ABSTRACT

ALSHAMMARI, SULAIMAN. Enabling Medium Voltage MTDC Systems through Parallel HVDC
Tapping Using MMC Converters with Medium-Frequency. (Under the direction of Dr. Subhashish
Bhattacharya).

The modernization of electric power grids to accommodate the large-scale integration of re-
newable energy and new load profiles necessitates a more flexible and efficient transmission
infrastructure. High-Voltage Direct Current (HVDC) systems are a key enabling technology for
this transition, yet the challenge of efficiently tapping into existing HVDC lines to supply local-
ized loads or integrate distributed generation persists. This dissertation addresses this chal-
lenge by developing and validating a novel power electronic converter topology and demon-
strating its application as a gateway for a Medium-Voltage Multi-Terminal DC (MV-MTDC)
network.

The core technological contribution of this research is a novel, galvanically isolated, bidi-
rectional DC-DC converter based on the Modular Multilevel Converter (MMC) topology. The
proposed design features a parallel tapping architecture with an intermediate medium-frequency
(300 Hz) AC link. This approach is analytically and experimentally shown to yield an approx-
imate 84% reduction in the required size of passive components, including the arm induc-
tors, submodule capacitors, and main isolation transformer, resulting in a significantly more
power-dense and cost-effective solution compared to conventional line-frequency designs.
The converter’s performance, including its bidirectional power flow capability and internal
stability, was rigorously validated through PSCAD/EMTDC simulations and Hardware-in-the-
Loop (HIL) testing on a Real-Time Digital Simulator (RTDS) platform.

This dissertation further demonstrates the practical utility of the validated tapping system
by applying it as the enabling gateway in a proposed four-terminal, 30 kV meshed MV-MTDC
network. This system was designed to create a renewable energy hub, integrating a PV farm
and a wind farm while supplying a high-power electric vehicle (EV) fast-charging station. A

coordinated master-follower control strategy is implemented, where the HVDC tap serves as



the master controller, regulating the DC bus voltage for the entire MVDC grid. To enhance
dynamic performance, a novel feedforward-based control strategy is also proposed for the
master controller, which proactively compensates for power fluctuations from the follower
terminals to minimize DC-link voltage deviations.

Comprehensive case studies confirm the resilience and autonomous operation of the com-
plete system. The results demonstrate the network’s ability to manage complex bidirectional
power flow scenarios, respond dynamically to rapid load changes, and maintain an uninter-
ruptible power supply to the critical load during a complete loss of local renewable generation.
This research successfully bridges the gap from a novel power electronic topology to a fully val-
idated system application, presenting a complete pathway for deploying flexible and efficient

renewable energy hubs along existing HVDC transmission corridors.
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CHAPTER

INTRODUCTION

1.1 Background

As global energy demand continues to rise, building new power plants alone is becoming an
increasingly impractical solution due to nancial, environmental, and technical constraints.
The International Energy Agency (IEA) forecasts that by 2030, global energy consumption will
nearly double compared to the levels seen in 2010, highlighting the need for more ef cient
energy transmission strategies [1]. Enhancing the performance of existing electrical power
systemsspeci cally their ef ciency and reliabilityis crucial to increasing transmission capac-
ity and meeting future energy requirements [2]. Both alternating current (AC) and direct cur-
rent (DC) technologies offer pathways to improving transmission systems, though each comes

with its own set of technical and logistical considerations  [3]. The development of these sys-



tems requires careful evaluation of factors like transmission line characteristics, whether us-
ing cables or overhead lines, as well as the choice between AC and DC transmission technology

to optimize performance and sustainability  [4].

1.1.1 Dif culties with high voltage alternating current (HVAC) technology

Although conventional AC transmission systems have been the dominant choice for decades,
they come with several inherent limitations. One signi cant challenge is the dif culty in cre-
ating asynchronous grid connections, which becomes nearly impossible with AC systems due
to differing system frequencies. Interconnecting two AC grids that operate at different fun-
damental frequencies requires a DC link to bridge the systems effectively [5]. Additionally,
transmitting bulk power over long distances through conventional AC systems leads to in-
creased power losses (ISR losses), with both losses and costs rising in proportion to the length
of the transmission line [6]. This issue is particularly pronounced when using cables, as long-
distance AC transmission via cables is limited by high charging currents, which are much
higher for cables than for overhead lines. These capacitive currents lead to signi cant power
losses, making long-distance AC transmission via cables impractical [7].

