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1. INTRODUCTION

The increasing global demand for electricity, combined with the growing complexity of power
systems, has led to the exploration of advanced technologies for efficient power transmission. One of the
most significant innovations in systems that transmit power is the high voltage direct current (HVDC) link,
particularly when coupled with a modular multilevel converter (MMC) [1]. Compared to conventional
alternating current (AC) systems, HVDC transmission has a number of benefits, including as increased
efficiency, reduced losses, and the capacity to send electricity across vast distances with little voltage drop
[2]. The integration of HVDC links with MMCs enhances the overall performance, enabling scalable and
flexible grid interconnections that can meet the needs of modern electrical grids [3]. HVDC transmission
systems are critical in modern power networks due to their ability to provide long-distance, high-capacity
transmission with minimal losses [4]. Unlike traditional AC systems, HVDC systems do not suffer from
the reactive power losses associated with AC transmission, and they also eliminate the need for
synchronization between different power grids. These characteristics make HVDC systems particularly
beneficial for applications such as offshore wind farms, undersea cable connections, and long-distance power
transmission [5].
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HVDC systems typically consist of two main components: the converter stations and the
transmission line. The stations for conversion, which are linked to both the sending and receiving ends of the
transmission line, convert AC power to DC power and vice versa [6]. HVDC systems are also equipped with
various control mechanisms to regulate power flow, stabilize the grid, and ensure that power is delivered
reliably [7]. One of the key benefits of HVDC is its ability to enable power transfer between asynchronously
operated grids. This makes HVDC systems a valuable tool for linking different power grids that operate at
different frequencies or are separated by large geographical distances [8]. By decoupling the grid frequencies,
HVDC transmission allows for better control over power flow, ensuring that power can be efficiently
transmitted from areas of high generation to areas of high demand [9].

The increasing global demand for efficient, long-distance power transmission has highlighted the
restrictions of traditional AC transmission systems, especially for the transmission of power in bulk and grid
interconnections across enormous distances. The technique known as HVDC has become an effective
solution, known for its ability to transmit large amounts of power with minimal losses and enhanced stability
over long distances [10]. HVDC systems are especially advantageous in applications such as submarine
power transmission, asynchronous grid interconnections, and renewable energy integration, where AC
systems face operational and stability challenges [11]. MMCs, or modular multilevel converters, are now a
revolutionary advancement in HVDC transmission. Introduced as a scalable, modular solution, MMCs allow
for high power and high voltage applications by assembling numerous sub-modules in series to achieve the
necessary output voltage [12]. MMC technology not only provides superior voltage scalability but also
reduces harmonic distortion significantly, as MMCs produce a near-sinusoidal output waveform [13]. This
inherent quality reduces the need for complex and bulky filtering components, making MMCs suitable for
long-distance HVDC applications and high-quality power transmission [14]. MMC-based HVDC systems
have been shown to achieve high power quality with reduced total harmonic distortion (THD), contributing
to increased efficiency and stability in transmission networks [15]. When compared to previous voltage lift
methods like super lift converters and conventional boost converters, ultra-lift converters produce extremely
large output transfer gains with geometric growth. When compared, it also provides better efficiency and
smaller size [16].

A key benefit of MMC:s is their ability to independently control active and reactive power, a crucial
factor in modern power systems [17]. This capability enhances grid stability, particularly in systems
integrating variable renewable energy sources, including wind and solar [18]. Traditional HVDC systems,
typically relying on line commutated converters (LCCs), require robust AC grid support for reactive power,
making them unsuitable for weak grids or renewable-heavy applications [19]. In contrast, MMCs incorporate
voltage source converter (VSC) technology, which allows flexible operation across weak or fluctuating grid
conditions, making them an ideal choice for renewable energy integration and offshore power applications
[20]. An inter-pole cooperative control strategy [21] is proposed for an offshore wind-powered MMC-HVDC
system that is really bipolar. It has been suggested to use an upgraded fault ride-through method without
communication and without a DC chopper [22]. For an HVDC system's two converter stations, two fault
ride-through (FRT) techniques are proposed. The master converter station's DC voltage control loop receives
one FRT mechanism, while the slave converter station's active power control loop receives the other FRT
mechanism [23]. For the MMC, a modified nearest level modulation (NLM) control mechanism is suggested,
which yields 2N+1 levels, or twice as many levels as traditional NLM [24]. Three components make up
the hierarchical coordinated adaptive strategy and the adaptive droop control that is suggested for MMC
inverters [25].

