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ABSTRACT This extensive review article provides a comprehensive analysis of control strategies for power 

sharing in Multi-Terminal High Voltage Direct Current (MT-HVDC) systems utilizing voltage source 

converters (VSC) and multi-level modular converters (MMC). MT-HVDC systems have become essential 

components of modern power infrastructures due to their ability to efficiently transmit energy over long 

distances, connect renewable energy sources, and enhance grid stability. Effective power sharing control is 

of uttermost importance in these systems for ensuring equitable energy distribution between terminals and 

grid reliability. The paper begins with a thorough explanation of the fundamental concepts underlying MT-

HVDC systems, emphasizing their significance, and examining the various configurations of such systems. 

The discussion then examines the functions of VSCs and MMCs in these systems, highlighting their distinct 

advantages and applications. The review analyses in depth the complex power sharing control strategies 

within VSC-based and MMC-based multi-terminal HVDC systems, as well as a number of control methods, 

algorithms, and optimization techniques. In addition, the article discusses difficulties and solutions associated 

with power sharing control in MT-HVDC systems, such as communication and synchronization issues. 

INDEX TERMS Cascaded controller, DC systems, High voltage direct current (HVDC), modular multi-

level converter (MMC) multi-terminal HVDC, Power Control Sharing, Voltage source converter (VSC). 

I. INTRODUCTION 

HVDC systems have become essential technology of 

significant importance for contemporary power grids 

within the rapidly evolving energy environment. These 

systems differ from more traditional Alternating Current 

(AC) transmission systems in a number of ways that resolve 

the issues and fulfill the needs of modern power networks. 

In the search for efficient, dependable, and sustainable 

energy transmission and distribution, HVDC systems and 

DC microgrids have ascended as transformative 

technologies that hold the key to a greener and more 

resilient future [1]. These breakthroughs have piqued the 

interest of researchers, engineers, and policymakers alike, 

hastening the development of power infrastructure and 

changing the future of energy management. HVDC systems 

are a ground-breaking solution to power transmission over 

long distances as these systems offer exceptional benefits 

[2] by overcoming the restrictions of traditional AC 

systems. In other words, by converting AC electricity to 

DC, HVDC decreases transmission losses and boosts 

system efficiency. Consequently, HVDC facilitates the 

effective integration of renewable energy sources (RES) 

situated in distant locations, such as offshore wind farms 

and solar installations [3]. This integration has been critical 

in promoting sustainable energy use and in inspiring 

accelerated advancements in HVDC technology [4], [5]. 

DC microgrids, on the other hand, have emerged as game-

changing alternatives for localized power delivery. These self-

contained energy systems run on DC power and have a 

number of advantages that increase efficiency and reliability 

[6]. By eliminating AC-DC conversions, DC microgrids 

reduce energy losses and improve overall system performance 
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[7]. Furthermore, they seamlessly integrate various DC power 

sources, including solar panels, energy storage systems, and 

electric vehicles, thereby enabling efficient utilization of 

renewable resources and facilitating grid decarbonization [8]–

[10]. For example, in reference [8], the authors describe the 

results of a demonstration study, in which the work includes 

building-integrated photovoltaic, a residential structure and a 

hydrogen fuel cell based electric vehicle (EV) indicated to 

provide mobility as well as electricity generation. The ultimate 

goal of the initiative is to achieve net zero-energy residential 

buildings. Adel and Sharafat [9] presented the design and 

testing of a self-contained solar photovoltaic (PV) system in 

conjunction with a DC microgrid. This system is designed to 

supply power to a wide range of DC and AC loads. In 

reference [10], the authors provide a detailed overview of 

hierarchical control systems that provide efficient and resilient 

control for a DC microgrid. 

In recent years, there has been a notable surge in research 

endeavors dedicated to the progress and utilization of HVDC 

and DC microgrid technologies. Pioneering investigations 

have delved into control methodologies, integration with the 

grid, and operational challenges, all aimed at unlocking the 

full capabilities of these technologies. Consequently, a wealth 

of knowledge has been accumulated, offering invaluable 

insights for the prospective implementation and expansion of 

HVDC and DC microgrid systems. 

This review article provides a comprehensive explanation 

of the essential ideas pertaining to MT-HVDC systems, 

highlighting their significance, and exploring the current 

configurations. Following this, the discussion explores the 

purposes of voltage source converters (VSCs) and multi-level 

modular converters (MMCs) in these systems, emphasizing 

their distinct benefits and uses. The review examines in depth 

the complex power sharing control strategies within VSC-

based and MMC-based multi-terminal HVDC systems, 

including a variety of control methods, algorithms, and 

optimization techniques. In addition, the article discusses 

challenges and solutions associated with power sharing 

control in multi-terminal HVDC systems. Additionally, it will 

delve into various control strategies, optimization techniques, 

and communication methods (both communicative and non-

communicative) employed in DC microgrid and HVDC 

systems. By scrutinizing the present state-of-the-art in this 

field, the objective of this review article is to contribute to the 

comprehension and development of effective and resilient 

control solutions for DC microgrids and HVDC systems. 

The rest of the review article is organized as follows: Section 

II describes the basic overview of MT-HVDC system 

followed by VSC, MMC, and their hybrid configurations. 

Section III describes the hierarchal control structure while 

Section IV describes the recent control methods of the HVDC 

system. The frequency control method is represented by 

Section IV. The research trends and their solutions are 

documented in Section V while the last section refers to the 

conclusions of the article.  
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FIGURE 1. Point to multipoint representation of MT-HVDC system. 

II. MULTI-TERMINAL HVDC SYSTEMS 

Contemporary electrical power grids rely heavily on multi-

terminal DC (MTDC) systems, alternatively referred to as 

multi-terminal high voltage direct current systems. Multiple 

HVDC terminals can be connected simultaneously with the 

help of these systems, greatly boosting the functions of 

power transmission, distribution, and grid control. MT-

HVDC systems involve three or more terminals as opposed 

to standard point-to-point HVDC systems, effectively 

creating a networked infrastructure for the delivery of 

electricity [11]. They are specifically made to be seamlessly 

integrated into current AC grids, easing the transfer of power 

between various areas or nations. With their sophisticated 

capabilities for managing and directing power flow, MT-

HVDC systems enable real-time modifications in electricity 

distribution. By controlling power quality, reducing 

congestion, and enabling effective long-distance electricity 

transfer, their use can improve grid stability. 

A. MULTI-TERMINAL CONFIGURATION TYPES 

1) POINT TO MULTIPOINT 

A single central terminal is connected to numerous outlying 

terminals in this configuration. It is frequently employed in 

hub-and-spoke configurations, in which power is delivered 

from a single central location to numerous distant sites. Figure 

1 denotes the point to multipoint MT-HVDC system. 

2) MESHED NETWORK 

Each terminal in a meshed network is linked to numerous 

other terminals, forming a complicated grid. This setup 

increases grid resilience and provides redundancy and 

flexibility in power transmission. The schematic diagram of 

meshed-based MT-HVDC system is shown in Figure 2 which 

represents the generalized perspective, focusing on the 

overarching structure and functionality rather than specific 

voltage values.  Indeed, the DC voltage at the input side of an 

MT-HVDC system is subject to various influencing factors. 

These include the design specifications of the converters, the 

characteristics of the AC power source, and the specific 

requirements of the DC grid. Selecting the appropriate DC 

voltage level involves careful consideration of factors such as 

transmission distance, power capacity, and overall system 

stability. 

