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I INTRODUCTION interconnection of grids operating at different frequencies or
phase angles. With the growing demand for renewable energy
integration, global energy exchange, and improved
transmission efficiency, HVDC systems have gained

Electrical power transmission has always been a
fundamental element of modern civilization, enabling the

delivery of generated electrical energy from power plants to
consumers over vast geographical distances. Traditionally,
power transmission has relied heavily on alternating current
(AC) systems, due to the ease of voltage transformation using
transformers and the early dominance of AC-based generation
technologies. However, as electrical networks have grown in
complexity and scale, conventional AC systems have
encountered several technical and operational limitations,
including reactive power losses, stability issues, and
synchronization challenges when interconnecting
asynchronous networks. In response to these challenges,
High-Voltage Direct Current (HVDC) transmission
technology has emerged as a superior alternative for long-
distance, bulk power transmission. HYDC systems minimize
transmission  losses, enhance stability, and allow

NISRT250CT1560

significant attention as the backbone of modern and future
electrical infrastructures.[1]-[2].

The concept of direct current (DC) power transmission
dates back to the late 19th century when Thomas Edison
developed the first DC distribution networks. However, these
early systems were limited to short distances because of the
lack of efficient means to change voltage levels. The
introduction of AC power by Nikola Tesla and George
Westinghouse led to the dominance of AC transmission for
nearly a century. The resurgence of DC transmission began in
the mid-20th century, driven by advancements in power
electronics and semiconductor devices, which enabled the
conversion between AC and DC at high power levels. The
first commercial HVDC project, the Gotland link in Sweden
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(1954), marked the beginning of practical DC transmission.
Since then, the technology has evolved significantly, with the
development of Line-Commutated Converter (LCC) based
systems using thyristors, and later, VVoltage Source Converter
(VSC) systems utilizing Insulated Gate Bipolar Transistors
(IGBTs). These innovations have expanded the scope of
HVDC applications from simple point-to-point transmission
links to complex Multiterminal DC (MTDC) and hybrid
AC/DC systems capable of integrating distributed renewable
sources, offshore wind farms, and interregional power
grids.[3]-[4].

The adoption of HVDC transmission systems is
primarily driven by their distinct technical and economic
advantages over traditional AC systems. HVDC transmission
minimizes power losses by eliminating reactive power flow
and reducing skin and corona effects, allowing efficient power
transfer over distances exceeding 600 km for overhead lines
and 50 km for submarine cables. In addition, HYDC systems
offer precise controllability of power flow, enabling grid
operators to manage energy exchange dynamically between
interconnected regions. They also provide enhanced system
stability, particularly when linking asynchronous or weak
grids, by allowing independent control of active and reactive
power. Environmental benefits are also significant: HVDC
lines require narrower rights-of-way, produce lower
electromagnetic interference, and are well-suited for
underground or submarine applications. These advantages
have made HVDC an essential technology for connecting
offshore renewable energy sources, transmitting power across
continents, and facilitating international energy trade.
Moreover, the flexibility of HVDC systems supports the
formation of smart grids, where renewable energy sources,
storage systems, and consumers operate interactively under
intelligent control frameworks.[5]-[6].

