [75] LM R:  M:  BP:    iterative 
Ref. [117] ILM R:  M:  BP:    iterative 
Ref. [118] e-ILM R:  M:  BP:    iterative 
Ref. [120] MANA R:  M:  BP:    iterative 
Ref. [121] e-MANA R:  M:  BP:    iterative 

R: radial, M: meshed, BP: bipolar, : considered, : not considered. 

5.2. LF Methods for Hybrid AC/DC Distribution Networks 
Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC 

microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid mi-
crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 

iterative

Ref. [121] e-MANA R:

Energies 2024, 17, x FOR PEER REVIEW 14 of 46 
 

 

Table 2. The main features of the literature on DC LF methods. 

Reference PF Method Network  
Topology 

DC/DC  
Interconnections 

Existence and Uniqueness of 
the PF Solution 

Iterative/ 
Non-Iterative 

Ref. [113] LA R:  M:  BP:    iterative 

Ref. [116] 
SLA 

A-oHC 
R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [114] A-oHC R:  M:  BP:    non-iterative 

Ref. [111] 
A-oHC 
Q-NR 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [103] NR R:  M:  BP:    iterative 
Ref. [109] NR R:  M:  BP:    iterative 
Ref. [110] NR R:  M:  BP:    iterative 
Ref. [104] CIM R:  M:  BP:    iterative 

Ref. [105] 
MM 

Z-bus 
EFM 

R:  M:  BP:  
R:  M:  BP:  
R:  M:  BP:  

 
 
 

 
 
 

iterative 
iterative 

non-iterative 
Ref. [108] BFS R:  M:  BP:    iterative 

Ref. [107] 
BFS 
SA 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [106] 
SA 
TSE 

R:  M:  BP:  
R:  M:  BP:  

 
 

 
 

iterative 
iterative 

Ref. [115] TSE R:  M:  BP:    non-iterative 
Ref. [112] UTM R:  M:  BP:    iterative 
Ref. [119] FPI R:  M:  BP:    iterative 
Ref. [75] LM R:  M:  BP:    iterative 
Ref. [117] ILM R:  M:  BP:    iterative 
Ref. [118] e-ILM R:  M:  BP:    iterative 
Ref. [120] MANA R:  M:  BP:    iterative 
Ref. [121] e-MANA R:  M:  BP:    iterative 

R: radial, M: meshed, BP: bipolar, : considered, : not considered. 

5.2. LF Methods for Hybrid AC/DC Distribution Networks 
Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC 

microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection 
converter or switch [129,130]. The DC subgrid is often connected to the main grid and AC 
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crogrid has the capability to operate in either grid-connected or islanded mode. It is ap-
parent that the conventional LF formulation must be modified to include new types of 
constraints and components. The partial list includes AC droop, DC droop, IC, and the 
DC network [130,131]. There are two approaches for hybrid AC/DC network LF solution 
as follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC 
and DC networks are solved simultaneously. The sequential approach may be advanta-
geous for its simplicity, but it typically encounters convergence problems and is also time-
consuming. A simultaneous method is presented in [131] using mismatch equations and 
the Newton trust-region solution. It is applicable only to balanced AC subgrids. Improve-
ments over [131], including an IC droop gain, are presented in [132]. An optimization 
problem was presented in [133] and solved using a generalized reduced gradient method 
(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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(GRGM). The methodology of [130] was extended to eliminate limitations in control 
schemes for DGs and allow unbalanced AC LF in [134]. 
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5.2. LF Methods for Hybrid AC/DC Distribution Networks

Two good examples of hybrid AC/DC networks in power systems are hybrid AC/DC
microgrids (MGs) and HVDC networks. The hybrid AC/DC MG architecture may incor-
porate both AC and DC subgrids linked to the primary grid via an island interconnection
converter or switch [129,130]. The DC subgrid is often connected to the main grid and
AC subgrid bus through an interlinking converter (IC) (VSC, for example). The hybrid
microgrid has the capability to operate in either grid-connected or islanded mode. It is
apparent that the conventional LF formulation must be modified to include new types of
constraints and components. The partial list includes AC droop, DC droop, IC, and the DC
network [130,131]. There are two approaches for hybrid AC/DC network LF solution as
follows: 1—AC and DC networks are solved iteratively and sequentially and 2—AC and
DC networks are solved simultaneously. The sequential approach may be advantageous for
its simplicity, but it typically encounters convergence problems and is also time-consuming.
A simultaneous method is presented in [131] using mismatch equations and the New-
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ton trust-region solution. It is applicable only to balanced AC subgrids. Improvements
over [131], including an IC droop gain, are presented in [132]. An optimization problem
was presented in [133] and solved using a generalized reduced gradient method (GRGM).
The methodology of [130] was extended to eliminate limitations in control schemes for DGs
and allow unbalanced AC LF in [134].

The BFS method in [135] is extended to AC/DC MGs in [136] using a sequential ap-
proach. In [131], the authors claimed to eliminate limitations in network topologies and DG
control schemes of [132–134,136] by proposing a sequential algorithm using symmetrical
component models. In parallel to the research on MGs, AC/DC LF solution problems have
also been researched for HVDC systems. Initial work using a sequential algorithm was
presented in [137] for multiterminal DC (MTDC) systems. More recent research is available
in [138–140]. The work in [138] is based on mismatch equations and accounts for AC and
DC networks and VSC station models. It also uses a unified DC voltage control expression
for solving different control modes. The simulation of MTDC-HVDC grids faces different
challenges in the control and complexity of converters.

It should be emphasized that, unlike the VSC station model in [138], the DG represen-
tations in the LF research disregard the substation details (such as DG transformer) and
assume balanced voltage at the point of interconnection (POI). In an unbalanced system,
the voltage at the POI will be unbalanced as well. Moreover, if DG is an inverter-based
resource (IBR), then even inverter output will also be unbalanced. For example, a grid
inverter with traditional coupled sequence control (CSC) will not supply any negative
sequence current to an unbalanced grid [141]. As the reactive power capacity is different
at the DG terminal and POI, the substation details of DG are also essential to account for
the DG operating limits precisely. The above-presented literature is based on the classic
formulation of mismatch equations or on some variants of BFS. The limitations of BFS
techniques are well known. The derivation of mismatch equations is often complicated.
Some other nodal analysis type techniques typically encounter convergence problems and
lack of generality. Distribution networks and microgrids differ from transmission networks
in several ways. They typically feature stressed networks with high R/X ratios and a greater
number of connection points for loads, generators, and converters. The classical nodal
analysis (NA) formulation and NR-based LF solver may fail to converge while simulating
stressed distribution networks with tight voltage regulation requirements. Moreover, the
research on AC/DC microgrids considers simple topologies (for example, no DC/DC
converters) and disregards the converter’s negative sequence behavior. Reference [125]
proposed a unified LF algorithm that incorporates different types of AC/DC and DC/DC
converters. This method is based on the NR algorithm and makes use of the MANA formu-
lation. The suggested formulation is capable of solving a wide range of hybrid AC/DC
configurations and permits the integration of arbitrary devices and converter controllers. It
is constructed on the summation of line flows and their corresponding derivatives, offering
a simple approach to managing connections with different types of buses. It is apparent
from the presented literature that there are still many research gaps in this area that need to
be addressed.