For instance, in reference [12], the authors employed a four-

terminal meshed bipolar MTDC system connecting two AC 
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grids with wind farms via overhead lines. In this specific case, 

the DC voltage level was set at 500 kV (± 250 kV). This choice 

was likely informed by considerations such as the distance 

between the AC grids and wind farms, power transfer 

capabilities, and system reliability requirements. Similarly, in 

reference [13], the authors have presented the line data and 

system configurations for the CIGRE systems. 

3) HYBRID NETWORK 

Hybrid network is the combination of point to multipoint and 

mesh network systems. Figure 3 shows the schematic diagram 

of hybrid network configuration inspired by [14].  

MT-HVDC systems, which provide effective, adaptable, and 

dependable solutions for long-distance power transmission, 

renewable energy integration, and improved grid stability, are 

crucial components of contemporary power grids. In the 

changing energy landscape of today, their capacity to link 

asynchronous grids and to offer redundancy makes them 

indispensable. 

 

FIGURE 2. Schematic diagram of Meshed based MT-HVDC system. 

 

 
FIGURE 3. Schematic Configuration of the hybrid network. 
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FIGURE 4. VSC-based HVDC system [15]. 

 

B. VOLTAGE SOURCE CONVERTERS IN MT- HVDC 
SYSTEM 

VSCs are crucial components of modern HVDC systems that 

introduce a paradigm shift in the control and transmission of 

electrical power. In order to address the growing demand for 

flexible, effective, and high-caliber power transmission, 

VSC technology occupies a major role, confirming its 

indispensable status in today's power networks. Within 

HVDC systems, VSCs are responsible for converting AC 

power to DC and vice versa. They excel in carefully 

controlling power flow, making it possible to transport 

energy across great distances with efficiency. The 

incorporation of RES like solar and wind into the grid is 

particularly well suited for VSC-based HVDC systems, 

which are skilled at handling variable power supply and 

guaranteeing flawless grid operation. Additionally, VSCs 

greatly improve grid stability by correctly and quickly 

adjusting frequency and voltage, hence reducing voltage 

swings and enhancing grid resilience during disturbances 

[15].  
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FIGURE 5. VSC layout of (a) two-level (b) Three-level. 

 

Figure 4 shows the fundamental framework of a VSC-based 

HVDC system which shows that the DC voltage rating is 

60kV, while the allowed maximum power to be transferred 

is 100MW [15]. 

VSC technology allows for sophisticated regulation of 

power distribution among terminals and grid interconnection 

in multi-terminal HVDC systems [16]. After a blackout, it 

can start the grid restoration process, offering black start 

capabilities and helping with grid resynchronization. Based 

on their voltage levels and control methods, VSCs can be 

classified into: the two-level and three-level VSC layouts as 

shown in Figure 5. These two topologies are the most 

popular VSC variants [17], [18]. 

1) TWO-LEVEL VSC 

A two-level VSC has two voltage levels, which are often 

indicated by the symbols +Vdc and -Vdc, where Vdc stands 

for the DC link voltage. Insulated gate bipolar transistors 

(IGBTs) or other analogous semiconductor switches are 

used. The voltage applied to the load in this configuration 

can either assume the full positive or full negative DC link 

voltage. Even though this design is simple, the resulting 

output voltage pattern may have more harmonics as a result. 

2) THREE-LEVEL VSC 

A three-level VSC uses additional switching components 

such as Neutral Point Clamped (NPC) or flying capacitor 

topologies to provide three voltage levels, which are often 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3400682

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 

4 
 

denoted as +Vdc, 0, and -Vdc. These extra elements help to 

reduce harmonic content and create a smoother voltage 

waveform. The three-level VSC adds an additional level of 

zero voltage, which reduces the output voltage's harmonic 

content and eventually produces a cleaner waveform. 

VSC technology effectively facilitates the integration of 

renewable energy sources while providing precise control, 

improving grid stability, and upgrading current HVDC 

systems. The exact requirements of the HVDC system 

determine which VSC architecture should be used; three-

level VSCs are frequently privileged due to their lower 

harmonic content and smoother voltage waveforms. 

C. MULTI-LEVEL MODULAR CONVERTERS IN MT-HVDC 

A notable development in the fields of power electronics and 

high-voltage direct current (HVDC) technology is the Multi-

Level Modular Converter (MMC). Due to its exceptional 

performance and several advantages in terms of efficiency, 

grid integration, and system dependability, MMC 

technology has received a great deal of attention and praise. 

The landscape of HVDC and renewable energy systems has 

been significantly altered by this ground-breaking power 

conversion technique. The outstanding ability of MMC 

technology to manage high voltages makes it particularly 

ideal for ultra-high voltage applications like long-distance 

power transmission. MMC configurations produce an output 

voltage with little harmonic content, resulting in a more 

pristine waveform [19], [20]. This feature helps to reduce 

electromagnetic interference and improve the effectiveness 

of the entire system. Because of its modular design, MMC is 

adaptable and can be customized to a variety of power ratings 

and voltage levels. For a wide range of applications across 

numerous industries and grid environments, this versatility 

is essential. Additionally, its ability to monitor and control 

power flow makes it easier to securely connect asynchronous 

AC networks and manage renewable energy sources. Power 

semiconductor components, capacitors, and voltage sources 

are used in combination by Multi-Level Modular Converters 

(MMC) to carry out their functions. Figure 6 shows the core 

schematic diagram for MMC-based HVDC. Two main 

categories can be used to classify these arrangements [21]: 

1) HALF-BRIDGE MMC 

Each sub-module in a half-bridge MMC is made up of a half-

bridge circuit coupled to a capacitor. To achieve the desired 

voltage level, these sub-modules are stacked in series. The 

operation entails switching semiconductor devices to 

generate numerous voltage levels. The capacitors store and 

release energy, enabling the converter to generate a nearly 

sinusoidal output voltage with low harmonic content. The 

half-bridge MMC is a basic device that is ideal for medium-

voltage applications [20]. 

2) FULL-BRIDGE MMC 

A full-bridge Multi-Level Modular Converter (MMC) 

employs full-bridge sub-modules, each of which has two 

semiconductor devices and a capacitor. A full-bridge MMC 

operates similarly to a half-bridge MMC, except it integrates 

more sub-modules per arm. This configuration produces 

more voltage levels, which contributes to a more pronounced 

reduction in harmonic content within the output voltage. 

Full-bridge MMCs are commonly used in high and ultra-

high voltage HVDC applications [22].  
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FIGURE 6. The modular multi-level converter structure diagram. (a) 
Modular multilevel converter (MMC) topology; (b) Half-bridge sub-
module; and (c) Full-bridge submodule. 

The modular multi-level converter layout is shown in Figure 

6 where SM represents a sub-module of the  half-bridge 

topology[23] . 

3) HYBRID CONFIGURATIONS 

In order to construct a Multi-Terminal HVDC (MT-HVDC) 

system, a hybrid configuration of a HVDC system combines 

two different kinds of converters: (1) Voltage Source 

Converters (VSC) (2) Line-Commutated Converters (LCC). 