While overhead lines exhibit lower charging currents compared to cables in AC networks,
the effectiveness of AC transmission is constrained by the voltage angle difference between
the two ends of the line [6]. As this angle increases with transmission distance, it can neg-
atively affect system stability, both in steady-state and transient conditions, further limiting
the capacity of AC systems. Unfortunately, many existing AC grids have already reached their
transmission capacity limits [2]. While some approaches, such as adding new overhead lines,
laying additional cables, or upgrading existing infrastructure, have been implemented to ex-
pand capacity, these methods are insuf cient to meet the growing demand for power trans-

mission.



1.1.2 High voltage direct current (HVDC) technology

High Voltage Direct Current (HVDC) systems have emerged as a robust solution to many of the
limitations inherent in conventional AC systems. HVDC technology offers greater exibility,
superior control, and the ability to ef ciently transmit large amounts of power over long dis-
tances, making it a more intelligent alternative to AC systems  [8]. HVDC systems bypass many
challenges associated with AC, such as reactive power compensation and the inef ciency of
long-distance bulk power transmission [9]. In fact, HYDC systems can increase transmission
capacity by 2 to 3.5 times compared to a double-circuit, three-phase AC system  [10].

One of the most notable examples of HVDCs capability is the 7200 MW transmission line
with a §800 kV rating, completed in 2013, which stretches over 2000 kilometers. Today, Ultra
High Voltage Direct Current (UHVDC) systems, operating at voltages as high as §800 kV, are
increasingly common. A planned project in 2019, for instance, aimed to transmit 12,000 MW
using a §1100 kV DC line over a distance of 3000 kilometers [11]. Leading manufacturers such
as ABB, Siemens, and Alstom continue to supply cutting-edge HVDC equipment, contributing
to the steady growth of HVDC capacity, which now exceeds 75,000 MW globally across more
than 92 projects.

One of the key advantages of HVDC is its lower power losses and the absence of the need
for reactive power compensation, allowing for virtually unlimited transmission distances [7].
HVDC systems become more cost-effective than AC for long-distance bulk power transmis-
sion, particularly when the transmission distance exceeds the breakeven point. This breakeven
distance, which varies depending on factors such as power rating and the use of cables or over-
head lines, can be as low as 250 to 310 kilometers depending on the speci ¢ con guration [3].

In summary, HVDC systems offer numerous advantages over AC systems, including:

- The ability to transmit bulk power ef ciently over long distances, especially through subma-
rine and underground cables.
- Higher transmission capacity with lower losses and costs.

- The capability to interconnect AC systems operating at different frequencies.



Table 1.1: Rating limits of current AC and DC transmission systems

AC Transmission

DC Transmission

Underground Cable Overhead Line Underground Cable | Overhead Line
Voltage Rating 500 kV 765 kV (1200 kV)* §500 kV §800 kv
Power Rating 1600 MVA 3550 MVA 2500 MW 7200 MW

*1200 kV in the experimental stage

- Enhanced dynamic performance of AC networks, thanks to the precise and rapid control en-

abled by HVDC technology.

Figure 1.1: Cost comparison between AC and DC transmission systems.

1.1.3 Modular multilevel converter (MMC) technology

High Voltage Direct Current (HVDC) systems that employ line-commutated converters (LCCs)

based on thyristor technology have long been the standard for high-power transmission ap-

plications. These systems have been extensively researched and widely implemented due

to their ef ciency in handling large-scale power transfers. However, in contrast to thyristor-




Figure 1.2: Comparison of power transfer capacity between AC and DC transmission.

based converters, Voltage Source Converter (VSC) technologyutilizing fully controllable semi-
conductor devices like Insulated Gate Bipolar Transistors (IGBTs)offers enhanced exibility [6].VSC
technology enables independent and bidirectional control of active and reactive power, mak-

ing it more versatile for modern power system needs.

VSC systems provide additional bene ts compared to LCC systems, such asimproved power
quality, better integration with weak AC networks, the ability to connect renewable energy
sources, and the potential to establish multi-terminal DC (MTDC) networks. These features
make VSC technology particularly attractive for next-generation transmission networks. How-
ever, early VSC designs, such as two-level and three-level converters, were unsuitable for high-
power applications due to voltage limitations of available semiconductor devices.