6. Stability, Protection, Safety, Grounding, Power Quality, and Other Challenges

Power system stability, protection, safety, and power quality have historically been
the fundamental objectives of power system engineers. There has been much work on the
protection, stability, and safety aspects of AC systems. In contrast, there is still much to
learn about DC power systems.

6.1. Stability

Early in the 1970s, Sokal and Middlebrook identified a potential cause of instability in
DC power networks. The authors claimed that DC converters could potentially generate a
negative input resistance, potentially causing instability if it exceeds the positive resistance
of the input LC filter [142]. A switch mode converter and input filter were developed
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to address the oscillations, ensuring that the output impedance of the filter remained
lower than the input impedance of the converter, thereby maintaining the integrity of the
system [143,144]. Feng et al. used the same method of impedance analysis and established
a forbidden zone for the impedance ratio [145]. The forbidden region and impedance
criteria were established for the individual load [146]. Routh–Hurwitz criteria were used to
examine the stability of a DC/DC converter and its related input filter in [147]. The study
determined that when the ratio of load impedance to source impedance exceeds unity, the
system is stable for VSCs, and when it is less than unity, the system is stable for current
source converters.

Active stabilization was developed in [148] to ensure the stability of unconnected
MGs when loaded with direct online induction motors (IM). The research focused on
isolated AC MGs supplied by DC or DG sources through voltage source inverters (VSIs).
Therefore, this survey considers it noteworthy. Moreover, the same authors provided the
proactive mitigation method for interactions in hybrid AC/DC distribution networks in
another study [149]. Based on their findings, the authors concluded that overall system
stability cannot be guaranteed in distribution networks dominated by converters, even
if individual converters are stable. The authors of [150] evaluated the current-controlled
DC-based distributed generating unit’s instabilities caused by grid parameter variations
using VSI as a grid interface. The issue was resolved by implementing a high-bandwidth
predictive current controller with an adaptive model of the grid current and dynamics
of the capacitor voltage. A small signal stability evaluation of a zonal shipboard power
system by comparing MVAC and MVDC systems revealed that the MVDC system has
better damping and is more stable for various exciter types [151]. The authors of [152]
delivered a signal stability analysis for an airplane, in which the factors impacting system
stability are explicitly addressed.

Widespread usage of DC devices might have unforeseen effects on the electrical grid.
Several research studies have been performed to discover methods for mitigating the inten-
sity of these effects. Because of low inertia, it has been noted that DG-based DC microgrids
have a destabilizing effect on utility grids, potentially leading to instability [153]. Zhong
and his team recommended using synchronverters as a possible solution to this issue [154].
A modified control inverter that emulates the characteristics of a conventional synchronous
generator is referred to as a synchronverter. The control system of the synchronverter
has undergone two significant advancements, enabling it to achieve grid synchronization
without requiring a phase-locked loop (PLL) [155]. A centralized AC/DC power-electronic
converter enables a DC distribution system to efficiently accommodate PV modules and
interface with the power grid. However, because of the constant power characteristic of
DC/DC converters [156,157], they become unstable if the power absorbed by the battery
chargers exceeds a particular threshold [52]. The solution developed in [158] enhances
stability by addressing the issues of instability through adjustment to the power setpoints of
the battery chargers, without necessitating modifications to system parameters or hardware.

6.2. Protection

DC distribution offers numerous advantages over AC distribution, yet it also presents
certain challenges, particularly in the area of protection. In both AC and DC systems,
circuit breakers and fuses are typical safety devices. In DC networks, the line impedance is
significantly lower than in AC networks. This results in a rapid increase in fault current,
reaching hundreds of amps within a very short timeframe. Therefore, fast and precise fault
detection and clearance are essential for the safe operation of DC networks. Moreover,
DC systems endure an added burden upon interrupting the current because of the arc’s
long-term nature. The selection of an appropriate DC circuit breaker is considerably
difficult because DC fault currents present several difficulties that necessitate sophisticated
electrical protection requirements [159]. The authors of [160] described experimental
findings of an improved protection method to allow DC distribution networks for utility
applications by addressing these key protection challenges. In reference [161], a rapid fault
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detection method was suggested, utilizing mathematical morphology, a nonlinear signal
transformation technique in the time domain, to prevent damage to the diodes of power
electronic equipment in DC networks. Fujitsu component limited and Nippon Telegraph
and Telephone (NTT) corporation created a 400 Vdc, 10 A plug, and socket designed for
the DC distribution network [162].

High-speed circuit breakers for DC distribution networks are essential for understand-
ing the advancements and challenges in this field. The concepts for future high-power
DC applications, emphasizing the need for innovative circuit breaker designs to meet the
requirements of emerging DC systems, were demonstrated in [163]. The study highlighted
the importance of reliable fault interruption and the development of high-speed circuit
breakers to ensure the safety and stability of DC distribution networks. In a more recent
review, the authors provided a comprehensive overview of DC circuit breaker applica-
tions [164]. The review covered various aspects of DC circuit breakers, including their
design, operation, and challenges. The authors emphasized the significance of DC circuit
breakers in enabling the expansion of DC power systems and identified the need for ad-
vanced technologies to address the unique characteristics of DC networks. The current
status and future trends in solid-state circuit breakers for DC, emphasizing the potential of
these devices in enhancing the performance and reliability of DC power systems, can be
found in [165]. In a related study [166], the authors focused on solid-state circuit breakers
for MV DC power applications. A comprehensive review of solid-state circuit breakers, cov-
ering various aspects of these devices, including their design, operation, and applications,
can be found in [167]. The authors emphasized the potential of solid-state circuit breakers
in addressing the limitations of traditional mechanical circuit breakers and highlighted the
advancements in solid-state technology for DC power systems.

The operation of a DC circuit breaker can lead to overvoltage transients, particularly
in the presence of a CPL present in the system. Insufficient damping within the system may
result in the destabilizing effects of the CPL, potentially leading to system instability [168].
If CPLs account for a large portion of the load, the negative impedance of CPLs might
result in undesirable voltage oscillations, especially under fault conditions. The majority of
power converters are equipped with internal protection against overvoltage. Consequently,
the converter protection may trip at voltage levels that are not necessarily harmful to other
types of equipment, resulting in healthy loads being tripped. Various solutions have been
proposed in the literature to mitigate the adverse effects of these occurrences. The authors
of [169,170] proposed that a short fault-clearing time may solve this issue, but this strategy
requires ultra-fast protection and complicates device coordination. Surge arresters are an
alternative approach for mitigating transient overvoltage in DC systems. However, these
devices’ technology is not mature enough for DC systems with tight voltage limits [171,172].
External passive dampers are also a potential solution [173,174]. However, this will in-
crease power loss and decrease system performance. Active dampening solutions are also
proposed in [175], and adaptations to the CPL converter’s control structure are presented as
alternative active damping approaches in [176,177], but these methods compromise power
quality. Although passive dampers enhance power dissipation, they are externally used
to stabilize the system. Active dampening solutions are also available; however, they can
compromise power quality. The entire system should be examined, including the ground,
the insulation, and the various safety measures. Technical challenges associated with DC
include arc removal, overcurrent, and short-circuit protection. Since DC networks are
composed of many components and may transition among several operating modes, the
techniques are insufficient for DC networks and need further investigations and up-to-date
protection methods.