2. MODULAR MULTILEVEL CONVERTERS (MMCs)

MMCs are advanced power converters that play a crucial role in systems that use high voltage direct
current (HVDC). MMCs are composed of numerous sub-modules connected in series, which allows for high
voltage scalability and modular design flexibility. Key features of MMCs in HVDC applications include:

- High scalability: MMCs can handle high power and voltage levels, making them ideal for HVDC
transmission and grid integration of renewable energy sources.

- Reduced harmonic distortion: The converter’s modular structure creates a smoother, nearly sinusoidal
voltage waveform, minimizing harmonic distortion and often reducing the need for large external filters.

- Fault tolerance: The modular design allows individual sub-modules to be bypassed in case of faults,
enhancing reliability and making maintenance more manageable.

- Efficient energy conversion: MMCs efficiently handle both active and reactive power, allowing for
effective voltage control, which is essential in long-distance and high-capacity HVDC transmission.
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- Dynamic control: MMCs offer robust dynamic control, including voltage stabilization and reactive
power control, which improves grid stability and supports various applications like offshore wind farms
and multi-terminal HVDC systems.

MMCs represent a breakthrough in HVDC technology by combining high performance with
modular flexibility, supporting sustainable and resilient power transmission. The HVDC transmission system
utilizing MMC:s offers a powerful and efficient approach for long-distance power transmission, aligning well
with the demands of modern electrical networks. In this project, MMCs are utilized to enhance HVDC
transmission performance through their modular structure, which consists of multiple sub-modules connected
in series. Figure 1 depicts the topology of the three-phase MMC circuit. This configuration enables high
voltage and high power scalability, making MMCs particularly suitable for ultra-long-distance HVDC lines
and high-capacity applications. The near-sinusoidal output voltage waveform generated by MMCs reduces
THD, significantly lowering the need for extensive filtering equipment and contributing to improved power
quality. MMCs also support separate management of reactive and active power, which is essential for
stabilizing voltage in HVDC systems and integrating variable renewable energy sources such as solar and
wind. Figure 2 shows MMC’s output voltage.
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Figure 2. MMC’s output voltage
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3. PROPOSED MODEL OF AN HVDC TRANSMISSION SYSTEM

According to the suggested model, a 500 MW DC (250 kV, 2 kA) connection is utilized for power
transmission from a 5000 MVA, 315 kV AC network. The network is dissembled using a LLR dampened
original with an 80-degree impedance angle at 60 Hz, including the 3rd harmonious. The motor motor and
the therapy are modeled using the universal bridge and transformer blocks. Instead of the traditional
6-pulse rectifier, an MMC is used for the rectification process. The MMC provides higher efficiency, better
harmonic performance, and more flexible operation compared to the conventional 6-pulse rectifier. Figure 3
shows a block diagram of HVDC transmission line.

The MMC 0.5 H smoothing reactor (LsR) connects the system's 300 km distributed parameter
transmission line. The inverter type includes a smoothing reactor (Lsl) for stabilization and a simple DC
voltage source that uses a diode to guarantee one-way flow of current. C-bank capacitors are part of a series
of filters used to fulfill the converter's reactive power requirements and filters that focus on higher-order,
seventh, and fifth harmonics. When combined, these elements offer a 320 Mvar of reactive power
adjustment. Furthermore, a circuit to simulate a rectifier-side DC line fault, a breaker is used. The system of
control incorporates two major blocks accompanied 6-palpitation creator (which in this case is acclimated for
MMC operation) and a regulator for PI current. The system of control ensures that the voltages transferred
are screened before entering the synchronization system through band-pass, second order pollutants. The
entire the control system is separated with a gap between slices of 43.4 psec (1/360/64).

Converter Converter Converter Converter
Generated Transformer (Rectifier) (Inverter) Transformer
ACVoltage B I 1 i »
Overhead Lines
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Transmission Line AC Voltage
Converter Station Converter Station to Grid

Figure 3. Block diagram of HVDC transmission line

4. SIMULATION RESULTS AND DISCUSSION

The proposed HVDC system, utilizing an MMC for both rectification and inversion, was simulated
using MATLAB/Simulink. The system transmits electricity from a 315 kV, 5000 MVA 315 MW DC link
that operates at 250 kV and 2 kA. AC network. To evaluate the HVDC system's effectiveness and
performance under several operating circumstances, the following simulations were run.