Employing a hybrid strategy, each converter technology's 

distinct benefits are brought to bear for a variety of 

applications [24], [25]. VSC and MMC technology are 

combined inside a single system in hybrid designs for multi-

terminal HVDC systems. In this configuration, VSCs and 

MMCs collaborate to take advantage of the benefits of each 

technology. With improved control, dependability, and grid 

performance, this combination offers a flexible and effective 

solution for different grid applications. The hybrid approach 

offers more flexibility in regulating electricity flow, 

maintaining voltage, and ensuring grid stability by allowing 

for advanced control tactics. The performance of the system 

can be real-time optimized by tweaking the control 

algorithms. MMCs are renowned for creating high-quality, 

low-harmonic AC waveforms. Cleaner output voltage, 

which is necessary for sensitive loads and lowers 

electromagnetic interference, is made possible by combining 

MMCs and VSCs. The system has redundancies because 

both VSCs and MMCs are present. The hybrid system's other 

technologies can continue to function if one component fails, 

reducing the chance of a total system shutdown and ensuring 

grid resilience [23], [26]–[28]. 

III. HIERARCHICAL CONTROL 

The hierarchical control structure consists of three levels: (1) 

Primary (2) Secondary (3) Tertiary. It divides control 

objectives into multiple levels, each controlling specific 
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tasks: primary focus on controlling the voltage and current 

control loops by using local measurements; secondary 

control layer focuses on restoring voltage, frequency and 

power mismatches in case of disturbance in the system; 

tertiary control focus on optimizing the system performance 

in economic and power management. Hierarchical control is 

a common concept in HVDC and DC microgrid systems 

where the primary control receives its set point from the 

secondary control, and the secondary control receives its set 

point from the highest control at the tertiary layer.  
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FIGURE 7. Hierarchical structure of the power control 
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FIGURE 9. Structure of the secondary controller 

Nevertheless, one of the primary limitations of hierarchical 

control systems is the necessity for communication lines 

between the layers. Figure 7 represents the hierarchical 

structure of the power control. 

 

A. PRIMARY CONTROL LAYER 

The primary or local controller, as shown in Figure 8, 

represents the first and fastest level in hierarchical control, it 

employs a centralized or decentralized control technique to 

provide active and reactive power and load sharing between 

converters and Distributed Generators (DGs), it also uses 

different controllers like power and current controllers to 

provide internal control, which is done by controlling voltage 

and current output of the converters [29]–[32]. 

B. SECONDARY CONTROL LAYER 

The secondary controller functions similarly to an Energy 

Management System (EMS) and can operate in centralized, 

decentralized, or distributed configurations. Primarily, it 

consists of a voltage and/or current regulator intended to 

dampen oscillations caused by the primary controller. In 

essence, its function within the hierarchical control 

framework is to manage power quality, thereby augmenting 

the operation's dependability and safety [33]–[35][36]. 

Figure 9 shows the basic structure of the secondary 

controller. 

C. Tertiary control layer 

This control layer is the highest level in a hierarchical 

Central 
controller

Central 
controller

 
FIGURE 10. Generic model of centralized control 

 

control structure and it is often employed in complex systems 

such as HVDC and DC microgrid systems. Its main purpose 

is to boost the system's efficiency and effectiveness, with a 

focus on saving money and conserving energy. Economic 

efficiency is optimized by the tertiary control layer, which 

considers energy costs, income generation, and resource 

distribution. This level's goal is to maximize profits while 

simultaneously minimizing operating expenses [37], 

[38]. 

This layer plays a crucial role in regulating power 

distribution. When renewable energy sources are used, it is 

able to effectively distribute energy by modifying the 

reference points for various components [39], [40]. Tertiary 

control acts as a mediator and translator between the primary 

and secondary levels of control. It communicates directional 

information from the secondary control layer to the primary 
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control layer. The efficiency of the system depends on the 

quality of the communication between the tertiary control 

layer and the lower control layers, which enables 

adjustments and responses to be made in real time [41], [42]. 

The writers of reference [41] employed tertiary control to 

establish reasonable reference values for primary and 

secondary controls. To achieve this goal, they used Security 

Constrained Economic Dispatch (SCED), which enabled 

them to create an effective and secure HVDC/AC network 

architecture. In reference [42], the system's energy was 

monitored and regulated via tertiary control. 

IV. POWER DISTRIBUTING CONTROL APPROACHES 

In modern power systems, especially MTDC designs, power 

sharing is an essential component. In order to maintain 

dependable service, it is necessary to distribute electricity 

among many sources or terminals. Power sharing controllers 

have come a long way in recent years, playing a crucial role 

in ensuring efficient and accurate power distribution and  

control [10]. 

A. CENTRALIZED CONTROL 

This sort of centralized control as shown in Figure 10 collects 

information from each converter and delivers instructions to 

each converter, allowing for worldwide coordination. A 

central unit oversees monitoring and controlling the power 

and voltage levels in a system. It accomplishes this by using 

a communication channel to establish common reference 

points for all converters. This strategy improves control and 

precision when it comes to regulating voltage and frequency 

variations. Nonetheless, the centralized control system's 

dependability is subject to the resilience of the 

communication network, which may be jeopardized in the 

event of network failures [29], [43], [44]. 

1) FUZZY LOGIC CONTROL 

Fuzzy logic, a powerful mathematical tool, has a wide range 

of applications, including HVDC and DC microgrid systems. 

Fuzzy logic provides a flexible framework for decision-

making and control inside these systems, analyzing and 

interpreting uncertain and imprecise data effectively. HVDC 

and DC microgrid systems can improve many key activities 

such as power flow optimization, voltage control, and fault 

detection by incorporating fuzzy logic, all with the aim of 

increasing the dependability, stability, and efficiency of 

emerging energy systems. Recent research has presented 

novel ways based on fuzzy logic [45]–[48]. For instance, the 

authors in [48] presented a fuzzy logic-based adaptive droop 

control system. This method makes use of an expert's 

knowledge to calculate the proper droop coefficient based on 

expected system behavior. This is accomplished by 

monitoring DC voltage deviation and power capacity margin 

and making dynamic modifications to lower DC voltage 

deviation. Another study [47] proposed a fuzzy logic-based 

power management system to handle power sharing 

difficulties in DC microgrids caused by the intermittent 

nature of RS. The goal of this technology is to improve 

power sharing and bus voltage stabilization. The 

recommended control tactic is based on changes in power 

availability from sources as well as voltage regulation. Pena-

Aguirre et al. [46] also presented a fuzzy logic-based power 

management technique (PMS) for residential DC microgrids. 

This novel technique finds a balance between extremely 

simple and overly sophisticated systems, answering the 

requirement for practical implementation in resource-

constrained devices. The suggested PMS includes a small set 

of rules to provide continuous power supply, minimize 

storage unit utilization, and maintain balance among various 

power sources, storage units, and loads. 

B. DECENTRALIZED CONTROL 

In this type of control, each controller works solely, and there 

is no communication between the controllers as shown in 

Figure 11. It has high reliability because it is independent of 

communication but suffers from many drawbacks, such as 

voltage division when controlling the power, stability 

problems, and accurate power sharing. 