In DC networks, the arc persists until the arc current diminishes to zero, posing a
significant risk of fire hazard and serious damage. To address arc faults in DC systems, it is
essential to analyze the arc’s characteristics. Reference [178] examined the characteristics of
a series-breaking arc in a DC circuit breaker. The DC breaking arc exhibits two primary
behaviors as follows: active behavior, in which the arc voltage is inversely related to the arc
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current for a specific gap distance, and passive behavior, where the arc voltage is inversely
proportional to the arc current in accordance with Kirchhoff’s voltage rule. Reference [179]
integrated these two arc characteristics to formulate a DC-breaking arc model and presented
a methodology for estimating the arc extinction distance. The short-circuit protection
scheme for a converter-fed low-voltage distribution network was proposed in [180]. The
suggested approach employed a control scheme to manage short-circuit currents and
enable fault ride-through operation. It also utilized alternative protection implementations,
leveraging a low-current compact circuit breaker to address the challenge of high-fault
current injection. Impedance-based protection methods to detect and isolate faults in DC
distribution networks were also proposed in [181]. Reference [182] focused on ground fault
detection and location in ungrounded DC traction power systems. The proposed protection
scheme utilizes advanced fault detection algorithms to accurately locate ground faults in
DC traction power systems. The study demonstrated the effectiveness of the proposed
protection scheme in improving the safety and reliability of DC traction power systems.
In [183], the authors proposed a novel grounding system design to enhance the safety and
reliability of DC power supply systems. The study highlighted the importance of proper
grounding in mitigating the impact of ground faults in DC power systems. Reference [184]
presented the development of an efficient protection coordination system that takes into
account the current limiting operation of power electronic converters during faults. This
protection algorithm showed reliable system operation and fault isolation for overcurrent
and short-circuit faults. Details about fault detection, stray current, and fault ride-through
in DC networks can be found in [185].

Fault currents in a DC distribution system can induce large amplitude transients,
potentially causing damage to sensitive equipment [71,186]. Further research is required
to develop new DC distribution system protection techniques. The associated literature
focuses mainly on DC fault currents, fault detection, high-speed circuit breaker technology,
and technologies for limiting fault currents [161,187].

6.3. Safety

The human body reacts differently to DC than it does to AC, so it is crucial to com-
prehend the impact of DC and AC currents on the human body in order to ascertain the
personal protection and safety prerequisites for DC and AC systems. The intensity of an
electric shock is determined by the current magnitude, current duration, current direction,
and voltage type (AC or DC). The most serious side effect of an electric shock is ventricular
fibrillation. Preventative measures against hazards besides electric shocks, such as burns
and chemical impacts, require investigation. Values for local and international DC voltage
for distribution networks are not logically determined; rather, they are simply implemented
to account for operational and risk factors. Although there is still much to argue and verify
regarding the terms of safety, the following assertions have a good chance of being accurate
given the volume of sources cited. The dielectric strength of an insulating material is greater
for DC than AC [188,189]. In addition, DC offers a substantially lower risk to human life
than AC [190]. It is also challenging to identify the exact and theoretical link between DC
and AC currents; even at the same voltage levels, there are significant differences between
the two types [191,192].

International Standard [193] (IEC 60479-1) addresses the difference between DC and
AC in terms of the possibility of electric shock [194]. The correlation between the amount of
electric current passing through a person’s body and the time it takes to energize has been
inferred to be distinct from the body’s response to touching a charging device and receiving
a shock. The value of current for AC that can cause numbness in the human body is over
0.5 milliamperes (mA) at 50 or 60 hertz, while for DC, this value is over 2 mA. If the AC
value exceeds 10 mA, severe symptoms, such as breathing difficulties, may occur; for DC,
this threshold is 30 mA. A typical curve of body current (AC and DC) as a function of time
can be found in [194,195]. Each scenario in DC would be different from its counterpart AC;
it is neither fully safe nor completely harmful. As the use of DC supply power distribution
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systems becomes more prevalent, the idea that “DC = dangerous” is frequently stated in
different domains, especially among end users. Actually, DC is less dangerous than AC
as all thresholds for fibrillation and muscular contractions are higher compared with AC.
Reference [96] provides the technical safety standards for public DC distribution networks,
whereas IEEE-recommended practices for the design of DC power systems can be found
in [196].

The touch voltage (also known as common-mode voltage) in DC networks presents
another challenging safety issue. The voltage level becomes a concern if it surpasses a
specific standard value established based on safety considerations. The induced voltage
manifests in the following two forms: touch voltage and step voltage (on the railroad
area). Therefore, prioritizing safety requirements is essential during the design of DC
networks [197]. The influence of climate on step and touch voltages in terms of magnitudes
of shock currents (in the event of a short-circuit current flowing to the grounding) in the
DC network is detailed in [198]. The DC voltage limits within the range of relevant touch
voltage values are unambiguous. The assessment of exposure can be conducted using body
impedance and body current models, as outlined in [199]. Reference [200] introduced a
solution for railway electric infrastructure that involves touch voltage control and stray
current monitoring. This solution employs thyristor-based grounding to limit touch voltage
and to monitor and report stray currents.

In DC systems, touch voltages can be easier to manage compared with AC systems,
and with proper design and insulation, touch voltages in DC networks can be effectively
controlled and minimized. On the other hand, DC networks may require more stringent
safety measures and insulation to mitigate the risk of electric shock. Establishing safe
touch voltage necessitates a comprehensive understanding of the maximum safe body
current concept. The prevailing approach among designers and engineers suggests a
misconception that if a piece of equipment is directly grounded, it can be touched safely.
However, personnel safety is fundamentally contingent on the current that flows through
the body.

6.4. Grounding Schemes in DC

In distribution networks, grounding is very important because it protects humans and
lowers the risk of fire accidents. The literature on DC distribution networks addressed sev-
eral grounding methods for DC distribution networks [194,195,201–207]. These grounding
methods are shown in Figure 4.

Figure 4. Grounding schemes: (a) positive line grounding scheme, (b) negative line grounding
scheme, (c) mid-point line grounding scheme, (d) mid-point grounding scheme with high resistance,
(e) one-end grounding scheme with high resistance, and (f) floating system [195,208].

6.4.1. Direct Grounding Schemes

This method of grounding entails the physical connection of one of the wires to
the ground. There are three methods for implementing direct grounding [208]. In this
grounding scheme, the current during an electric shock is the largest among all grounding
methods because of the lower impedance of the circuit. The fault current, however, can
potentially be interrupted more accurately because of its magnitude. Although the negative
line grounding is similar, the magnitude of the shock current is still high but lower than
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that of positive line grounding. The current is large when a short circuit or ground fault
occurs on the negative line. To interrupt the fault current, it is essential to simultaneously
disconnect both the positive and negative lines, which is why such grounding systems
have a high initial cost. High fault currents can potentially cause significant stress on the
system and equipment. The configuration of this grounding system creates a path with the
lowest resistance for the flow of common mode (CM) currents, rendering the drive systems
highly vulnerable to damage from CM currents. The advantages of this grounding method
include the following: 1—It can limit fault currents, reducing the potential damage caused
by faults in the system. 2—It can simplify protection schemes by providing a clear path for
fault current to ground, aiding in fault detection and isolation. 3—It can help mitigate arc
flash hazards by providing a low-impedance path for fault currents to dissipate. 4—The
presence of a ground with a path in the circuit enables the current to return to the source,
therefore ensuring electromagnetic compatibility. On the other hand, this method may lead
to overvoltages in the system, which may require additional protective measures to prevent
equipment damage. This grounding method offers a low-resistance path, significantly
reducing the risk of harm to humans from leakage current.