4.1. System configuration

The system configuration used in the simulation includes the following components. A damped LLR
equivalent with an 80-degree impedance angle at 60 Hz, including the third harmonic, represents the AC
network at 315 kV and 5000 MVA. Converter: a universal bridge and universal transformer block that
connects an MMC, or modular multilevel converter an MMC to the AC grid. Compared to conventional 6-
pulse converters, the MMC converts AC to DC and vice versa with great efficiency and less harmonic
distortion. Transmission line: a distributed parameter line (LsR = 0.5 H) that is 300 km long and has a
smoothing reactor. The inverter has a smoothing reactor (LsI) on the inverter side and a basic source of DC
voltage connected with a diode in series to compel one-way conduction. A collection of pollutants, including
high-pass, fifth, seventh, and C-bank pollutants. Filters: a collection of filters (high-pass, fifth, seventh, and
C-bank) providing a 320 Mvar in total reactive power compensation to maintain system stability. Figure 4
depicts the waveform of MMC'’s voltage.

4.2. Control system design

The control system was implemented using two main blocks. Synchronized MMC generator: This
block provides the necessary synchronization for the MMC, ensuring proper control of the voltage and
current. PI current regulator: A proportional-integral (PI) regulator was used to compare the DC line current
with the reference and adjust the firing angle (alpha) of the converter to maintain minimal error. The entire
control system was discretized with a sampling interval of 43.4 usec (1/360/64). Figure 5 shows the Control
voltage waveform.
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4.3. Results

Steady-state operation: Under steady-state conditions, the system was able to deliver a continuous
500 MW of power from the 315 kV AC network to the DC side at 250 kV, 2 kA. The MMC converter
showed high efficiency, with minimal losses and reduced harmonic distortion, because the THD is low. The
values observed on both the DC and AC phases. Transient response: The transient response of the system
was tested under fault conditions, such as DC line faults on the rectifier side. When the fault occurred, the
circuit breaker was triggered, and the MMC adjusted its operation to prevent damage to the system. After the
issue was fixed, the system returned returning to regular operations within a short time, demonstrating the
fault-tolerant nature of the HVDC system using MMCs. Recovery time: The system was able to recover from
the fault within 100 ms, with the inverter maintaining stability and smoothly ramping up the output voltage
and current.

Current regulation: During the fault condition, the PI current regulator effectively adjusted the firing
angle to bring the system back to steady-state operation, ensuring the DC line current matched the reference
after fault clearance. Figure 6 depicts the resulting waveform of current. Efficiency and harmonics: The
efficiency of the system was found to be higher than that of conventional HVDC systems using 6-pulse
rectifiers, primarily due to the modular design of the MMC, which reduces harmonic content and improves
overall power quality. Power losses: The total system losses were found to be minimal (approximately 1-2%
of the transmitted power), which is a significant improvement over traditional HVDC systems. Harmonics:
The MMC significantly reduced the harmonic distortion compared to a 6-pulse system. The THD on both the
AC and DC sides remained below 2%, indicating high-quality power transmission. Figure 7 depicts the THD
value of the output voltage.
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5. CONCLUSION

This paper presents the simulation and analysis of a three-phase grid interconnection system using a
HVDC link with a three-level MMC, evaluating its performance under various operating conditions. The
HVDC link enhances long-distance power transmission by reducing losses, increasing transfer capacity, and
ensuring reliable interconnections between grids. The MMC’s modular design enables scalability, low
harmonic distortion, and reduced switching losses, making it well-suited for high-performance applications.
Simulations in MATLAB/Simulink show the system achieving high-quality output waveforms with THD
below 2%, along with reduced voltage stress on components, improving overall efficiency. The HVDC link
further contributes to stability by damping power oscillations and providing reactive power compensation
during load changes and transient events. These results demonstrate that combining HVDC technology with
MMCs offers a robust, efficient, and flexible solution for modern grid interconnections. The study highlights
the potential of HVDC-MMC systems to transform future power networks by delivering enhanced stability,
scalability, and sustainability, while also establishing a strong foundation for further research aimed at
optimizing their efficiency, reliability, and integration into next-generation energy infrastructures.
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