Recent years have seen tremendous progress in HYDC
technology and its applications across various sectors of the
power industry. One of the most promising developments is
the emergence of Multiterminal DC (MTDC) systems, which
extend traditional two-terminal configurations into multi-node
networks capable of interconnecting several sources and
loads. MTDC systems can be configured in series, parallel, or
ring main topologies, each offering unique benefits in terms of
controllability,  redundancy, and scalability. These
configurations are particularly suited for renewable-rich
energy systems, such as offshore wind farms, photovoltaic
clusters, and hybrid microgrids. HVDC technology also plays
a crucial role in interconnecting regional and continental
grids, enabling the sharing of surplus renewable energy
between nations while improving grid reliability and reducing
the need for reserve capacity. In addition, the integration of
energy storage systems with HVDC links has opened new
possibilities for load leveling, frequency regulation, and
voltage stabilization. Emerging applications such as high-
voltage DC distribution networks, electric vehicle (EV)
charging infrastructures, and data center power supply
systems further demonstrate the expanding role of HVDC in
modern power systems. These advancements highlight
HVDC’s ability to support global energy transitions toward
decarbonization and sustainability.[7]-[8]
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Despite its numerous advantages, HVDC technology
still faces several technical and operational challenges that
warrant further research and innovation. The most critical
issues include DC fault detection and protection, as DC faults
propagate rapidly and require specialized protection schemes
different from those used in AC systems. Other challenges
involve converter losses, harmonic distortion, insulation
coordination, and the high cost of converter stations. To
overcome these limitations, researchers are exploring
advanced converter topologies, such as Modular Multilevel
Converters (MMC), and wide-bandgap semiconductor devices
like Silicon Carbide (SiC) and Gallium Nitride (GaN), which
offer higher efficiency and faster switching capabilities.
Moreover, the development of intelligent control strategies
based on artificial intelligence (Al) and real-time optimization
is enabling adaptive and coordinated operation of complex
HVDC networks. The transition toward hybrid AC/DC grids,
combining the strengths of both transmission types, represents
a key direction for future energy systems. With the increasing
penetration of renewables, electrification of transport, and
expansion of global energy interconnections, HVDC systems
are expected to serve as the foundation of resilient, flexible,
and sustainable power networks. Hence, a comprehensive
understanding of HVDC technologies, their evolution,
benefits, challenges, and future prospects is essential for
engineers, researchers, and policymakers shaping the future of
electrical power transmission.[9]. Issues such as DC fault
protection, control coordination among multiple converters,
and system scalability must be carefully addressed. Moreover,
establishing common standards and protection schemes is
essential for interoperability and security. Research continues
to evolve in these areas, with global projects demonstrating
progressive success[10].

1. HISTORICAL EVOLUTION

The history of HVDC technology is a compelling
narrative of technological cycles, where an early concept was
eclipsed by a competitor only to re-emerge decades later,
enabled by transformative innovations. The story of electrical
power began with direct current, championed by Thomas
Edison for the first commercial electrical systems. However,
DC's initial dominance was short-lived. The inability to
efficiently and economically step voltages up or down—a
necessity for minimizing losses over long transmission
distances—proved to be its critical flaw. The invention of the
transformer gave alternating current an insurmountable
advantage, leading to AC's global adoption as the standard
for power generation, transmission, and distribution[11].

For nearly a century, HVDC remained a theoretical
curiosity. Early attempts to create HVDC systems, such as
the Thury system developed in 1889, relied on mechanically
complex and inefficient series-connected motor-generator
sets to achieve high voltage. The true genesis of modern
HVDC occurred in the mid-20th century with the invention
of the high-voltage mercury-arc valve. This breakthrough,
pioneered by Dr. Uno Lamm and his team at the Swedish
company ASEA (a predecessor of ABB), provided the first
viable static device capable of converting high-voltage AC to
DC. This innovation culminated in the 1954 commissioning
of the world's first commercial HVDC link, a 20 MW, 100
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kV line connecting the Swedish mainland to the island of
Gotland. This project demonstrated the feasibility of HVDC
and ushered in the first era of its deployment[12].

The next paradigm shift occurred with the advent of
solid-state electronics. In the late 1960s, the development of
the high-power thyristor, a controllable semiconductor
switch, offered a far more reliable and robust alternative to
the maintenance-intensive mercury-arc valves. The first all-
thyristor HYDC scheme was the Eel River project in Canada,
which went into service in 1972. The superior performance
of thyristors rapidly made them the dominant technology, and
since 1977, all new Line-Commutated Converter (LCC)
HVDC systems have utilized them. This solid-state
revolution unlocked the potential for rapid increases in
system ratings. A notable milestone was the Cahora Bassa
project (1977-79), which transmitted 1,930 MW from
Mozambique to South Africa and was the first HYDC link to
operate above 500 kV[13].

The modern era of HVDC has been defined by two
parallel developments. First, the need to transmit ever-larger
blocks of power—in the range of 5,000 to 8,000 MW—from
remote energy sources over distances exceeding 2,000 km,
particularly in vast countries like China, spurred the
development of Ultra-High Voltage DC (UHVDC)
technology, with operational voltages reaching 800 kV and
even 1,100 kV. Second, another breakthrough in power
electronics in the 1990s—the Insulated-Gate Bipolar
Transistor (IGBT)—Ied to the creation of the Voltage-Source
Converter (VSC). Commercialized by ABB in 1997 as
"HVDC Light,” VSC technology offered unprecedented
control flexibility and made smaller-scale HVDC projects
economically  viable, fundamentally expanding the
application space for the technology. This progression, from
mechanical converters to mercury-arc valves, thyristors, and
now IGBT-based VSCs, illustrates how HVDC's viability has
been intrinsically tied to advances in high-power
electronics[14].