1) DROOP CONTROL 

Researchers have proposed different droop-based control 

approaches aimed at balancing DC voltage management and 

equitable power distribution. Tang and Zhao presented an  
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FIGURE 11. Generic model of centralized control 

 

upgraded droop control strategy in reference [50] that 

distributes a common connection point across converters 

within a network. Total power is determined by voltage 

control at this single connection point rather than depending 

on local measurements from each converter. This approach, 

however, has a drawback where it ignores the local voltage 

of individual converters. When one converter's local voltage 

reaches its maximum or minimum value, it might have a 

negative impact on active power sharing. Another study,  

presented in reference [49] proposes an adjustable droop 

control approach based on decoupled DC-voltage and 

frequency variations. Another reference [51] proposes droop 

control for MMC-based MTDC networks, which includes a 

mutual control mechanism to regulate DC voltage droop. 

This methodology serves as a thorough tool for ensuring that 

both converters and system restrictions are followed when 

operating MTDC networks in droop control mode. 

2) DECENTRALIZED COOPERATIVE CONTROL 

The authors in [52] have suggested a decentralized control 

strategy based on power and frequency relationships. The 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3400682

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 

7 
 

system consists of three converters connected to the 

mainland and renewable energy sources (RES). The system 

operates normally in the dead band area, but when the 

frequency increases to the increment band, the converters in 

reverse power transfer and two-direction converters deliver 

maximum power, while the forward-direction converter 

delivers minimum power. RES stops generating power when 

the frequency increases to the increment band. When the 

frequency increases to the increment band, the power grid in 

charge of reverse power transfer will deliver the minimum 

power, while the other two will deliver the maximum, and 

RES will operate in MPPT mode. 

3) FEEDFORWARD CONTROL 

The feedforward mechanism is used to improve DC voltage 

control and power sharing. In reference [53], the authors 

employed a feedforward technique to supply the current 

controller of the converter unaffected by AC side load 

requirements. The converters were designed in the dq 

reference frame, with the d-axis controlling the DC voltage 

and active power and the q-axis controlling the AC voltage 

and reactive power. To cancel out the influence of the load 

current on the VSC, maintain the DC voltage and active 

power setpoints, and prevent unwanted reverse power flows 

through the converters during disturbances or demand 

changes in the AC networks, a feed-forward signal 

containing the d and q axes of the load current is added. 

Mehrasa et al. [54] proposed a control approach that 

combines both feedback and a feed-forward strategy. This 

method was utilized to control the power sharing between 

two inverters, with the objective of sustaining grid strength 

and achieving a unity power factor. Voltage and current 

control loops are created with a combination of feedback and 

feed-forward techniques in order to dampen filter capacitor 

voltage fluctuations based on the following equations:  

(𝑢𝑐𝑑𝑖)𝐹𝐵 =

(𝑘𝑝𝑑
𝑖 +

𝑘𝑖𝑑
𝑖

𝑠
) 𝑒𝑑

𝑖 − 𝜔𝐿𝑐𝑖𝑖𝑐𝑞𝑖 + 𝑣𝑐𝑑 

𝑣𝑑𝑐𝑖

 (1) 

(𝑢𝑐𝑞𝑖)
𝐹𝐵

=

(𝑘𝑝𝑞
𝑖 +

𝑘𝑖𝑞
𝑖

𝑠
) 𝑒𝑞

𝑖 + 𝜔𝐿𝑐𝑖𝑖𝑐𝑑𝑖 + 𝑣𝑐𝑞

𝑣𝑑𝑐𝑖

 
(2) 

(𝑢𝑐𝑑𝑖)𝐹𝐹 =
𝑘𝑣𝑑𝑒𝑑

𝑣 + 𝑘𝑖𝑑𝑖𝑐𝑑𝑖
∗

𝑣𝑑𝑐𝑖
 (3) 

(𝑢𝑐𝑞𝑖)
𝐹𝐹

=
𝑘𝑣𝑞𝑒𝑞

𝑣 + 𝑘𝑖𝑞𝑖𝑐𝑞𝑖
∗

𝑣𝑑𝑐𝑖

 (4) 

Where 𝑒𝑑
𝑖 = 𝑖𝑐𝑑𝑖

∗ − 𝑖𝑐𝑑𝑖 , 𝑒𝑞
𝑖 = 𝑖𝑐𝑞𝑖

∗ − 𝑖𝑐𝑞𝑖, 𝑒𝑑
𝑣 = 𝑣𝑐𝑑

∗ − 𝑣𝑐𝑑 , 

and 𝑒𝑞
𝑣 = 𝑣𝑐𝑞

∗ − 𝑣𝑐𝑞 . By combining Equations (1)-(4) we get: 

 
𝑢𝑐𝑑𝑖 = (𝑢𝑐𝑑𝑖)𝐹𝐵 + (𝑢𝑐𝑑𝑖)𝐹𝐹  

 (5) 

𝑢𝑐𝑞𝑖 = (𝑢𝑐𝑞𝑖)
𝐹𝐵

+ (𝑢𝑐𝑞𝑖)
𝐹𝐹

 (6) 

4) ADAPTIVE DECENTRALIZED DROOP CONTROL 

Adaptive droop-based control is used to improve power 

sharing accuracy and maintain power equilibrium, especially 

during converter station outages. However, this approach's 

reliance on communication technologies can have a negative 

impact on reliability. Recent research has attempted to 

overcome this by providing decentralized control approaches 

based on adaptive droop principles.  

Reference [55] offers an illustration of a decentralized 

control method utilizing adaptive droop, which encompasses 

primary and secondary layers. The elementary layer 

manages power sharing without depending on 

communication by making adaptive droop adjustments 

based on electric pricing and State of Charge (SoC). The 

secondary layer includes an integrator block to reduce DC 

voltage variations caused by droop control. 

Similarly, [56] presents a decentralized adaptive droop 

system centered on energy sharing. The rectifier converter in 

this design uses a typical droop converter (V-P) to manage 

DC voltage. In the event of a rectifier station overload, the 

operator assigns a specific power setpoint to each converter. 

Each converter evaluates the power available in the rectifier 

in a unique way. 

Pavailable = (
((Idc

i ∗Rdc
i )+Vdc

meas )+Vdc
nominal 

Vdc
max −Vdc

min ) ∗ Pdc
max   (7) 

Where 𝑉𝑑𝑐
min  and 𝑉𝑑𝑐

max  represent the minimum and maximum 

permissible voltages, respectively. 

 
FIGURE 12. Generic model of distributed control 

 
Table 1 Comparison of centralized, decentralized, and distributed control 

methods. 

 Centralized Decentralized Distributed 

Reliability Poor [60] Maintained [60] 
Maintained 

[60] 

Freedom Low [61] High [61] Good [61] 

LC Control 

By 
Central unit [5] 

Local 

measurement 

[52] 

Communication 

links [61] 

Operation 
Optimal and 

efficient [20] 

Optimal with 

limit [55] 
Optimal [62] 

Central 

Controller 
Dependent [5] Independent [52] 

Independent 

[59] 

Power 

Sharing 

Control 

High [48] Low [52] High [59] 

Plug & Play Poor [63] Easy [63] 

Requires 

communication 

link [63] 

 

5) DECENTRALIZED SECONDARY CONTROL 

In a decentralized control system, a secondary controller 

works alongside the primary controller to perform specific 
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duties, particularly in the presence of disruptions or 

communication failures. In the study [57], a decentralized 

secondary controller was introduced to collaborate with the 

Master-Slave control system, demonstrating this point. The 

secondary controller involves only slave converters and is 

responsible for voltage and frequency monitoring. It 

responds to errors by initiating three modes to resolve system 

problems. In addition, in [58], a novel decentralized 

secondary control strategy for the Multi-Terminal DC 

(MTDC) system was implemented. This strategy is intended 

to restore system frequency and to modify the power sharing 

ratio by utilizing generator-specific parameters. 