To overcome early voltage limitations, the modular multilevel converter (MMC) was devel-
oped. MMC offers several key advantages, including fault-blocking capabilities, reduced volt-
age stress on semiconductor devices, and high ef ciency. MMCs can deliver superior power
quality through their scalable structure, which allows seamless adjustment to various voltage
requirements [3]. The MMC design uses many submodules (SMs) in series per phase arm,
along with an arm inductor L,,, that helps minimize unwanted current harmonics and sup-

press faultcurrents [8]. As voltage stepsincrease, the output voltage waveform becomes nearly



sinusoidal, leading to excellent harmonic performance.

Given these features, MMC technology is highly suitable for HVDC transmission systems.

Figure 1.3: Basic circuit diagram of the three-phase MMC system

1.2 Motivations

The rapid expansion of HVDC transmission systems presents a unique opportunity for inte-
grating Medium Voltage (MV) and Low Voltage (LV) DC microgrids directly along the trans-
mission line. By tapping into the HVDC system at strategic points, MV and LV microgrids can
be powered without the need for converting to alternating current (AC), which typically intro-
duces inef ciencies and higher infrastructure costs  [7]. This ability to provide localized power
directly from HVDC transmission lines supports energy distribution in more decentralized

forms, allowing remote communities or industrial sectors to establish self-sustaining micro-



grids. The direct current (DC) nature of both HVDC and microgrids makes this a seamless
integration, improving energy ef ciency, system reliability, and ease of management [8]. Fur-
thermore, these microgrids could be powered by renewable energy sources, stored locally via
energy storage systems (ESS), enhancing the sustainability of the energy distribution process.
Tapping HVDC lines to supply power to remote areas, particularly those with energy-intensive
industries, represents a signi cant opportunity. Large-scale manufacturing facilities such as
cement and steel plants, as well as oil and gas re neries, require a stable and substantial power
supply. In the United States, industrial processes account for around 32% of total energy con-
sumption, with manufacturing facilities making up a considerable portion of that demand. By
using HVDC lines to provide direct power, these facilities can bene t from more reliable en-
ergy transmission, reducing their dependency on local power grids that might not meet their
high power demands ef ciently. Moreover, the ability to tap into HVDC lines at various points
ensures that even the most remote areasthose where manufacturing plants or re neries are
often locatedcan have access to high-quality, consistent power, supporting uninterrupted pro-
duction and reducing reliance on inef cient, long-distance AC transmission systems [3].
One of the key motivations for this work is the ef cient integration of renewable energy
sources and energy storage systems (ESS) into the broader energy grid. HVDC systems are
inherently better suited for the integration of variable renewable energy sources, such as so-
lar and wind, compared to traditional AC systems. The ability to directly tap into an HVDC
line makes it easier to route renewable energy from remote generation sites, such as offshore
wind farms or large-scale solar elds, to end-users. This also allows energy storage systems,
like large battery banks, to be strategically placed near these HVDC tapping points, creating a
buffer to store excess renewable energy and release it during periods of high demand or low
renewable generation. By integrating ESS directly into these microgrids, system operators can
manage energy ow more dynamically, supporting both grid stability and the maximization
of renewable energy use, reducing dependence on fossil fuel-powered peaker plants  [7].

Another critical advantage of HVDC tapping for microgrids is the potential to avoid large



infrastructure investments typically required in traditional power grid expansions. Building
out new AC transmission lines, substations, and conversion facilities for remote areas or in-
dustrial zones requires signi cant capital and time. However, by leveraging existing HVDC
infrastructure, the need for such extensive investments is mitigated. Microgrids can be estab-
lished with fewer resources by using modular converters to tap directly from the HVDC line,
reducing both the costs and environmental impact of building new transmission lines. This
approach also opens the door for more rapid deployment of energy solutions, especially in
regions where power demand is growing quickly [3], but traditional grid expansion might be
economically or logistically prohibitive.

Finally, tapping into HVDC lines signi cantly enhances grid exibility. As power demand
continues to grow and become more variable due to the rise of electri cation (such as elec-
tric vehicles) and renewable energy penetration, grid exibility is paramount. HVDC systems,
with their ability to ef ciently transmit large amounts of power over long distances and seam-
lessly integrate renewable energy, provide the backbone for a more exible grid. By enabling
parallel microgrids and localized energy storage, HVDC systems allow for the redistribution of
power where and when its needed, improving grid resilience against uctuations in demand
or generation. This exible tapping method also facilitates dynamic control of energy ow
between various grid nodes, ensuring that the system can respond to sudden shifts in load
without risking widespread outages or inef ciencies  [8].