6.4.2. Mid-Point Grounding Scheme with High Resistance

The voltage magnitude is halved in this grounding scheme, and it provides more safety
against electric shock. It needs a voltage balancer between positive and negative terminals.
The magnitude of the fault current in this system is minimal because of the high resistive
path, posing challenges in accurately detecting the fault. However, if the number of loads
in the system increases, it will decrease the total resistance of the system, and ultimately,
the fault current will be higher. Comparing this procedure to other grounding techniques
for higher DC voltages, it offers increased human safety (by restricting fault currents to
harmless values). In order to guarantee the secure operation of DC distribution systems,
the authors of [194] advocated the adoption of a high-resistance mid-point grounding
scheme. A technical report published by [209] (IEC TC 60479-5) compared the safety of
AC with DC. The report concluded that up to 200 Vdc, the same safety level could be
assumed for 200 Vac. NTT Facilities, France Telecom, and Emerson Network Power have
selected and endorsed this grounding scheme for 400 Vdc distribution networks [194] .
High-resistance grounding can improve safety by reducing the risk of electrical hazards
during ground faults. High-resistive grounding limits the fault current during an earth
fault, which reduces the risk of overvoltage issues. The presence of a high-resistance path
in the circuit can lead to electromagnetic compatibility problems. This grounding method
offers a high-resistance path, significantly increasing the risk of harm to humans from
leakage current.

6.4.3. One-End Grounding Scheme with High Resistance

This type of grounding method provides a very simple and easier way to detect and
break fault current as compared with direct grounding methods. It is possible to disconnect
the one line separately as one end is grounded. The fault current is small and, as the number
of loads increases in the system, the magnitude of the fault current increases. With the
presence of a resistive grounding path, the touch voltages and personnel safety concerns
can be effectively managed. The presence of a high-resistance path in the circuit can lead to
electromagnetic compatibility problems. This grounding method offers a high-resistance
path, significantly increasing the risk of harm to humans from leakage current.

6.4.4. Floating System

In this grounding scheme, there is no path for the fault current to return, so the
shock current is almost zero. Similar to high-resistance grounding methods, this system
is unsafe because the cumulative insulation of the resistance decreases with the increased
number of loads in the system. Moreover, in this grounding scheme, devices require
complete isolation, so its cost is very high. Furthermore, the detection of the earth’s fault is
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challenging. However, the absence of a flowing path for CM currents makes it well-suited
for drive applications. In an ungrounded system, the faulted line is isolated from the
ground, which can lead to transient overvoltage issues during an earth fault. The absence
of the ground path in the circuit can lead to electromagnetic compatibility problems. It
is worth noting that DC generally produces less electromagnetic interference compared
with AC. In the absence of the grounding path for leakage current, it can potentially flow
from any conductive part or the surface of non-conductive parts to ground through a
human body.

6.5. Power Quality

The literature on power quality in DC distribution networks encompasses various
aspects related to the analysis, standards, and metrics for ensuring the quality and reliability
of DC power systems. Several studies have addressed power quality phenomena, standards,
and metrics for DC networks, emphasizing the need for comprehensive guidelines to assess
and maintain power quality in DC networks [210]. Furthermore, the critical examination of
power quality standards and definitions used in DC microgrids emphasizes the significance
of establishing precise and consistent standards. This is essential to address the distinctive
characteristics of DC networks. Reference [211] demonstrated the real-time operation and
harmonic analysis of DC networks, aiming to comprehend the influence of power quality
on grid performance. The assessment of DC meters for electromagnetic disturbances was
investigated in [83] to guarantee the precise measurement and monitoring of power quality
in DC networks.

6.6. Other Challenges

The interaction between DC-DC converters and cables in a DC network presents
technical challenges such as the propagation of ripple currents [212]. Reference [213]
introduced a model for static power loss in PV panels caused by switching-frequency
ripples. It used small-signal modeling to determine voltage ripple amplitude. This can
help designers in selecting critical input filter components for DC-DC converters.

In the event of a grid voltage disturbance, a significant inrush current may occur as
a result of the substantial difference between the grid and converter output pulse width
modulation voltages [214,215]. The inrush current may present a higher risk in the event
of faster switching, as it may require only a small filter inductance to meet its standard
operational requirements, such as harmonics and peak ripple currents. However, it is
important to note that slowing down the switching process could potentially limit the
inrush current, but this may lead to overheating while closing the contacts. Understanding
inrush currents and their impact on switches and connectors is one of the challenges
associated with implementing DC power in data centers [216].

Another issue encountered in DC networks is the presence of supraharmonic or high-
frequency (HF) emissions, which typically occur within the frequency range of 2 kHz to
150 kHz. These emissions are attributed to the emission characteristics of various devices
such as electronic mass-market equipment or EV chargers. The interaction of these devices
with each other and with the LV network can be found in [217,218].

7. DC Voltage Levels

The selection of voltage levels for DC distribution networks is a complex matter,
and the ongoing debate on acceptable voltage levels reflects this complexity. Careful
consideration is required to optimize system performance and safety, minimize costs, and
enhance adaptability to existing power systems [219]. The Safety extra-low-voltage (SELV)
standards set by UL 1950 and the European telecommunications standard EN41003 limit
the operating voltage to 60 Vdc [28,220]. This limitation is the reason why 48 Vdc is the
standard practice in data centers and telecommunications infrastructure. Although higher
system voltages are preferred for the reasons mentioned above, there are concerns related
to system safety and protection. Telecom New Zealand installed a 220 Vdc system to
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replace the existing 50 V DC system to improve the power capacity [221]. The new 220 V
DC system reduced the copper costs and maximized the space as the battery size was
reduced by 30–40%. Another research study looked at switching to a 110 V DC system to
replace an existing single-phase 220 V AC system or three three-phase 380 V AC system
so that existing appliances can be utilized with fewer modifications [222]. The authors
of [123] examined the new industry specification and global standard for data centers at
380 Vdc [29].

DC power voltage levels (24, 48, 96, 110, and 125) are becoming more popular in
lighting because of their compatibility with battery storage and solar PV panels [14,15]. In
addressing the requirement to manage power levels, ±400 V are utilized in PV systems.
Additionally, solar panels have a maximum system voltage limit, which is typically either
600 V or 1000 V (or 1500 V in utility-scale systems). Reference [68] estimated the voltage
drop and power loss at various DC voltage levels (326 V, 230 V, 120 V, and 48 V) and
concluded that 326 V is the best voltage level for DC distribution networks. EVs previously
operated at 42 V, but now their voltage levels have increased to 400 V, while electric trains
and trams utilize voltage levels of 600, 750, 1500, and 3000 V. On-board distribution circuits
within the rolling stock typically operate at 24 V, 96 V, and 110 V.