1. THE FUNDAMENTAL RATIONALE: WHY
TRANSMIT POWERWITH DC?

The primary driver for the adoption of HVDC is its
ability to overcome the inherent physical limitations of HYAC
for long-distance power transmission. As the length of an
HVAC transmission line increases, its performance becomes
increasingly constrained by the electrical properties of the line
itself—namely, its series inductance and  shunt
capacitance[15].

The power transfer capability of an AC line is inversely
proportional to its length, governed by stability limits related
to the phase angle difference between the sending and
receiving ends of the line. Furthermore, the line's inductance
and capacitance lead to continuous reactive power losses,
which must be compensated for with expensive equipment to
maintain stable voltage levels. In the case of underground or
submarine AC cables, this problem is magnified. The high
capacitance of cables draws a large "charging current” that
flows regardless of the power being delivered. For AC cables
longer than approximately 50 to 80 km, this charging current
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can consume the entire thermal capacity of the conductor,
leaving no room to transmit useful active power and
rendering the system technically unfeasible[16].

HVDC transmission elegantly circumvents these
fundamental AC limitations. By using direct current, the
frequency is zero. Consequently, the concepts of inductance
and capacitance as sources of continuous reactive power loss
become irrelevant. An HVDC line does not have the inherent
stability limits related to phase angle that constrain AC lines.
The power carrying capability of a DC line is therefore
unaffected by distance and is limited only by the thermal
rating of the conductors and the capacity of the converter
stations at each end. This physical advantage makes HVDC
not just a preferable option, but often the only technically and
economically viable solution for transmitting large blocks of
power over very long distances or via long submarine cables.

Beyond its role as a long-distance transmission medium,
the AC-DC-AC conversion process provides a unique
function: it creates an asynchronous interconnection. This
means an HVDC link can connect two separate AC grids that
are not synchronized—for instance, grids operating at
different frequencies (e.g., 50 Hz and 60 Hz) or grids whose
phase angles are not managed in unison. This decoupling acts
as a "firewall," preventing disturbances such as faults or
frequency fluctuations from propagating from one grid to the
other, thereby enhancing the stability and resilience of both
interconnected systems. This capability transforms HVDC
from merely a transmission technology into a powerful tool
for grid management and stabilization, enabling the creation
of larger, more robust, and economically integrated power
markets that would be impossible to achieve with AC
alone[17].

V. HVDC VERSUS HVAC SYSTEMS

The decision to deploy an HVDC system instead of a
conventional HVAC system is a complex engineering and
economic choice based on a multi-faceted trade-off. While
HVAC remains the dominant technology for power
distribution and shorter-distance transmission, HVDC offers
a distinct set of advantages that become decisive under
specific conditions. This section provides a rigorous
comparison of the two technologies across technical
performance, economic viability, and infrastructure
footprint[18].

A. Technical Performance Analysis

The technical differences between HVDC and HVAC
stem directly from the physical properties of direct versus
alternating current. These differences manifest in
transmission efficiency, power transfer capability, and
system controllability[19].

B. Transmission Losses

Electrical losses in transmission represent both an
economic cost and an environmental impact. HVAC systems
are subject to several types of losses that are either absent or
significantly reduced in HVDC systems[20].
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» HVAC Losses:

The total losses in an HVAC line are a combination of
resistive losses (I"2R), corona losses (ionization of air around
the conductor), skin effect (the tendency of AC to flow near
the conductor's surface, increasing its effective resistance),
and, in cables, dielectric losses (heating of the insulating
material). Additionally, the flow of reactive power, necessary
to manage voltage and energize magnetic fields in the
system, contributes to overall current and thus increases
resistive losses without delivering useful power.

» HVDC Advantages:

HVDC transmission eliminates all frequency-dependent
losses. With a frequency of zero, there is no skin effect,
allowing the entire cross-section of the conductor to be
utilized efficiently. There are no continuous reactive power
losses in the DC line itself, and dielectric losses in cables are
negligible due to the static electric field. Corona losses are
also substantially lower for a DC line compared to an AC line
of the same voltage. As a result of these combined effects,
the total transmission losses for a long-distance HVDC line
can be 30% to 50% lower than for a comparable HVAC line
carrying the same amount of power.

C. Power Transfer Capability and Stability

A critical distinction lies in the physical limits
governing how much power can be transmitted over a given
distance.