In summary, the motivation behind this research stems from the signi cant potential of
HVDC systems to enable localized, ef cient, and cost-effective power solutions, particularly
for remote areas and industrial facilities. By integrating renewable energy sources, leverag-
ing energy storage systems, and minimizing infrastructure investments, HVDC tapping can
transform the way energy is transmitted and distributed, paving the way for a more exible
and resilient grid system.

Summary of Motivations:

» Enabling Medium Voltage and Low Voltage DC Microgrids along HVDC Lines.



Powering Remote Manufacturing Facilities.

Ef cient Integration of Renewable Energy and Energy Storage Systems (ESS).

Avoiding Large Infrastructure Investments

Enhancing Grid Flexibility



CHAPTER

HVDC TAPPING SYSTEMS

2.1 Introduction to HVDC Tapping Systems

2.1.1 De nition and Concept of HYDC Tapping

High Voltage Direct Current (HVDC) systems have become a cornerstone of modern power
transmission networks due to their ability to ef ciently transmit large amounts of electricity

over long distances with minimal losses [12]. Unlike their Alternating Current (AC) counter-
parts, HVDC systems are less affected by issues such as reactive power, inductive losses, and
capacitive effects, making them ideal for long-distance and undersea cable applications  [13].
Additionally, HVDC systems are better suited for interconnecting asynchronous grids and en-

abling the integration of renewable energy sources, such as offshore wind farms, due to their
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ability to control power ows independently and improve overall grid stability [14].

HVDC tapping refers to the process of extracting or injecting electrical power at intermedi-
ate points along an HVDC transmission line, beyond the two main converter stations typically
situated at the endpoints of the HVDC link. This process involves creating speci ¢ tapping
points where power can be drawn from or added to the HVDC line without signi cantly dis-
rupting the main transmission ow  [15]. The capability of HYDC tapping is crucial for enhanc-
ing the exibility and adaptability of power transmission networks, as it allows power utilities
to supply electricity to various locations positioned between the primary HVDC converter sta-
tions. These tapping points can be strategically utilized to deliver power to remote commu-
nities, industrial facilities, or renewable energy sites that are located along the transmission
corridor, thereby optimizing the use of HVDC infrastructure and enhancing the overall ef -
ciency and resilience of the power network [16].

The concept of HVDC tapping is fundamentally rooted in the ability to dynamically man-
age power ow and voltage levels within the transmission network. Unlike traditional AC net-
works, where tapping into a high-voltage line can introduce signi cant technical challenges
related to phase synchronization and reactive power management, HYDC systems provide a
more straightforward solution for tapping due to their inherent properties [17]. Inan HVDC
network, tapping is accomplished using specialized converter stations or tap changers that
can convert the high-voltage DC power to a lower voltage suitable for local use or vice versa.
These converters can be con gured to either step down the voltage for distribution to local
loads or step up the voltage to inject additional power into the transmission line from dis-
tributed generation sources [18].

Implementing HVDC tapping requires careful consideration of several technical and op-
erational factors. The tapping process must be designed to maintain stable operation of the
entire HVYDC system, ensuring that voltage and current levels at the tapping point are compat-
ible with the rest of the network [19]. This involves sophisticated control strategies and real-

time monitoring to dynamically adjust the operation of converters and tap changers based on
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uctuating power demands and supply conditions. The exibility offered by HVDC tapping
makes it an attractive option for modern power grids, particularly in scenarios where power
demand is dispersed across a wide geographical area or where it is necessary to integrate di-
verse energy resources into a single transmission network [20].

Furthermore, HVDC tapping is highly bene cial for optimizing the utilization of existing
transmission assets. By allowing power to be extracted or injected at multiple points along
a transmission line, tapping can reduce the need for additional infrastructure, such as sub-
stations or feeder lines, that would otherwise be required to connect remote loads or gener-
ation sites to the main grid. This not only lowers the overall cost of network expansion but
also minimizes environmental impacts by reducing the physical footprint of transmission in-
frastructure [21]. Additionally, HVDC tapping provides a means of enhancing grid reliability
and resilience by enabling more exible power routing and load balancing, particularly in the
event of faults or outages.