Reference [223] analyzed the bidirectional capabilities of the DC nano-grid and looked
at practical DC network topologies for domestic loads considering two bus structures at
380 V and 24 Vdc. In contrast to conventional AC distribution systems, the (DC)2 TM
concept was developed to boost system reliability and efficiency for DC-integrated data
centers. The (DC)2 TM, also known as “DC square”, is a distributed DC solution that
enhances reliability and energy efficiency compared with traditional AC data centers. It
directly converts medium voltage to a distribution voltage range of 500–600 Vdc within the
data center and employs DC/DC converters at the row level to provide high-density racks
with −48 Vdc. To increase the operational availability of data centers, various distributed
energy sources and energy storage systems can be used as a backup. The distribution bus
voltage ranges from 500 to 550 Vdc, and the use of distributed energy sources improved
system reliability. The increase in system efficiency that lowers the amount of energy
needed for cooling systems has also been claimed to account for a 21% drop in overall
energy consumption when compared with the AC system [224].

Reference [225] summarized the requirements for DC power equipment, encompass-
ing low- and medium-voltage levels. Reference [208] demonstrated that the 270 V DC
system has a lower equipment cost compared with the 48 V DC system because of the fewer
conversion stages required. The use of smaller diameter wires also reduces cabling costs
compared with 48 V DC networks. However, a 270 V DC system requires more battery
cells, leading to increased costs. The efficiency comparison of five distribution voltage
levels was presented in [30,208].

The use of DC distribution offers unique opportunities for expanding networks. For
instance, over the same distance and with the same voltage drop, a 1.5 kV DC system can
transfer 16 times as much power as compared with a 0.4 kV AC system [226]. Reference [90]
detailed the efficiency improvements for various load types and DC distribution system
configurations. The growing interest in DC distribution is evidenced by the proliferation
of demonstration sites and early adopters. Various organizations, such as the European
Telecommunications Standard Institute (ETSI), the International Telecommunications Union
(ITU), the Alliance for Telecommunications Industry Solutions (ATIS), the eMerge Alliance,
and the International Electrotechnical Commission (IEC), have released and are in the
process of developing standards for DC distribution. The standard voltage levels for DC
networks are given in Table 3. The suggested nominal voltages and voltage bands with
their applications are shown in Figure 5.
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Table 3. DC voltage standards.

Volage Band Voltage Level (Vdc) Standard

SELV & PELV

24 [227] (Emerge Alliance (Occupied Space Std))
50 [228] (IEEE 802.3 bt, 802.3 bu)
75 [229] (EU LDV 2014/35/EU)

120 [230] (Limit of SELV and PELV:IEC61140)

LVDC

240 [231] (Power supply system for Telecom: YD/T 2378-2011)
380 [227] Emerge Alliance (Data/Telecom Std)
400 [232] (Limit of Telecom DC Source ETSI EN 300 132-3-1)
400 [233] (Earthing and bonding of 400 Vdc: ETSI EN 301 605)
400 [234] (DC power feeding interface up to 400 Vdc: ITU-T L.1200)
1500 [235] (Limit of LVDC: IEC60038)

MVDC 1.5 kV~100 kV [236] (IEEE Std. 1709)

HVDC 100 kV~800 kV [237] (IEC 61975:2010)

Figure 5. Different voltage bands and nominal voltages [10,16,29,57,73,90].

The IEC International Standards have established the following two voltage stan-
dards: low voltage, defined as 0 to 1500 V, and extra-low voltage, defined as 0 to 120 V.
Reference [238] proposed a set of sequence values for DC, including 48 V/60 V/220 V/
400 V/750 V/1500 V/3 kV/6 kV/10 kV/24 kV/49 kV/100 kV. A detailed review of stan-
dard voltage levels for residential applications can be found in [239]. According to the
IEC definition, low voltage is associated with the risk of electric shock, while extra-low
voltage presents different risks related to arc discharge [16]. In comparison with AC, the DC
voltage range is significantly broader. However, there are currently no defined tolerances
or preferred voltages for specific applications. The lack of comprehensive standards for
DC networks can present challenges for the industry, potentially leading to inconsisten-
cies, uncertainties, and safety or operational risks while adopting DC at the distribution
and utilization level. Addressing the unique requirements of DC grids is essential. This
involves the development of standards that encompass the entire DC grid ecosystem,
including generation, transmission, distribution, and utilization. Additionally, standards
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are needed to address the interface between AC and DC systems at medium-, low-, and
extra-low-voltage levels.

7.1. The ≤48 V Band

This range comes under the extra-low-voltage band. This voltage band is used to
provide power to light loads, such as lights, fans, and media gadgets, as well as actuators
for automation systems [68]. It is often connected with systems designed to provide access
to solar-powered energy and technologies that combine communication and electrical
infrastructure. There are four main voltage levels in this band, i.e., 5 V is for microprocessors
and electronics, 12 V is the standard for the automotive industry, and 24 V is the occupied
standard by Emerge Alliance and is also used for lighting public spaces. For the previous
decade, DC distribution systems have only been seen in telecommunications and data
centers that operate on 48 Vdc [240]. As a direct consequence of California’s energy
concerns, research on high-tech buildings such as telecommunications and data centers
started in the early 2000s. The power range of this band is up to 1 kW.

7.2. The 60–230 V Band

This range comes under the low-voltage band. This voltage band is utilized in commu-
nication networks, data centers, lighting, and household equipment. This band is suggested
for DC installations in residential and commercial buildings, DC networks in remote areas,
and MGs [10]. Because of its compatibility, 230 V is recommended for pure resistive loads.

7.3. The 350–450 V Band

This range comes under the low-voltage band. This band is used as mains for resi-
dential and commercial building installations and small industrial applications [241]. It
is used in data centers and EVs and is suggested for MGs and nano-grids at the building
size [242]. With a voltage level of 325 V in this band, minimum modifications are required
for loads with input rectifier [243]. The 380 V and 400 V levels are used as a standard in data
centers [29,47,56,244,245]. A demonstration 380 V DC distribution system was installed in
Newark, California. Two years later, in 2008, it was shown that its technology was 28% and
7% more efficient than 208 V and 408 V AC systems in data centers, respectively [28,29]. By
2009, researchers worldwide had begun implementing and analyzing new facilities that
used DC distribution, with voltages ranging from 220 V to 550 Vdc. More facilities were
using 380 V DC distribution by the end of 2014 [34,246,247]. An efficiency comparison of
conventional 480 V AC architecture versus rack-level DC architecture and facility-level DC
architecture can be found in [245]. The power range of this band is up to 5 kW.

7.4. The 600–900 V Band

This range comes under the low-voltage band. This voltage band is mostly associated
with industry, transportation (mainly traction), and PV generation. Trams, metros, and light
rails use 600–750 V. The CIRED test bed operates on 750 V. Fast chargers for EVs operate at
constant power, with the DC voltage typically falling within the range of 200 to 1000 V. It is
also recommended for power distribution, microgrids, and mini-grids. The power range
of this band varies for different applications such as metro trains, which consume around
3000 to 4000 kW, and trams, which consume more than 1000 kW.