C. DISTRIBUTED CONTROL 

This type of control method is a hybrid of decentralized and 

centralized control strategies. There are some advantages to 

taking both types, as shown in Figure 12, where each 

controller unit has a communication link between 

neighboring control units to achieve many objectives such as 

power sharing and equal power sharing. If there is 

communication loss, the system will operate normally but 

without the advantages of communication. The biggest 

drawback is that the system is dependent on the 

communication link for accurate power sharing, equal load, 

and voltage deviation [59]. Table 1 indicates the comparison 

of centralized, decentralized, and distributed control 

methods. 

1) DISTRIBUTED COOPERATIVE CONTROL 

The authors of reference [59] presented a nonlinear, time-

varying droop gain that is independent of communication 

systems. This method is essential for voltage regulation and 

ensures equitable power distribution by communicating with 

nearby converters. Another control approach is presented in 

[64], which describes a protocol-based strategy. This 

network consists of a frequency regulation subagent and a 

load ratio subagent in order to maintain frequency stability 

and balance power distribution between connected stations 

within the same AC grid. The local controller manages DC 

network voltage stability and power distribution among VSC 

stations. It integrates conventional P-V control with power 

and current regulators. In addition, [65] presents a model-

free, (V-I) based distributed cooperative frequency control 

technique. This method is appropriate for large-scale 

systems because it does not rely on a mathematical model of 

the MT-HVDC system.  

2) MULTI-AGENT DISTRIBUTED CONTROL 

The article cited in [62] examines a multi-agent system with 

two primary objectives. Based on the Distributed Energy 

Resources (DER) rating, the first objective is to attain 

voltage and frequency parity between nodes. The focus of 

the paper is on frequency control for active power and 

voltage control for reactive power. Adjusting control 

parameters and monitoring the errors of neighboring agents 

resolves these issues. Each generator or energy source has a 

maximal generation capacity, thereby introducing the 

following generation limitation: 

Pmin ≤ Pi, Pj ≤ Pmax and Qmin ≤ Qi, Qj ≤ Qmax   (8) 

Likewise, when considering the maximum acceptable 

frequency deviation, the droop gain must fall within a 

specific range, resulting in constraints on the droop gain, as 

follows: 

0 ≤ mPi, mPj ≤
Δfmax

Pmax

 

0 ≤ mQi, mQj ≤
Δvmax

Qmax

 

(9) 

It is suggested in [66] to use a voltage observer to manage 

the voltage in order to rectify the power mismatch in the 

primary droop controller. Based on their local measurement 

and the estimation of their neighbours, each observer makes 

an estimate of the voltage value. It will use communication 

links to provide a fresh estimate to the secondary control in 

case of a voltage variation. It will also employ neighbouring 

converter communication to rectify power mismatches in 

power sharing depending on droop gain. 

3) HIERARCHICAL DISTRIBUTED CONTROL 

The proposed strategy in reference [67] presents a 

hierarchical distributed control that comprised of a phase-

autonomous implicit synchronous generator (P-VSG), a 

distributed secondary power flow regulator, and a distributed 

secondary voltage regulator.  

The P-VSG controller is deployed for primary control of 

distributed generator (DG) units. It enables individual and 

adaptable power and voltage control for each phase, with the 

ability to independently regulate the magnitude of each 

phase. An active power sharing regulator ensures 

equilibrium among phase powers while preserving proper 

power distribution among DG units. Similarly, a reactive 

power sharing regulator maintains balance in reactive power 

sharing. Voltage regulation comprises a secondary voltage 

regulator and a voltage unbalance factor (VUF). 

D. MASTER SLAVE WITH DROOP CONTROL 

In traditional master-slave systems, one converter serves as 

master, while the remaining converters serve as slaves. The 

master converter is in charge of voltage management, while 

the slave converters operate in constant power mode. The 

dependency on communication infrastructure is an inherent 

shortcoming of this control mechanism. Several research 

have advocated the installation of master-slave systems with 

droop control to reduce this dependency. 

To improve system reliability, another approach, as 

detailed in [68], involves using a master-slave system with 

adaptive droop control. This entails modifying the master 

converter's voltage regulation until it enters a preset dead 

zone. Slave converters then act in power control by boosting 

or decreasing power output. Alyami in [69] discusses the use 

of master-slave systems with droop control in Modular 

Multilevel Converter (MMC) converters. The focus of this 

study is on a Multi-Terminal DC (MTDC) grid with four 

MMC terminals. MMC-A, MMC-C, and MMC-D are all 

onshore, whereas MMC-B is located offshore. Onshore 

MMCs provide greater flexibility in importing power into 

the DC connection, demanding coordinated measures to 

avoid power imbalances during outages. Furthermore, the 
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author in [70] offers a unique nonlinear droop (ND) 

controller-based adaptive master-slave (AMS) control 

technique. One master station and multiple slave stations 

with ND control compose the AMS system. The master 

station maintains constant DC voltage control, whereas the 

slave stations determine their operational statuses using DC 

voltage. 

E. AUTONOMOUS CONTROL 

The concept of autonomous control is emerging as a 

response to the limitations of centralized control systems 

caused by communication loss. It entails the addition of a 

decentralized or distributed controller with its own set of 

goals for dealing with malfunctions, communication 

disruptions, or system disturbances. In the context of [71], an 

autonomous supplemental controller capable of proportional 

power distribution and voltage regulation is proposed. To 

improve system accuracy and dependability, this 

autonomous control system employs both feedback and 

open-loop techniques. Yang et al. [72] introduce a flexible 

control technique for managing power flow in DC lines that 

makes use of an enhanced HVDC grid analytical model and 

an adaptive droop control approach. This method is based on 

a linear equation, which eliminates the need to solve complex  

Optimizer/

Regulator
Plant

Predictor

 
-

Cost 

Function
Constraints

MPC

Plant
Desired 

Value

 
FIGURE 13. MPC control structure [83] 

 

global AC-DC power flow equations, lowering 

computational complexity. It can regulate specific DC line 

powers separately or distribute them proportionally among 

DC lines. The authors of [73] suggest a DPC-VCC 

coordination technique that focuses on enabling timely 

power-sharing between converters during substantial 

disturbances at one of the converter stations. 

F. MODEL PREDICTIVE CONTROL (MPC) 

The model predictive control (MPC) strategy as shown in 

Figure 13 offers a fast and dynamic response that can predict 

future status and output. The proposed approach offers the 

benefit of handling multiple input-output challenges, 

formulated as an optimization problem with flexible system 

inputs. Despite its numerous advantages, Model Predictive 

Control (MPC) has several drawbacks, as detailed in 

references [74]–[77]. These disadvantages encompass the 

need for a substantial number of weighting factors in 

experimental design and the complexity of employing a trial-

and-error approach. In reference [78], the authors introduced 

the Sequential Modular Predictive Control (SMPC) method 

to address this issue. It involves optimizing for a constant 

value denoted as "k" at each sampling point. To tackle the 

challenge of finding the optimal control solution, a series of 

inputs is generated and optimized based on the established 

cost function, considering measurements of the converter's 

current state and previous inputs. This process is then 

repeated at the next sampling constant, k + 1. In reference 

[79], the authors introduced a central controller based on 

MPC to address power imbalances in transformers using a 

small signal model. Similarly, MPC is utilized in reference 

[80] to mitigate voltage deviations and manage reactive 

power fluctuations in Offshore Wind Farms (OWFs). The 

authors in reference [81] employed the alternating direction 

multiplex method (ADMM) to solve the MPC problem in a 

decentralized manner without sacrificing the optimality of 

the primal problem. 

