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Abstract——The rapid development of large-scale offshore wind 
power (OWP) calls for more cost-effective and reliable collec‐
tion and transmission technologies. This paper explores three 
emerging collection technologies: medium-frequency alternating 
current (AC) collection, direct current (DC) collection, and AC 
collection without substation; and three transmission technolo‐
gies: voltage source converter-based high-voltage direct current 
based on compact modular multilevel converters (MMCs), di‐
ode rectifier unit (DRU) based high-voltage direct current 
(DRU-HVDC), and high-voltage direct current (HVDC) based 
on hybrid converters. It systematically reviews recent research 
advancements in these technologies, analyzes critical technical 
challenges, and identifies key future development trends, provid‐
ing practical insights to guide the design and optimization of 
OWP projects. At the collection level, a higher frequency reduc‐
es the size of critical equipment in offshore platforms but also 
leads to increased cable costs. DC offshore wind farms offer ad‐
vantages such as lower cable costs. However, the design of high-
power DC transformers presents challenges. At the transmis‐
sion level, the size and weight of MMCs can be minimized 
through topology improvement and control optimization. The 
practical deployment of DRUs and HVDC systems depends on 
the technology maturity of grid-forming wind turbines. More‐
over, critical aspects of hybrid converters such as capacity de‐
sign, coordinated control, and stability analysis require further 
in-depth investigation.

Index Terms——Offshore wind power (OWP), medium-frequen‐
cy alternating current (AC) collection, direct current (DC) col‐
lection, modular multilevel converter (MMC), high-voltage di‐
rect current (HVDC), diode rectifier unit (DRU), hybrid con‐
verter.

I. INTRODUCTION

TO combat global climate change and accelerate carbon 
reduction, offshore wind power (OWP) is advancing 

globally towards larger scale, greater clusters, longer dis‐
tance, and deeper water. By the end of 2023, the global cu‐
mulative installed capacity of OWP reached 75.2 GW, repre‐
senting a year-on-year growth of approximately 17.2% [1]. 
Additionally, several countries have set offshore wind capaci‐
ty targets for 2030, including 60 GW for China, 50 GW for 
the UK, 30 GW for Germany, and 30 GW for the United 
States [2]. Although OWP has grown significantly, integrat‐
ing such large-scale wind power into the onshore grid re‐
mains a major challenge [3].

To fill the gap, the voltage source converter (VSC)-based 
high-voltage direct current (HVDC), i. e., VSC-HVDC, has 
been widely adopted for long-distance OWP integration [4]. 
In 2010, Germany commissioned the world’s first offshore 
wind VSC-HVDC project, known as BorWin1 project, with 
a capacity of 400 MW and a bipolar voltage of ±150 kV. 
The entire converter station weighs approximately 5000 tons 
[5]. The BorWin3 project, commissioned in 2019 with the 
capacity of 900 MW and the voltage of ±320 kV, has a top‐
side converter station weighing 18500 t [6]. It is evident that 
as transmission capacity continues to increase, the size and 
weight of key equipment in offshore converter stations will 
also grow [7]. This increase poses major challenges in instal‐
lation, transportation, and maintenance, creating significant 
economic and technical barriers to OWP grid integration. 
These limitations critically constrain the large-scale develop‐
ment of far-offshore wind farms [8].

To improve the cost-effectiveness and reliability of far-
OWP integration systems, scholars have proposed various so‐
lutions at both the collection and transmission levels.

At the collection level, three primary technologies have 
been proposed. The first is the medium-frequency alternating 
current (MFAC) collection. MFAC collection adopts higher 
operation frequencies to dramatically reduce transformer and 
filter sizes through electromagnetic induction principles, 
thereby decreasing both capital costs and design complexity 
of offshore platforms. The second is the direct current (DC) 
collection, which provides an effective solution to the esca‐
lating reactive power and overvoltage challenges associated 
with longer alternating current (AC) collector cables in ex‐
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panding offshore wind farms. And the size and weight of off‐
shore platform can be further reduced by eliminating large-
capacity AC/DC converters. The third is the AC collection 
without substation. The innovative 66 kV direct-connection 
links the AC collection system directly to the converter sta‐
tion, which improves the economic viability of far-offshore 
integration.