7.5. The ≥1000 V Band

This band is of main voltage for traction, marine, and aviation systems, ship power
supply networks, last-mile power distribution, and street lighting [248]. It is typically linked
to the preceding two three-voltage bands and operated as a bipolar system (±700 to ±750 V
system whose two halves provide ±350 to ±375 V systems) [249]. The DC power system
enables the integration of a ship’s DC power supply (BESS) and DC power demand (radar)
because of its adaptability; zonal layout predominates in this sort of application [250,251].
The power range of this band is up to tens of megawatts. Because of the accessibility of DC
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motors and the ease with which their speed can be controlled, railways used DC energy
and continue to do so today. Bus companies also utilize DC energy since it is cleaner. In
addition, DC current is employed inside urban transportation vehicles for motors and
auxiliary circuits. As a result, the major power grid of a city often provides DC power to
the urban transportation system. Since the majority of city power systems are AC, AC/DC
conversion is required for urban vehicles. Voltage levels in transportation applications
may range from 750 V to 3000 V; however, 1500 V and 3000 V are common examples [252].
The Hong Kong MTR operates electric trains utilizing two distinct technologies as follows:
1500 V DC for the urban rail lines and 25 kV AC for the former network. The ongoing
electrification throughout Hong Kong is centered on the 1500 V DC railway. The 6 kV
voltage level can be used for the ship power supply network and for 6 kV AC distribution
renovation. The 10 kV voltage level can be used for access and for 10 kV AC distribution
renovation. The 24 kV voltage level can be used to access distributed energy sources and for
10 kV AC distribution renovation. The 49 kV voltage level can be used to access distributed
energy sources and for 66 kV AC distribution renovation. The 100 kV voltage level can
be used for 110 kV AC distribution renovation. Table 4 details a variety of DC-equipped
facilities located all over the world operating at different DC voltage levels.

Table 4. Summary of DC distribution systems implemented worldwide with their operating volt-
age levels.

Voltage Level Country Organization

24 USA [90,208]
Whole Foods Market, Berkeley; Sust. Resource Center; Alliance

Center; PNC Bank, Fort Lauderdale; Fort Belvoir, Alexandria; AGU
Building Washington DC; Bedrock Real Estate, Detroit

200 New Zealand [208,211] Telecom NZ

350
France [208] France Telecom

Sweden [208] UPN AB

360 Italy [253] HYPERRIDE Demo 3 (Terni)

380 Vdc

USA [90]

University of California San Diego; Purdue University; SAP; Intel
Corporation; Standford University; IO; Duke Energy; Clustered

Systems; NEXTEX; IBM; Validus (ABB); Syracuse University; Steel
Orca; North America Telecom; Livingston and Haven, Charlotte;

Fitness Center, Fort Bragg; Honda Warehouse Retrofit; Silver cloud
Winery, Glen Ellen; Kirtland Air Force Base Albuquerque

Canada [90,208] Canada Telecom Operator
Japan [10] The Fukuoka Smart House

Denmark [10] Aalborg University
France [194,208] France Telecom

Swiss [208] Green.CH, ABB
India [208] IBM
Taiwan [94] Taiwan IT

Singapore [208] IBM
China [208] China Mobile

New Zealand [208] Telecom NZ

400 USA [90,208] Intel Corporation

550 USA [90,208] Validus (ABB)

240/380 China [208] China Telecom

350/380 Sweden [208] Netpower Labs AB

380/400 Japan [10,208] NTT Group

700–750 Switzerland [92] HYPERRIDE Demo 1 (Lausanne, CH)

380–1000 Germany [92] HYPERRIDE Demo 2 (Aachen, DE)
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8. DC Distribution Network Configurations

A DC distribution system can be conceptualized as a DC bus linked to different
sources (AC network, RES, and ESS) and loads (electronics, lighting, VSDs, etc.), with the
AC network typically functioning as the primary supply source. Reference [254] analyzed
the effect of different DC distribution network configurations on overall network efficiency.
Before continuing with a discussion of DC network configurations, it is important to define
the following two primary categories of configurations: (a) configurations without SST and
(b) configurations with SST.

8.1. Distribution Network Configurations without SST

It is essential to discuss the DC/DC converter classifications and power system ar-
chitectures for the DC distribution network before moving to DC distribution network
configurations. For MVDC networks, the classification of DC/DC is given in Figure 6 [255].
This categorization of DC/DC converters is determined by the following three factors:
power flow directionality, galvanic isolation, and modularity. A fundamental distinction
between a DC/DC converter in DC systems and a transformer in AC systems is the di-
rection of power flow. However, the DC/DC converter can be either unidirectional or
bidirectional, while the transformer is inherently bidirectional. These DC/DC converters
can offer the following:

- Bidirectional power flow (MVDC to MVDC);
- Unidirectional power flow (HVDC to MVDC);
- Unidirectional power flow (LVDC to MVDC).

Figure 6. Classifications of DC/DC converters for DC networks [255–257].

Figure 7 shows different possible power system architectures for DC distribution
networks, and their details can be found in [208,220]. Reference [208] also provides an
overview of various DC configurations at different voltage levels. The authors examined the
four DC network configurations including radial, ring, ladder, and meshed with respect to
reliability, system efficiency, and cost. Reference [248] considered the following DC network
configurations: (a) radial series, (b) radial parallel, (c) ring, (d) meshed, (e) interconnected,
and (f) zonal configurations.

Figure 8 shows the possible network configurations with different converter operations
(buck, boost, and buck–boost), and their implementation can be found in [118], where
the authors modeled DC/DC converters for LF calculations. The authors of [202,258]
considered different unipolar and bipolar DC network configurations to explain the new
LVDC concept. In another study, the authors investigated the bipolar DC configuration to
address the neutral-point imbalance problem [259].
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Figure 7. DC power system architectures [208,220].

Figure 8. Possible network configurations with different converter operations [118].

Another example of a bipolar DC distribution network can be found in [260], where the
authors recommended two different voltage levels for domestic and industrial applications.
The state–space modeling of bipolar DC distribution network can be found in [261]. Another
study demonstrated a bipolar-type DC network for high-quality distribution [85]. A
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multiterminal concept for DC distribution networks can be found in [19], which provides
a detailed analysis of multiterminal DC (MTDC) connections among various feeders or
transformers. Reference [262] calculated the power transfer capacity using a unipolar point-
to-point LVDC distribution configuration with four-wire ground cables. The purpose of
the study was to determine how many MV branch lines could be converted to LVDC using
a single transformer. The system developed in [256] used a “star” network design with
three separate AC power sources to investigate the power transfer function and enhance
the power distribution network’s power supply reliability.

Another study used the same configuration to enhance the power quality of the AC
power distribution network connected to the DC power distribution system [257]. A VSC
linked the three-terminal AC system with the MVDC distribution bus, as shown in Figure 9.
It was recommended to use the connection transformer in the DC distribution system.
A fault in the absence of the connection transformer has a significant effect on both AC
and DC systems, as well as increasing the cost of converter valves and DC reactors. The
authors propose that this type of configuration has the potential to provide reliable and
high-quality power.