G. ADAPTIVE DROOP CONTROL 

The authors of [83] propose an adaptive voltage droop 

control based on reference power that improves the 

performance of the VSC-MTDC system during significant 

disturbances by dynamically adjusting the control factors 

associated with reference power. In a related article [84], the 

authors describe a method in which the optimal selection of 

voltage droop gain occurs in response to alterations in power 

generation. This selection is based on an algorithm that 

ensures the interconnected networks' minimal requirements 

are met. A novel technique known as Power Margin (PMT) 

droop control is proposed in [85]. A power margin correction 

factor is incorporated into the droop coefficient in PMT, 

establishing a quadratic relationship between voltage and 

power. This allows each station to make adaptive power 

margin adjustments. Reference [86] introduces a cost-based 

adaptive (CBA) droop control for VSC- MTDC systems. 

This approach utilizes an enhanced economic dispatch 

technique to calculate the cost-based droop gain, aiming to 

reduce active power generation costs while ensuring 

compliance with generation and power balance constraints.  

The authors of [87] propose a novel adaptive droop control 

method that employs a distributed consensus algorithm for 

frequency backing and power allocation. This strategy is 

composed of three levels: a lower level of control, a 

consensus stage, and a coordination by optimization stage. 

The consensus phase computes error corrections for the 

droop coefficient based on data collected from neighboring 

entities. The lower level of control includes droop control, 

frequency regulation, and DC-link voltage regulation. 

Coordinated optimization seeks to minimize the MTHVDC 

network's cost functions. Similarly, the article [88] presents 

an adaptive time-graded control method based on basic 

power system protection concepts. Table 2 provides a 

detailed comparison of numerous power-sharing strategies. 
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Table 2 Comparison of power sharing control methods 

Control 

Techniques 
Concept Advantage Disadvantage Ref 

Fuzzy Logic 

Control 

Uses degrees of truth to handle 
ambiguity and uncertainty in 

decision making processes. 

• Flexible in decision making 

and control 

• Optimize critical operations. 

• Relies on human expertise to define a 

membership function 

• Lack of standardization 

[45]–

[48] 

DC Droop 

Control the droop using measures 

from PCDC. 

 

• Better control of power 

distribution 

• Improved voltage regulation. 

• The system may deteriorate due to neglect 

of local voltage. 
[50] 

Uses double droop gain. 

• Increases DC voltage 

• Frequency support 

• Minimizes the relations 

between DC and AC grids 
induced by double droop 

control. 

• No stability analysis was conducted, so 

stability limits are unknown. 
[49] 

Decentralized 

Cooperative 

All the HVDC grids participate in 
controlling the power and 

frequency. 

• Great control over the 

frequency. 

• High reliability.  

• Good power control over 

renewable sources 

• Two of the HVDC grid is just one 

directional power. 
[52] 

Feedforward 

Feedforward technique is employed 
Seamless operation during 
unbalanced grid conditions. 

• Complexity of control strategies. [53] 

Feedforward- feedback technique is 
employed 

• Maintain a unity power factor 

• Optimal Performance. 

• Implementation Challenges 

• Sensitivity problems. 
[54] 

Adaptive 

Decentralized 

Control. 

Based on the electric price and the 
SoC. 

No communication and consider 

the voltage division in the 
calculation of droop gain and the 

droop gain Have a limit by CGR. 

• No power sharing and equal load. [55] 

Adaptive, wireless Excellent power sharing • High voltage deviation.       [56] 

Secondary 

Decentralized 

Control 

Works in case of disturbance in the 
master slave primary layer. 

• High reliability 

• Good power sharing. 

• The need for communication in the primary 

layer 

• Complex design. 

[57] 

decentralized secondary control 

strategy for the MTDC system was 

implemented. 

• Effective power sharing 

• Reliable. 
• High frequency deviation. [58] 

Distributed 

Cooperative  

Control 

Nonlinear time-varying droop gain. 

• Good reliability on the 

voltage. 

• Good power sharing only 

with communication. 

• Equal load only with 

communication. 

• The voltage is independent of 

communication. 

• The system power is not stable in case of 

communication loss. 
[59] 

Comprising a frequency regulation 
sub-agent (FRA) and a load ratio 

sub-agent (LRA) designed to 

provide frequency support. 

• Effectively mitigates the 

variation in the DC-bus 

voltage resulting from power 

reallocation and frequency 
support. 

• Susceptible to degradation due to 

communication delays. 
[64] 

VI-based distributed cooperative 

frequency control strategy. 

Model free and learns from the 

present and the past sampling 

data of frequency in the absence 
of the mathematical model of 

MT-HVDC systems. 

• Some system parameters, such as the 

parameters p, q and γ of the local 
performance index, impose a significant 

influence on the control effect 

[65] 

Multi-agent control 

Alters each DER’s active power 
output to reduce the deviation from 

the desired power sharing ratio. 

• Frequency variation due to 

primary control can be 

rectified, accurate, stable, 
reliable, repost against single 

point failure and simple. 

• Complexity in terms of communication and 

coordination among local controllers and 
agents. 

[62] 

Uses an observer to regulate the 
voltage and power sharing 

• Excellent power sharing 

• Excellent voltage regulation 
• Relies heavily on communication. [66] 

Hierarchical 

distributed control 

 

Distributed secondary control with 

P-VSG 

 

• Control layer for secondary 

power regulation and voltage 

stabilization. It allows output 

stage powers, voltage 
outlines, and power 

condition. 

• Communication time delays 

are also considered 

• Applies exclusively to Energy Storage 

Systems (ESS), but their availability may be 

limited in certain areas and for certain 

Distributed Generation (DG) units. 
Additionally, some DG units such as 

Photovoltaic (PV) systems are non-

dispatchable. 

[67] 

M-S with adaptive droop • Higher reliability • Higher cost because of the use of LLC [68] 
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Master-Slave 
Droop Control 

• Better control over the 

voltage compared to adaptive 

droop 

converter. 

M-S with NL droop 

• Precise active power control 

in steady- state, 

• Allows superior dynamic 

performance in transient 

state. 

• Requires high communication speed 

[70] 

Autonomous 

control 

Autonomous control work in case 
of disturbance. 

• Excellent power sharing and 

voltage regulation, high 

reliability, and equal power 
sharing. 

• Power sharing only with communication. 

[71] 

Using an adaptive droop control 
strategy to autonomously regulate 

DC line power flows in HVDC 

grids, without needing any 

additional power converters or 

equipment. 

 

• Has the capability to 

autonomously adjust the 
specified DC line powers to 

predefined values. 

• Allocates power among DC 

lines in proportion without 

the necessity of solving 

nonlinear power flow 

equations for the DC grid. 

• Cost Reduction 

• Grid stability due to the 

elimination of a complex 

communication system. 

• Requires communication of system data in 

case of line outages to update model. 

[72] 

Coordination policy between VCC 

and DPC. 

 

• Improves DC voltage 

deviation 

• Provides quick power sharing 

among converters in the event 

of disturbances 

• Improves system transient 

response. 