Overall, the de nition and concept of HVDC tapping re ect a strategic approach to max-
imizing the ef ciency, exibility, and sustainability of modern power transmission networks.

By leveraging the unique properties of HVDC technology, tapping allows for the targeted de-
livery and integration of power across vast distances and diverse geographic regions, thereby
supporting the growing demand for reliable and resilient electricity supply in an increasingly

complex energy landscape.

2.1.2 Purpose and Importance of Tapping in HYDC Networks

The main purpose of HVDC tapping is to increase the exibility and ef ciency of power trans-
mission networks. By allowing power to be extracted or injected at different points along an
HVDC transmission line, tapping makes it possible to deliver electricity directly to areas that
might otherwise be too remote or costly to connect with separate power lines [14]. Thisis
particularly useful in regions where building new infrastructure would be dif cult due to chal-

lenging terrain or where the cost of new lines is not justi ed. In these scenarios, tapping into
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HVDC lines offers a cost-effective solution to extend the reach of existing transmission net-
works, ensuring that even remote or sparsely populated areas have accessto reliable electricity
[12].

HVDC tapping also plays a critical role in improving the reliability and resilience of the
power grid. By directly integrating distributed energy resources (DERS), like solar and wind
farms, into the HVDC network, tapping allows for more ef cient use of renewable energy [15].
This direct integration reduces the need for additional infrastructure, such as AC  /DC conver-
sion stations, which would otherwise be necessary to connect these renewable sources to the
grid. By minimizing the number of conversions, HVDC tapping reduces transmission losses,
improves power quality, and ensures a more stable and reliable supply of electricity ~ [16]. This
capability is especially important in regions where renewable energy generation can be vari-
able and unpredictable; tapping helps balance these uctuations, thereby maintaining grid
stability [20].

Beyond enhancing grid reliability, HYDC tapping is essential for enabling grid interconnec-
tions and expansions. It allows different regions and even different countries to interconnect
their power systems, which facilitates more ef cient power sharing and exchange [21]. This
interconnectedness is particularly valuable in regional electricity markets, where power can
be traded between regions to balance supply and demand, optimize resource utilization, and
reduce costs. For instance, tapping points can be used to transfer excess power from areas
with surplus generation capacity to those experiencing shortfalls, improving the overall ef -
ciency and stability of the grid [18]. In the event of faults or outages, HVDC tapping can also
provide alternative pathways for electricity to ow, helping to prevent widespread blackouts
and enhance the grids resilience [17].

Moreover, tapping into HVDC lines supports the broader integration of renewable energy
sources into the grid, which is crucial as we transition to a more sustainable energy future. By
enabling the delivery of renewable energy from remote generation sites, such as offshore wind

farms or large-scale solar installations, to major consumption centers, tapping maximizes the
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use of these clean energy resources and reduces reliance on fossil fuels [19]. Thisis particularly
important as global efforts to reduce greenhouse gas emissions and combat climate change
intensify. HVDC tapping offers a practical and cost-effective way to connect renewable energy
to the grid, aligning with these environmental goals  [22].

In areas with abundant renewable resources, HVDC tapping can be used to create energy
corridors that connect multiple renewable generation sites to a single HVDC transmission line,
effectively delivering clean energy to distant load centers [23]. This approach not only opti-
mizes the use of existing transmission infrastructure but also minimizes environmental im-
pact by reducing the need for additional transmission lines and substations  [24]. Additionally,
tapping can facilitate the connection of energy storage solutions, such as batteries or pumped
hydro systems, to the HVDC network. This allows for the storage of excess renewable energy
when demand is low and its release during peak demand periods, further enhancing grid sta-
bility and exibility  [25].

In summary, HVDC tapping plays a vital role in modern power transmission networks. It
provides a exible and ef cient means of delivering electricity to remote locations, integrating
renewable energy sources, and strengthening grid interconnections and expansions. As global
electricity demand continues to grow and the energy landscape increasingly shifts towards
renewables, the ability to tap into HVDC lines will become ever more important for ensuring

areliable, ef cient, and sustainable energy future [26].