Figure 9. Star-connected DC distribution network configuration [256,257].

8.2. Distribution Network Configurations with SST

In 1968, McMurray first proposed the concept of SST, outlining a device utilizing
solid-state switches with high-frequency isolation to mimic the functionality of a traditional
transformer [263]. An SST is capable of compensating voltage sags, harmonic distortions,
and reactive power. It also aids in the interconnection of asynchronous networks, inter-
facing DC and AC port(s), regulating voltage magnitude, isolating disturbances from the
source and load, or vice versa, and obviates the necessity for mechanical actuators or tap
changers. It is important to discuss the different SST classifications before moving forward
to configurations with SST. Figure 10 shows the classifications of the SST according to the
number of power conversion stages and modularity. Here, the focus of this section is to
identify distribution network configurations with SST; readers interested in other details
regarding SST (applications, ancillary services, SST control, communication infrastruc-
ture, SST design topologies, etc.) are referred to [87,264–268]. The commonly discussed
three-stage SST model in the literature is shown in Figure 11.
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Figure 10. Taxonomy of the SST architecture [264,265].

Figure 11. Detailed three-stage SST model.

Using back-to-back VSCs to provide DC loads from the DC bus constitutes the simplest
hybrid AC/DC network. However, it is also possible to create advanced power systems
in the future. These systems would be made up of several hybrid AC/DC subnetworks
connected by multiple power electronic converters. Reference [269] proposed an intriguing
taxonomy of the various extant topologies including a comparison based on various
technical aspects, as shown in Figure 12. Reference [270] explored the power management
capabilities of the SST with an integrated BESS to improve the power handling capacity of
the MV radial feeder. The configuration is shown in Figure 13. Reference [271] reconfigured
the distribution network to ensure the reduction in SST LV converter size, distribution losses,
converter losses, and control complexity of the DG converters. The network configuration
proposed in [271] is a meshed architecture with SST, as shown in Figure 14.

Figure 12. Hybrid AC/DC distribution network configurations with SST: (a) two-stage completely
isolated configuration, (b) two-stage partially isolated configuration, and (c) three-stage partially
isolated configuration [269].
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Figure 13. Radial configuration with a three-stage SST [270].

Figure 14. Hybrid AC/DC meshed network configuration with SST and LVDC line [271].

In a typical DC distribution network with both LVDC and MVDC buses, the DC units,
including PV, ESSs, and DC loads, are linked to the LVDC bus through LVDC converters.
In this setup, galvanic isolation is not preserved, necessitating two power conversion stages
to connect the DC units to the MVDC network. Consequently, more converters are needed,
leading to increased overall costs. Reference [272] introduced a new multiport DC solid-
state transformer (M-DC-SST) designed to directly connect DC units to the MVDC bus. The
M-DC-SST featured multiple modules connected in series on the MV side of the MVDC
bus, while on the LV side, the DC units were independently connected. The increasing
electrification of transportation and heating will impose a greater demand on LV networks,
which could cause MV/LV transformers and LV cables to become overloaded.

This setup allowed for the DC units to be directly linked to the MVDC bus, eliminating
the need for an extra converter or an LVDC bus. This innovative approach not only reduces
costs but also minimizes the number of converters required compared with a conventional
DC distribution network. Deploying an SST at MV/LV substations and utilizing LVDC
distribution networks have the potential to effectively address these issues. However,
the limited short-circuit capabilities of SST will significantly alter LV fault behavior and
protection requirements. An SST delivers low fault currents, rendering current-based
protection (widely used in LV networks) less reliable. To address this problem, the authors
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of [273] designed a protection scheme that does not rely on communication and is able
to identify and locate DC faults at low fault levels. The protection scheme developed
overcomes the selectivity limits of LVDC voltage-based protection approaches. It achieves
this by utilizing a combination of DC voltage magnitude, voltage concavity, and the sign of
the rate of change in current, irrespective of the current magnitudes, as shown in Figure 15.
Compared with a simple overcurrent element, this method is complicated and expensive.
Simple and affordable solutions are required.

Figure 15. Meshed DC network configuration with SST and tie line [273].

Reference [274] proposed a new topology for an SST-based AC/DC modular multi-
level converter (MMC). This type of configuration with SST enables simultaneous inter-
connection of DC with single-phase and three-phase AC networks, as shown in Figure 16.
Reference [268] examined the various applications of SST in future distribution networks
and presented the future distribution system paradigm with SSTs. Figure 17 shows where
we stand now with low-frequency conventional transformers and what will be the future
of the power system with SST. SST could be a revolutionary concept in the DC and hybrid
AC/DC networks domain. However, additional research is needed to explore its full
potential in the hybrid AC/DC paradigm. For instance, SST can also provide reactive
power support to the network, and it will make the interconnection between AC and DC
networks easier.

8.3. Integration of DC into Existing AC System

Transitioning from a standard AC distribution system to a DC or hybrid AC/DC
distribution system is a topic of attention in order to develop cost-effective methods for
utilizing the existing AC distribution system. However, there is limited literature available
on this particular topic. The authors of [275] explored different methods for converting
existing AC MV lines into DC lines to create a hybrid AC/DC distribution network,
thereby enhancing the line’s power transfer capacity. References [69,276] attempted to
convert existing AC lines to DC lines to improve current carrying capacity. In a retrofit
DC system, an existing five-wire AC cable can be reused in two possible configurations.
The initial choice involves using two wires per pole and one wire for the ground. The
alternative approach involves utilizing one wire for each pole and ground and two for
the neutral [71]. Reference [262] calculated the power transfer capacity using a unipolar
point-to-point LVDC distribution configuration with four wire ground cables. The purpose
of the study was to determine how many MV branch lines could be converted to LVDC
using a single transformer.
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Figure 16. Hybrid AC/DC network configuration with two SSTs with standard passive transformer
(T/F) [274].

Figure 17. Present and future of power system [268].

To ensure the effective implementation of hybrid AC/DC networks, designers must
adhere to the following two fundamental principles: (1) make significant use of the existing
AC network’s architecture in accordance with [269] and (2) employ as few power devices
as possible. As depicted in Figure 6 of reference [78], these foundational principles can
be applied to effectively establish an LV hybrid AC/DC distribution network by integrat-
ing DC conductors into the existing four-wire AC network. The additional conduits in
underground installations can accommodate the placement of new conductors. In this
configuration, the DC network is energized by a central VSC in the secondary substation
and distributed AC/DC links. AC loads are typically supplied in the usual manner, while
DC loads are directly connected to the DC network, utilizing DC/DC converters. It is
essential to underscore that the interfaces between the AC and DC networks facilitate
bidirectional active power flow. This capability allows for the optimization of power flow
between the AC and DC sides to achieve the highest operational efficiency in terms of
power losses while upholding power quality for the end user. It is important to note that
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the additional DC lines added to an original AC network in Figure 6 of reference [78] will
boost the network’s loading capacity. However, this loading capacity is limited by the
secondary substation’s rated power of the MV/LV transformer.