• Tested on a simplified model of MTDC. 

• Relies on communication. 

[73] 

Model Predictive 
Control 

Priority. 

• Evaluate each objective of 

cost functions sequentially 

• Minimize circulating current 

•  Required more timing 

[78] 

Centralized MPC. 

• Provides accurate power 

sharing 

• Suppresses voltage deviations 

• Improves safety without 

changing droop gains. 

• Conventional droop methods can be 

impacted by communication latencies. 

[79] 

Decentralized.       
• Scalable 

• Flexible and security. 

• Complexity of calculations 
[80] 

Distributed MPC work for inertial 

and frequency support. 

• Good inertial 

• Frequency support 

• Solves the optimization 

problem in distributed 

manner. 

• Relies on communication 

• Have harmonic related problems. 
[81] 

Adaptive Droop 

Control 

Compromises between DC voltage 
and AC frequency 

• It solely relies on local data 

from each GSC, thereby 

eliminating the need for 
reliance on the 

communication link. 

• Not be able to accommodate unpredictable 

faults much different than tested scenarios 

during development 

• Seeking a compromise operating point may 

delay fast tripping needed to isolate severe 
faults from spreading. 

[83] 

Novel power margin (PMT) droop 

control allows each station to make 
self-adaptive regulations based on 

available power margin. 

• • Enhances the collaborative 

operational capabilities of 
multiple converter stations. 

•   Minimizes fluctuations in 

grid-connected power. 

•  Effectively decreases 

deviations in DC voltage to 
bolster the operational 

stability of the MTDC grid. 

• Different combinations could lead to 

different control performance. 

• Effectiveness is measured by comparing to 

other adaptive droop control methods. 

[85] 

Cost-based adaptive droop control. 

• Deliver greater impacts to the 

economic process of the 

MTDC system. 

• Achieves robust control. 

• Necessitates an initial investment in 

communication infrastructure, presenting 

implementation challenges that can elevate 
the overall complexity and cost of the 

system. 

[86] 
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Novel distributed consensus 

algorithm for frequency support 
and power sharing. 

• Lessen generation expense. 

• Minimize frequency 

deviation cost 

• Minimize converter losses. 

• Complex 

• Relies heavily on communications 

• Sensitive to network changes. 

[87] 

Adaptive time graded based on the 
elementary ideas of power system 

security. 

• High dependability in VSC-

MTDC networks 

• Dynamic adaptation to 

network conditions 

• No need for fast 

communication. 

• Increased complexity in developing 

adaptive time-graded control method. 
[88] 

 

V. FREQUENCY CONTROL METHODS 

The operation of any electrical system is strongly reliant on 

sustaining both frequency and voltage. The importance of 

frequency can be found in its role in balancing supply and 

demand, ensuring that the power generated equals the 

electricity consumed. It's crucial to promptly address any 

disparity between generation and load to ensure system 

stability. Large variances can cause serious damage to 

facilities, emphasizing the significance of frequency 

regulation [89]-[90]-[91]-[92]. Aquib et al. in [93] proposed 

a well-established method that serves as the foundation for 

stable power system functioning. In AC grids, frequency 

regulation is accomplished using frequency droop, which 

serves as a global measure to quickly balance generation and 

demand [94]. Several other research conducted in [94], [95] 

address the concern of VSC active power. Kabsha et al.  [96] 

implemented an adaptive control tactic for the support of 

frequency employing a multi-terminal HVDC system 

connected with offshore wind power generations. This 

enables wind farms to engage in frequency control activities 

while also offering inertia support to the grid. After the 

voltage reaches a death zone limit, the wind turbines will 

change their speed in order to change the mechanical power, 

hence implementing frequency regulation. The authors in 

[97] proposed an adaptive frequency control based on VSC-

HVDC system for asynchronous grid Interconnection. The 

droop gain change adaptively as following: 

𝐾𝑓𝑣,𝑖
∗ = 𝐾𝐺𝐶,𝑖 ⋅ (𝑆𝑖 ⋅

𝛼𝑖 − |𝛥𝑉𝑑𝑐𝑜𝑛,𝑖|

𝛽𝑖 − |𝛥𝑓𝑜𝑛,𝑖|
) (10) 

Where is 𝐾𝑓𝑣,𝑖
∗  is the adaptive droop coefficient, 𝐾GC,𝑖 is the 

fixed coefficient to comply with GCRs, 𝑆𝑖 is a factor to 

comply with GCRs, 𝛼𝑖 and 𝛽𝑖 is maximum allowable voltage 

and frequency fluctuation set by the operator respectively, 

and Δ𝑉dcon,𝑖 and Δ𝑓on,𝑖 is the voltage and frequency variation 

respectively. 

Similarly, the authors in [98] proposed a double-layered 

droop control (DLDC) for frequency restoration. In this 

proposed scheme, the secondary distributed droop layer 

takes the role of restoring the system frequency to its nominal 

value and generating a new voltage and frequency input for 

the primary droop. Another article [99] proposed inertia 

emulation and fast frequency-droop (IEFF) converter is 

designed to mimic a synchronous generator, ensuring 

constant power. The authors in [100] suggested an approach 

of rapid frequency control for using Battery Energy Storage 

System (BESS) to minimize instantaneous variation by 

improving the inertia. The BESS role is to store the excess 

energy in low demand and release it in time of high demand. 

In [101], the authors introduced a method based on dynamic 

converter current regulation to operate within specified 

limits. This method utilizes a control structure consisting of 

three layers: an outer control loop for coordinated 

generation, dynamic current modulation to adjust converter 

currents based on frequency deviations in the interconnected 

grid, and an inner current control loop to generate reference 

converter voltage. Table 3 represents the comparison for 

frequency control methods. 

Table 3 Comparison of frequency control methods 

Control method Advantages Disadvantages Ref  

Frequency droop  
• Enhance the operation of frequency 

support.  

• Lack of error free between the MTDC in AC 

asynchronous system  
[94]  

Adaptive frequency control  • Comply with GCR code, staple • Have a fixed value put by the operator [96]  

Primary frequency regulation 

control [98] 

• It uses voltage and speed of turbine to 

control the frequency, great inertial 

response, reliable and stable 

• Suffer from frequency deviation  [97] 
 

Double-layered droop control  

• Great for restoring frequency after 

disturbance 

• Offer seamless transition from mi mode 

to grid connected mode 

• To restore the frequency, the controller needs 

previous values as references to function 

effectively. They employed a predictive controller 

to address this issue. 

[98] 

 

Inertia emulation and fast 

frequency-droop  

• Great inertia 

• Stable 

• Reliable 

• No communication needed 

• Solely concentrates on the point-to-point VSC-

HVDC configuration. 
[99] 

 

Fast frequency control 
• Minimize the deviation, 

• Improve the inertia.  
• Harmonic distortion [100]  
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Quick Restoration Frequency • Ability to operate above the rated limit. 

• Expensive to perform regular backups and ensure 

prompt restoration in terms of infrastructure, labor, 

and storage. 

[101] 
 

VI. CURRENT CHALLENGES, THEIR SOLUTIONS AND 
FUTURE DIRECTION 

Power sharing control in MT-HVDC systems brings a 

number of challenges, but there are strategies and solutions 

available to address them. Some of the significant issues and 

their solutions are given below: 

A. COMPLEX CONTROL ORGANIZATION 

Controlling several converters in a multi-terminal HVDC 

system can be difficult. Synchronizing the control systems of 

each converter is critical for balanced power distribution and 

grid stability [102]. 