2.2 Fundamentals of HVDC Tapping

2.2.1 Basic Principles of HVDC Tapping

HVDC tapping involves the insertion of a tapping station at an intermediate point along an
HVDC transmission line. This tapping station typically consists of a converter that is capable
of converting the high-voltage DC power to a lower voltage suitable for local distribution or

for injecting power into another HYDC or AC network. The tapping process requires careful
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consideration of electrical and control parameters to ensure that the voltage and current levels
at the tapping point are compatible with the rest of the HVDC system  [27].

The fundamental principle behind HVDC tapping is the ability to manage power ow with-
out signi cantly affecting the overall stability and performance of the HVYDC transmission line.
This involves sophisticated control strategies that can dynamically adjust the operation of con-
verters to maintain stable voltage and current levels across the entire network. The control
systems must be designed to handle uctuations in power demand and supply, as well as po-

tential faults or disturbances in the network  [22].

2.2.2 Technical Requirements and Challenges

Tapping from HVDC systems requires speci ¢ design considerations to ensure that the oper-
ation of the tap does not negatively impact the main HVDC transmission line. Generally, the
capacity of the tap is rated at 110% of the HVDC links total capacity, a range that balances the
needs of the load connected to the tap with the overall stability of the HVDC system. Keeping
the tap's capacity within this limitis crucial to avoid overloading the system, ensuring that the
main HVDC line continues to function optimally.

One of the key requirements for tapping from HVDC systems is cost-effectiveness. The
cost of designing and installing a tap should be justi ed by the bene ts it provides, especially
for smaller loads. The tap must not add excessive capital costs, either in terms of installation
or the need for complex control mechanisms. Moreover, the use of modular and standardized
components can help reduce costs while maintaining exibility for system expansion.

Reliability is another critical factor. The tap must be designed to ensure that any faults
occurring at the tap will not propagate to the main HVDC line, which could otherwise com-
promise the entire transmission network. To achieve this, protection systems such as cir-
cuit breakers, fault detection mechanisms, and fast-switching converters are often employed.
These systems should isolate the tap in case of a fault without affecting the overall perfor-

mance of the HVDC link.
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A further requirement is that the tap's control system must operate independently of the
main HVDC control system. The two systems should not interfere with one another to main-
tain the integrity of the transmission line. This typically involves the use of autonomous con-
trol at the tap level, where the tap responds to local load demand without sending signals or
data back to the primary HVDC controls. Decentralized control schemes or specialized inter-
faces can be employed to achieve this functional independence while allowing for necessary
communication when needed, such as during grid synchronization or maintenance.

Additionally, for taps intended for long-distance power delivery or tapping from multi-
terminal HVYDC systems, considerations such as voltage stability and harmonic Itering are
important. The tapped power must be delivered at a stable voltage level, which may require
the implementation of reactive power compensation or the installation of additional Itering
components to manage the harmonic distortion caused by the interaction between the tap

and the HVDC system.

2.3 Methods of HYDC Tapping

Most of the gures presented in the following two sections are adapted from [28].

2.3.1 Series Tapping Techniques

The series tap shown in 2.1introduces a voltage drop, Vi,,, and the tapped power, P,,, can be

determined using Equation (2) [29]:

I:)tap = Vtap Idc (2)

where |4 represents the line current of the HVDC system.
Series taps are generally associated with lower power ratings compared to parallel taps,
leading to less compensation for the HVDC system voltage. The power from the series tap is

regulated by adjusting its DC voltage, rather than altering the line current, which impacts the
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Figure 2.1: Series tap.

voltage pro le along the DC transmission line. Consequently, this can increase the losses in
the recti er and inverter thyristor valves and put additional stress on the main HVDC stations.
Series taps must be capable of handling the full current rating of the HVDC line  [30; 31]. Al-
though the small voltage across the tap allows for the use of low-voltage components, these
components must still be insulated to withstand the full voltage rating of the HVDC system

[32; 33]. Below is an overview of the key series tapping topologies:

1. Twelve-Pulse, Line-Commutated Current Source Converter (LC-CSC): This topology
operates in two quadrants with a lagging power factor, as illustrated in Fig. 2.2. It uses tap
changers and ring angle control to independently control reactive power by adjusting the
ratio of AC to DC voltage. Higher reactive power requires a higher-voltage converter, leading
to lower ef ciency at reduced DC voltage. It is commonly used in low-power or back-to-back
operations, although it faces ef ciency challenges and the need for snubber circuits.