Figure 7 in reference [78] provides a potential solution that preserves the current LV
line infrastructure. In this scenario, two AC lines were converted to DC lines. Three-
phase loads can be supplied by three-phase VSCs through a DC bus. Single-phase AC
and DC loads can be directly fed from the corresponding AC and DC networks. The
secondary substation supplies a three-phase, four-wire central VSC that feeds the DC
network. Additionally, single-phase VSCs can serve as a bridge between the AC and
DC sides.

9. Summary of Research Gaps

Before integrating DC into the existing distribution system, several research gaps
must be addressed. DC will be present at user outlets, and human interaction is inevitable.
Standard AC household outlets and plugs cannot be utilized with DC, and standardization
is required. The need to standardize new plugs and sockets stems from the hazard posed by
arcing when an active load is disconnected. The underlying immaturity of DC utilization
and related design features in public energy distribution networks must be addressed. The
entire system should be evaluated, including grounding, insulation, and numerous safety
precautions. DC presents technical issues such as arc removal, overcurrent protection, and
short circuit protection. Because DC networks are made up of many components and can
switch between many operating modes, the strategies are insufficient for DC networks and
require more research and up-to-date protection solutions.

It seems likely that the broad adoption of DC will significantly contribute to the faster
reversal of climate change. Before DC can be successfully incorporated into traditional
AC networks, further study must be performed to ensure the correct and appropriate
design of equipment and devices that can operate both on AC and DC. More research
should be completed to take full advantage of the existing AC distribution infrastructure to
incorporate DC.

LF methods for DC and hybrid AC/DC networks also need further research; for
instance, LF solutions for bipolar DC networks and SST integration are the topics that
were overlooked in the literature. In both bipolar DC and hybrid AC/DC network set-
tings, the true difficulties in calculating LF, such as converter models, saturation limits of
converters, distribution network components, an accurate model of DGs and converters,
ESSs, EV operation, SST, and multiphase LF, have not yet been fully explored. SST losses
are extremely dependent on the SST configuration and switching strategies of the semi-
conductors. The depiction of losses is an aspect of the SST that requires special attention.
Research on an SST model capable of estimating the SST losses for all operating scenarios,
including load and generation modes, is an area that requires further investigation. The
DG and converter models for LF calculations are not formulated accurately, and some of
the details are overlooked in the literature. In addition, the literature only considers the
basic converter operation and disregards the converter’s negative sequence behavior. The
converter’s negative sequence characteristics are significantly influenced by the current
loop control method. As a result, existing AC/DC converter models in the literature must
be expanded to incorporate diverse converter negative sequence control strategies for
unbalanced/multi-phase formulations.

The unresolved debate on the comparative efficiency of AC and DC systems is compli-
cated by potentially misleading efficiency gap reports in various studies. The potential for
energy savings in DC distribution networks, as opposed to AC, is contingent upon factors
such as system configuration and load type. A precise evaluation of the advantages of DC
necessitates a comparison with an equivalent AC system, taking into account matching volt-
age levels, conductors, insulation, and realistic efficiencies of power electronic converters in
both systems. Before contemplating large-scale implementation, it is essential to undertake
comprehensive individual case studies to evaluate the feasibility and efficiency of DC over
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AC systems at both the distribution and utilization levels for specific applications. These
comparisons should also encompass the hybrid AC/DC option.

10. Conclusions

This manuscript presents a comprehensive analysis of DC distribution systems, high-
lighting their increasing prominence in modern electrical networks. While AC remains
the predominant choice for electrical networks worldwide, advancements in technology
and engineering have overcome many of the challenges that previously rendered DC
distribution less viable than AC. At both the HV and LV ends of the spectrum, DC systems
are becoming more common for power transmission and distribution. The adoption of
DC simplifies systems, enhances efficiency, and reduces costs at the HV and LV levels
by facilitating the operation of converters at the required DC voltages for transmission,
distribution, and consumption. The practicality of implementing DC systems is evident,
particularly given the significant prevalence of DC-powered loads and the availability of
contemporary power electronics technologies.

This article investigates various aspects of DC distribution networks, providing in-
sights into ongoing research in the field and discussing the motivation and reasons to
reconsider DC at the distribution and utilization levels. Feasibility studies from around the
world are covered, along with potential applications of DC. Different DC LF techniques are
summarized based on their limitations and various indicators. The challenges associated
with DC stability, protection, and human safety are discussed in detail. A comprehensive
discussion of DC voltage levels, their applications, and standards is included, along with a
detailed examination of different network configurations and their pros and cons, as well
as a discussion on how DC can be integrated into existing AC networks.

Cited sources indicate that replacing AC networks with DC networks in data centers
can increase efficiency by 10% to 28%, reduce conversion losses (AC to DC conversion) by
15% to 30%, and improve overall system efficiency by 7% to 30% at different voltage levels.
The ongoing debate regarding higher efficiency between AC and DC remains unresolved
because the efficiency gap reported in various papers may be misleading. The possibility
of energy savings in DC distribution networks, as opposed to AC, hinges on variables
such as system configuration and load type. A precise evaluation of the advantages of DC
requires a comparison with an equivalent AC system of matching voltage level, conductor,
insulation, and realistic efficiencies of power electronic converters in both systems. Further
research and development are required for the widespread practical implementation of
various parameters in DC networks. These encompass the establishment of appropriate
protection schemes for the system, guaranteeing its reliability and stability, integration
with renewable energy sources and modern energy storage equipment, and exploring the
efficiency and economic benefits of employing DC in contrast to AC.

To make DC advantageous, reducing power electronic conversions is crucial, which
can be achieved through multi-voltage power distribution and standardizing DC input
voltages. Despite the increasing presence of DC at the distribution and utilization level
(due to DC RES and DC loads), if voltage levels do not match and require power electronic
conversions, the difference between AC and DC may be negligible. Additionally, the
prevalence of AC systems in household loads may require DC to provide substantial
justification for a paradigm shift.

The absence of comprehensive standards for DC networks poses challenges for the
industry, potentially resulting in inconsistencies, uncertainties, and safety risks when tran-
sitioning to DC. It is crucial to address the unique requirements of DC by developing
standards that cover the entire DC grid ecosystem, from generation to utilization. Addi-
tionally, standards are required to address the interface between AC and DC systems at the
MV, LV, and ELV levels. The potential application of DC networks at the distribution and
utilization levels hinges on the pivotal component of the DC/DC converter. Substantial
advancements in DC/DC converter technology are essential to validate the implementation
of DC networks. The potential use of equipment originally designed for AC operation in
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DC systems requires thorough examination. To enable the adoption of DC at the utilization
level, it is crucial to create devices capable of operating on both AC and DC.

Further research is required to address the identified research gaps in this paper. A
thorough examination of the practical aspects and implications of a comprehensive DC sys-
tem design is essential. The following aspects need to be considered before implementing
DC at the distribution and utilization levels: (1) equipment standards and applications,
(2) understanding the application of DC at the building distribution level, (3) differences
in protection and safety devices between DC and AC, (4) establishing a robust ecosystem
to support the use of DC at the utilization level, and (5) establishing a clear pathway for
transitioning from AC-dominated systems to DC-dominated systems.
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