• Solution: Use advanced control algorithms and 

communication networks to enable real-time data 

interchange and coordinated terminal control. Model 

predictive control and distributed control are two strategies 

that can improve coordination. 

B. VARIATIONS IN DC LINK VOLTAGE 

Variations in DC link voltage can have an impact on power 

sharing and system stability and are frequently caused by 

changes in power generation or demand. 

• Solution: Implement voltage control algorithms to 

maintain a consistent DC link voltage. Use DC voltage 

control systems that react to variations in power flow, such 

as droop control or supplemental voltage control loops. 

C. POWER OSCILLATIONS  

Power oscillations in multi-terminal HVDC systems can 

cause instability owing to power distribution imbalances if 

left unmanaged. 

• Solution: Use auxiliary control methods, such as virtual  

inertia, damping control, or the deployment of energy 

storage devices, to moderate power oscillations. 

D. COMMUNICATION AND SYNCHRONIZATION 

Reliable communication between terminals is critical for 

successful power sharing control, but creating such 

infrastructure can be difficult, particularly in remote or 

offshore locations.  

Synchronization serves as the keystone in both MTDC 

systems and AC systems, playing a pivotal role in their 

individual functionality as well as their interconnection. 

Within MTDC systems, synchronization ensures 

harmonious coordination among converters across different 

terminals, aligning voltages and frequencies along DC links. 

This alignment is instrumental in maintaining stability, 

facilitating efficient power flow control, and enabling 

effective fault management. Similarly, in AC systems, 

synchronization ensures that generators, transformers, and 

loads operate at a consistent frequency and phase, vital for 

grid stability and power quality [102]. When MTDC and AC 

systems intersect, synchronization becomes even more 

critical. It facilitates seamless operation by ensuring that 

converters in the MTDC system synchronize with the AC 

grid, enabling smooth power exchange without causing 

disruptions. However, the synchronization of MTDC 

systems and AC systems, particularly in their interconnected 

state, presents a host of challenges. In MTDC systems, one 

significant challenge arises from the need to maintain 

synchronous operation across terminals, each potentially 

using different converter technologies or operating 

conditions. Coordinating these converters to ensure voltage 

and frequency alignment requires sophisticated control 

algorithms and communication systems. Additionally, as 

MTDC systems often span vast distances, delays in 

communication between terminals can disrupt 

synchronization efforts, potentially leading to instability. In 

AC systems, challenges primarily stem from the inherent 

complexities of maintaining synchronization across multiple 

generators, transformers, and loads dispersed throughout the 

grid. Factors such as generator inertia, varying load demand, 

and unforeseen disturbances pose significant hurdles to 

achieving and sustaining synchronization. When MTDC and 

AC systems are interconnected, the challenges multiply. 

Ensuring seamless synchronization between the two systems 

demands intricate control strategies that account for 

differences in voltage levels, frequency regulations, and 

response times between AC and DC components. Moreover, 

the dynamic nature of power exchange between these 

systems necessitates robust synchronization mechanisms 

capable of swiftly adapting to fluctuations in demand and 

generation [103].  

• Solution: Use robust communication protocols such as 

IEC 61850 and high-speed, low-latency networks. As 

backup options, use redundant communication channels 

and local controllers to improve system resilience. 

Addressing the challenges of synchronization in MTDC 

systems and AC systems, particularly in their interconnected 

state, requires a multifaceted approach encompassing 

technological innovations, advanced control strategies, and 

enhanced communication infrastructure. In MTDC systems, 

advancements in converter technology, such as the use of 

VSCs with advanced control algorithms, enable more precise 

voltage and frequency regulation across terminals. Improved 

communication networks with low latency and high 

reliability play a crucial role in enabling coordinated control 

actions between terminals, mitigating synchronization 

challenges arising from communication delays. In AC 

systems, the integration of smart grid technologies enables 

better coordination among generators and loads, enhancing 

grid stability and resilience to disturbances. Advanced 

control strategies, such as predictive control and MPC, offer 

finer control over generator output and grid parameters, 

aiding in maintaining synchronization under varying 

operating conditions. When MTDC and AC systems are 
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interconnected, innovative solutions such as hybrid AC/DC 

control architectures and coordinated control schemes 

optimize power flow and voltage stability, ensuring seamless 

synchronization between the two systems. Furthermore, 

ongoing research into emerging technologies like grid-

forming converters and advanced energy storage systems 

holds promise for further enhancing synchronization 

capabilities and overall system performance [103].  

E. CYBERSECURITY 

Because multi-terminal HVDC systems rely on digital 

communication and control systems, cybersecurity is a key 

concern. 

• Solution: Implement robust cybersecurity safeguards such 

as encryption protocols, firewalls,  and intrusion detection 

systems to protect communication networks and control 

systems from cyberattacks. 

There are various new trends and probable future 

developments in the field of power sharing control for multi-

terminal High Voltage Direct Current (HVDC) systems. The 

following are the major trends in this field: 

▪ A new development is the integration of voltage source 

converters (VSC) with multi-level modular converters 

(MMC). The goal of future research will be to harness 

the complimentary benefits of these technologies by 

combining them in the best possible way.  

▪ A significant development is the creation of 

sophisticated control algorithms, such as predictive 

control, model-based control, and machine learning-

based control. These algorithms have the potential to 

increase grid stability and power sharing accuracy. 

▪ To enhance system resilience and reliability, the 

development of fault-tolerant and self-healing control 

techniques will be a critical research focus. This 

includes the real-time detection and isolation of 

failures, as well as the autonomous reconfiguration of 

the system. 

▪ With the increasing relevance of renewable energy 

sources, future research will concentrate on improving 

grid integration of renewable generation within multi-

terminal systems, such as offshore wind and solar 

power. 

▪ A rapidly emerging research area is the integration of 

energy storage systems into multi-terminal HVDC 

networks which plays a key role within MT systems by 

enhancing grid quality, stability, and lowering peak 

demand. 

VII. CONCLUSION 

An extensive analysis of power distribution control in multi-

terminal HVDC systems is presented in this study, with 

particular attention to MMC, VSC, and hybrid 

configurations. Power allocation and system stability are 

greatly enhanced by control techniques such as model 

predictive control and distributed control. A hybrid setup that 

combines VSC, LCC, and MMC technologies results in 

improved control coordination, improved voltage quality, 

enhanced redundancy, and scalability. These hybrid systems 

are adaptable and suitable for a wide range of grid 

applications. Multi-terminal HVDC systems with power-

sharing controls are extremely useful for integrating 

renewable energy sources into the grid. The importance of 

their role in connecting offshore wind farms, solar arrays, 

and other renewable energy locations to load centers is 

highlighted in the article. Furthermore, power sharing 

regulation is critical for guaranteeing grid stability and 

resilience. Coordination of control across numerous 

terminals offers efficient power distribution, fault tolerance, 

and fast failure recovery. This study also focuses on how 

MT-HVDC systems with VSC, MMC, or hybrid designs 

contribute to efficient long-distance power transmission, 

lower transmission losses, and alignment with sustainability 

goals by minimizing environmental effect. This review paper 

also discusses the issues and possible solutions for power 

sharing control in MT-HVDC systems, as well as the future 

research directions. 
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