2. Forced-Commutated CSC with Silicon Controlled Recti ers (SCRS): This topology is
designed for leading power factor operations. Commutation capacitors are used to provide
commutation, even during negative transformer line voltages. However, this design adds to

the overall cost due to the capacitors and results in increased stresses on both the valves and
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Figure 2.2: Twelve-pulse, line-commutated, CSC.

Figure 2.3: Forced-commutated, CSC with turn-off capability.

transformers when compared to line-commutated converters.

3. Forced-Commutated CSC with Turn-Off Capability: In this topology, GTOs, MCTs, or
IGBTs are introduced to turn off the current, minimizing turn-off power with capacitors acting
as low-impedance commutation paths(see Fig. 2.3). It operates in square-wave mode but can
use PWM to control reactive power independently. However, the use of PWM increases the
stresses on the valves and lItering requirements, though it allows for better reactive power
control.

4. Series Capacitor Commutated Inverters:  This topology utilizes two six-pulse bridges
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Figure 2.4: Series capacitor commutated inverters.

in series with the DC line to control reactive power without the need for an AC generator, as
showninFig. 2.4. ltis not sensitive to AC disturbances and is used in taps that need successful
commutation under external disturbances.

5. Current-Fed Capacitor-Switched Converter: ~ Thisdesignincludes capacitors and thyris-
tors, with a single-phase transformer to feed a local load (Fig. 2.5). It can employ variable or
constant frequency control, with variable frequency reducing the size of capacitors, leading
to lower overall costs. Ef cient operation is achieved through careful management of trans-
former losses.

6. Soft-Switch Current-Fed Converter:  Designed for high-frequency operation, up to 5
kHz, this converter uses soft-switching techniques to minimize losses (see Fig.  2.6). Itincludes
self-commutated switches, diodes, and snubber capacitors. Ef cient operation is dependent
on maintaining duty cycles between 0.15 and 0.4, with the converter losing soft-switching
capability at lower duty cycles and operating inef ciently at higher ones.

7. Series Tap with H-Bridge and Current Transformer (CT): This topology features an

H-bridge made from IGBT switches that feed the current transformer, ensuring continuous
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Figure 2.5: Current-fed capacitor-switched converter.

Figure 2.6: Soft-switch current-fed converter.
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Figure 2.7: Series tap with H-bridge and CT.

current ow, as depicted in Fig. 2.7. The switching pattern ensures minimal interruption,
with small voltage disturbances in relation to the high voltage of HVDC lines. It is suitable for
taps where the continuity of current is critical.

8. Series Tap with Galvanic or Mechanical Isolation: In the galvanic isolation design, an
air-core transformer is used to ensure ef cient isolation and optimal switch utilization (Fig.
2.8d). Inthe mechanical isolation approach, a motor-generator system with an insulated shaft
provides mechanical isolation (Fig. 2.8b). Another variation uses energy storage units like
batteries or supercapacitors for isolation, enabling the local AC network to operate during
low or no current conditions on the HVDC link. However, this design has lower ef ciency and

higher costs due to the storage units.

2.3.2 Parallel Tapping Techniques

The paralleltap depictedin Fig. 2.9causes areduction in the current of the main HVYDC system
by a value of 1,,, which is absorbed by the tapping station. As a result, the power tapped, Py,

is determined by [29]:
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(@)

(b)

Figure 2.8: Series tap with isolation (a) galvanic isolation with air-core transformer, (b) me-
chanical isolation.
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Figure 2.9: Parallel tap scheme.

Figure 2.10: Parallel tapping types (a) single-stage converters, (b) two-stage converters.

Ptap = Itap Vdc (1)

where V. is the voltage of the main HVDC system.

Parallel taps generally handle higher power ratings compared to series taps, with their
power output being adjusted by varying the DC current. Since these taps must withstand the
full line voltage, high-voltage switches are necessary. Additionally, the use of parallel taps for
small loads is limited due to the high installation cost per kW associated with high voltage and
low current ratings. Unlike voltage source converter (VSC) HVDC links, in line-commutated
converter (LCC) HVDC links, power reversal is achieved by reversing the polarity of the DC
voltage, which cannot be done by merely reversing the current direction  [34; 35; 36]. There-
fore, mechanical switching arrangements are required to reverse power in the tap station
[37; 32; 30; 13; 38; 39].

In general, parallel taps can take one of two forms, as illustrated in Fig.  2.10[32]. The

single-stage converters are the more conventional option, utilizing fully voltage-rated three-
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