» HVAC Limits:

The maximum power that can be transferred over an
HVAC line is constrained by the need to maintain
synchronism and stability, which is related to the phase angle
difference between the sending and receiving ends. This
angle typically cannot exceed 30 degrees in practice, and this
limit becomes more restrictive as the line length increases.
For long AC cables, the limitation is even more severe. The
high capacitance of the cable draws a large charging current,
which can consume the cable's entire thermal capacity
beyond a certain distance (typically 50-80 km), making it
impossible to transmit any useful power. This necessitates the
installation of expensive reactive compensation stations
along the route for longer AC cable projects.

» HVDC Advantages:

An HVDC line has no such inherent distance or stability
limitations. The power transfer is limited only by the thermal
capacity of the conductor and the rating of the converter
stations. Because it does not need to accommodate a voltage
peak significantly higher than its effective (RMS) value, an
HVDC line can transmit more power for a given conductor
size compared to an HVAC line. This makes HVDC the only
technically viable option for wvery long subsea cable
connections, a critical factor in the development of offshore
wind farms.

D. System Controllability and Reliability

HVDC systems offer a level of active control that is
fundamentally impossible with passive HVAC lines[21].
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» HVAC:

Power flow in an AC network is determined by the
impedances of the lines and the voltages at various nodes. It
cannot be directly controlled on a specific line without
affecting the rest of the interconnected network. Furthermore,
faults in an AC grid can lead to very high short-circuit
currents, which can damage equipment and threaten system
stability.

> HVDC:

The power electronics at the heart of an HVDC system
allow for precise, fast, and bidirectional control of the power
flow, independent of the conditions in the connected AC
grids. This capability can be used to enhance the stability of
the surrounding AC networks by rapidly modulating power
to damp oscillations. HVDC links also contribute very little
to the short-circuit current of the AC grid they connect to,
which is a significant advantage when connecting to
networks that are already at their fault-level limits. This fast
control also enables rapid fault clearing, improving overall
system reliability.

E. Economic Evaluation

The economic case for HVDC is a classic trade-off
between high initial capital expenditure for terminal
equipment and lower long-term costs for the transmission
line and energy losses[22].

F. Cost Components

The total investment cost for a transmission project can
be broken down into two main parts: the terminal stations
and the line itself.

> HVAC:

Substations for HVAC are relatively simple and
inexpensive, primarily consisting of transformers and
switchgear. However, the transmission line is more costly per
kilometer because a three-phase system requires at least three
conductors, and the towers must be larger and more robust to
support them and maintain safe clearances. An HVAC
substation might cost in the range of $41.6 million, while the
overhead line can be approximately $1.2 million per
kilometer.

> HVDC:

The converter stations are the most expensive
component of an HVYDC system, involving complex power
electronics, large transformers, filters, and control systems. A
single converter station can cost upwards of $300 million. In
contrast, the DC transmission line is significantly cheaper per
kilometer than its AC counterpart. A bipolar HVDC line
requires only two conductors, leading to simpler, lighter, and
less expensive towers. The cost for an HVDC overhead line
can be around $0.7 million per kilometer.

G. Right-of-Way (ROW) and Towers
» HVAC:

A three-phase HVAC line requires three conductors (or
bundles of conductors), necessitating wide cross-arms and
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large towers to maintain electrical clearances. This results in
a wider required land corridor, or right-of-way.

» HVDC:
A bipolar HVDC line uses only two conductors. This
allows for the design of more slender and compact towers,

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/250ct1560

reducing the visual impact and, most importantly, requiring a
significantly narrower right-of-way to transmit the same
amount of power. This can be a decisive advantage in
densely populated areas or environmentally sensitive regions
where land access is difficult and expensive.

V. ANATOMY OF AN HVDC SYSTEM: COMPONENTS AND CONFIGURATIONS

An HVDC transmission system is a complex integration of specialized high-voltage equipment, power electronics, and
control systems. Its architecture is centered around the converter stations, which form the interface between the DC transmission
line and the AC grids. The overall system can be arranged in several distinct configurations, or topologies, each tailored to specific

operational requirements.
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Fig 1. HVDC Converter Station

A. The Converter Station: The Heart of the System

The converter station is the most technologically
sophisticated and capital-intensive part of an HVDC link. It
contains all the necessary equipment to perform the AC-to-
DC or DC-to-AC conversion, manage power flow, and
ensure safe and reliable integration with the surrounding
power network. Each station, whether operating as a rectifier
or an inverter, comprises several key subsystems.

B. Converter Valves

The converter valves are the core components that
perform the switching function to convert AC to DC and vice
versa. These valves are housed in a large, climate-controlled
building known as a "valve hall* to protect them from
environmental conditions and to ensure electrical insulation.

» Technology:

Early HVDC systems used mercury-arc valves, but
since the 1970s, all modern systems use solid-state
semiconductor devices. These devices are either thyristors for
Line-Commutated Converters (LCC) or Insulated-Gate
Bipolar Transistors (IGBTs) for Voltage-Source Converters
(VSC). Because a single device cannot withstand the full
HVDC voltage, each valve consists of a large number of
these semiconductor elements connected in series.
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» Arrangement:

The fundamental building block for conversion is the
six-pulse bridge, also known as a Graetz circuit, which
consists of six valves. To improve performance and reduce
harmonic distortion, virtually all modern HVDC schemes use
a twelve-pulse converter configuration. This is achieved by
connecting two six-pulse bridges in series. This arrangement
effectively cancels out some of the most significant harmonic
frequencies generated by the conversion process, leading to a
cleaner waveform and reducing the burden on the filtering
systems.

The choice of a 12-pulse configuration is a foundational
design decision driven by a critical system-level trade-off. A
basic 6-pulse converter generates characteristic harmonic
currents on the AC side at frequencies of 6n \pm 1 times the
fundamental frequency (i.e., 5th, 7th, 11th, 13th, etc.). The
5th and 7th harmonics are of relatively low order and high
magnitude, requiring large and expensive filter components
to suppress them. By using two 6-pulse bridges fed from
transformer windings with a 30-degree phase shift (typically
a star winding for one bridge and a delta winding for the
other), the 5th and 7th harmonic currents produced by the
two bridges are phase-opposed and cancel each other out.
The lowest-order characteristic harmonic in a 12-pulse
system is now 12n \pm 1 (i.e., 11th, 13th, 23rd, 25th, etc.).
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Filtering these higher-frequency harmonics requires
significantly smaller and less costly equipment. Therefore,
the industry accepts the added complexity and cost of a 12-
valve converter because it results in a "substantial sparing in
harmonic filters,” leading to a more optimized and cost-
effective total system design.

C. Converter Transformers

These are highly specialized transformers that serve as
the critical interface between the AC grid and the converter
valves. They perform three primary functions:

o Transform the AC grid voltage to the appropriate level
required by the valves to achieve the desired DC voltage.

e Provide galvanic isolation between the AC and DC
systems.

o Create the 30-degree phase shift between the two sets of
secondary windings (one star-connected, one delta-
connected) needed for 12-pulse operation.

Unlike standard power transformers, converter
transformers are subjected to a unique combination of AC
and DC voltage stresses and must be specifically designed to
withstand them. They also experience increased heating due
to the harmonic currents drawn by the converters.

D. Harmonic Filters

The non-sinusoidal current drawn by the converters is a
rich source of harmonic distortion, which can disrupt the AC
grid and interfere with nearby communication systems if left
unmitigated. Therefore, extensive filtering is required on both
the AC and DC sides of the converter.

» AC Filters

These are typically passive circuits consisting of
reactors, capacitors, and resistors (RLC circuits) connected to
the AC busbar. They are designed as a set of tuned filters,
each providing a low-impedance path to ground for a specific
harmonic frequency (e.g., 11th, 13th). In LCC systems, these
filter banks serve a crucial dual purpose: they also generate
reactive power at the fundamental frequency, helping to
compensate for the reactive power consumed by the
converter.

» DC Filters:

Similar passive filter circuits are installed on the DC
side to smooth the DC voltage ripple. This is particularly
important for HVDC systems with overhead lines, as the
harmonic voltages can induce noise in parallel open-wire
telecommunication circuits.

E. Smoothing Reactors
A large inductor, known as a smoothing reactor, is
connected in series with each pole of the DC line. These
reactors, which can have an inductance of up to 1 H, serve
several important functions:
e They reduce the ripple in the DC current, smoothing its
waveform.
e They limit the rate of rise of current during a DC line
fault, which reduces the stress on the converter valves.
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e They prevent the current from becoming discontinuous at
low power levels, which is important for stable converter
operation.

e They help prevent resonances between the converter and
the DC line.

VI. SYSTEM TOPOLOGIES
HVDC systems are deployed in several standard
configurations, each with specific characteristics, costs, and

reliability levels.

A. Monopolar Link

Fig 2. Monopolar Link

This is the simplest and least expensive configuration. It
consists of a single high-voltage conductor and uses the earth
or sea as the return path for the current. Alternatively, a
dedicated, lower-voltage metallic return conductor can be
used to avoid issues associated with ground currents, such as
pipeline corrosion or magnetic interference. Monopolar links
are commonly used for lower-power cable transmissions or
are often implemented as the first stage of a larger bipolar
project.

B. Bipolar Link
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Fig .3 Bipolar Link

The bipolar link is the most widely used configuration
for long-distance, high-power HVDC transmission. It
consists of two independent circuits, one operating at a
positive voltage to ground and the other at a negative voltage
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(e.g., £500 kV). In essence, it is two monopolar systems
combined. Under normal balanced operation, the currents in
the two poles are equal and opposite, so the current flowing
through the ground return path is negligible.

The primary advantage of the bipolar configuration is
its high reliability and operational flexibility. This
redundancy is a crucial factor in its selection for critical
power infrastructure. If one pole experiences a fault or is
taken out of service for maintenance, the other pole can
continue to operate in a monopolar mode, using a ground or
metallic return path to deliver at least 50% of the link's total
rated power. For a grid operator relying on a multi-gigawatt
HVDC infeed, this ability to "gracefully degrade" rather than
suffer a complete outage is invaluable. It can prevent
widespread blackouts and maintain system stability during
contingencies, providing a level of N-1 security that a single-
circuit AC line cannot match. This inherent resilience is a key
reason for the dominance of the bipolar configuration in
backbone transmission systems.

C. Back-to-Back Station

A back-to-back HVDC station is a unique configuration
where the rectifier and inverter are located at the same site,
often within the same building, with no DC transmission line
between them. Its sole function is to provide an asynchronous
connection between two adjacent AC grids. This is necessary
when the grids operate at different nominal frequencies (e.g.,
50 Hz and 60 Hz) or when they are not phase-synchronized.
The back-to-back link allows for precise control of the power
flow between the two systems while isolating them from each
other's disturbances, acting as a powerful "firewall".

VIlI. STRATEGIC APPLICATIONS

The unique technical and economic characteristics of
HVDC technology have established it as the preferred, and
often only, solution for a range of critical power system
applications. Initially a niche technology, HVDC is now a
cornerstone of strategies for decarbonization, grid
modernization, and energy security worldwide. Its primary
applications, once distinct, are now converging to support the
development of large-scale, integrated energy networks.

The original and still primary application of HVDC is
the efficient transmission of large quantities of electrical
power over long terrestrial distances.

A unique capability of HVDC is its ability to connect
AC power grids that are not synchronized. This asynchronous
interconnection acts as a buffer or "firewall," allowing for
controlled power exchange while preventing disturbances
from spreading between grids.

The global energy transition has made renewable

energy integration the most significant and rapidly growing
driver for HYDC deployment.
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VIIl. CONCLUSION

High-Voltage Direct Current (HVDC) transmission
systems represent a transformative advancement in electrical
power engineering, offering unparalleled efficiency,
reliability, and controllability for long-distance and high-
capacity power transmission. The evolution from
conventional Line-Commutated Converter (LCC) technology
to advanced Voltage Source Converter (VSC) and Modular
Multilevel Converter (MMC) architectures has enabled
HVDC systems to address modern energy challenges such as
renewable integration, grid interconnection, and cross-border
power exchange. Their ability to transmit bulk power with
minimal losses, maintain stability between asynchronous
grids, and operate effectively under variable renewable
generation makes HVDC technology a cornerstone of the
emerging smart grid era. Moreover, the development of
Multiterminal DC (MTDC) configurations—including series,
parallel, and ring topologies—has expanded the operational
flexibility of HVDC networks, allowing for scalable,
redundant, and reliable power flow management across
complex systems. Despite these advantages, HVDC
technology faces ongoing challenges related to high
converter costs, DC fault protection, harmonic control, and
insulation design, which continue to drive global research
and innovation. The integration of wide-bandgap
semiconductor materials, artificial intelligence—based control
strategies, and hybrid AC/DC architectures promises to
overcome these limitations and further enhance system
performance. As nations move toward decarbonization and
sustainable energy models, HVDC transmission stands out as
a key enabler of the global energy transition, facilitating the
seamless interconnection of renewable resources, energy
storage, and distributed generation units. Ultimately, HVDC
systems are not merely an alternative to AC transmission but
a critical infrastructure component that will define the future
of clean, resilient, and intelligent power networks, ensuring
secure and efficient electricity delivery for generations to
come.
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