At the transmission level, three primary technologies have 
been developed. The first is the VSC-HVDC based on com‐
pact modular multilevel converter (MMC). MMC represents 
the bulkiest component in offshore converter stations, owing 
to its large number of power devices and series-connected 
submodules (SMs) compared with equivalent-capacity line-
commutated converters (LCCs). SM capacitor accounts for 
60% of the SM volume and contributes approximately 40% 
of the total cost [9]. Thus, compact MMC designs can be re‐
alized by reducing the SM capacitance. The second is the di‐
ode rectifier unit (DRU) -based HVDC (DRU-HVDC). The 
DRU-HVDC has several advantages, including a smaller 
size, lower cost, higher power density, and simpler control. 
Compared with VSC-HVDC, it achieves 80% platform vol‐
ume reduction, 65% weight reduction, and 30% capital ex‐
penditure savings [10]. These compelling economic benefits 
position DRU-HVDC as a transformative technology for 
next-generation OWP transmission systems. The third is the 
HVDC based on hybrid converters. A hybrid converter con‐
figuration integrates the voltage control capabilities of 
MMCs with the economic advantages of DRUs. In this con‐
figuration, the small-capacity MMC regulates offshore AC 
voltage/frequency and provides reactive power support and 
harmonic mitigation, whereas the DRU transmits the majori‐
ty of wind farm output power to optimize the overall system 
economics. 

Cost-effective, high-efficiency, and reliable integration 
technologies are crucial for enabling the clustered develop‐
ment and large-scale deployment of offshore wind farms. 
This paper provides a comprehensive review of the emerg‐
ing collection and transmission technologies for large-scale  
OWP. Sections II and III analyze emerging collection and 
transmission system technologies for large-scale OWP, re‐
spectively. Section IV presents development trends and pros‐
pect of efficient technologies for large-scale OWP. The con‐
clusions are summarized in Section V. 

II. EMERGING COLLECTION TECHNOLOGIES FOR 
LARGE-SCALE OWP 

A. MFAC Collection

The MFAC collection is proposed in [11]-[13], where the 
rated operation frequency of the offshore AC system is in‐
creased from the power frequency to the medium frequency 
(100-200 Hz). The configuration of the MFAC collection is 
shown in Fig. 1.

Increasing the operation frequency of offshore AC sys‐
tems is advantageous to the reduction of the size and weight 
of the transformer, particularly in wind farms, offshore sub‐
stations, and offshore converter stations [14]. This is because 
the operation frequency exhibits an inverse proportionality 

with both the product of winding geometric parameters (e.g., 
length, turns, core area) and leakage inductance under con‐
stant voltage and power conditions, as established by classi‐
cal transformer theory.

Increasing the frequency can also reduce the size of the 
filters in wind farms and offshore converter stations. Accord‐
ing to fundamental design rule for tuned filters, at a given 
AC voltage level, the required inductance and capacitance 
are inversely proportional to the system operation frequency. 
Thus, increasing the operation frequency can proportionally 
reduce the required capacitance and inductance of the AC fil‐
ters.

Increasing the operation frequency of offshore AC system 
also benefits the size and weight of MMC. This is because 
the system operation frequency is inversely proportional to 
the fluctuation of the SM capacitance of MMC.

However, higher system operation frequencies increase the 
charging currents of submarine cable, potentially requiring 
the cables with larger conductor cross-sectional areas. But 
this impact remains manageable for offshore AC collection 
systems due to their limited spatial coverage, preserving the 
cost-effectiveness of the MFAC collection. Furthermore, 
while higher system operation frequencies may exacerbate 
AC line losses, transformer losses, and converter operation 
losses, these effects can be effectively mitigated through opti‐
mized converter control strategies and appropriate technical 
measures. Moreover, the offshore wind farm should operate 
at a medium frequency. For phase-locked loop (PLL) -based 
wind turbines (WTs), only the grid-side converter requires 
adaptation, while other components remain largely un‐
changed. The grid-forming WTs require both the main cir‐
cuit and controller to support medium-frequency operation. 
Although MFAC collection has not yet been adopted in com‐
mercial projects, the underlying technologies, particularly 
medium-frequency-compatible WTs, are technically mature 
and hold strong potential for future deployment.

In conclusion, the MFAC collection has advantages in re‐
ducing the size of key equipment such as transformers and 
filters within offshore platforms, facilitating a more cost-ef‐
fective design for offshore converter stations. Future re‐
search will primarily focus on the economic analysis of dif‐
ferent configuration of OWP transmission systems with 
MFAC collection [15], including determining the optimal op‐
eration frequency range for offshore AC systems, selecting 
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Fig. 1.　Configuration of MFAC collection.

384



XIAO et al.: REVIEW ON EMERGING COLLECTION AND TRANSMISSION TECHNOLOGIES FOR LARGE-SCALE OFFSHORE WIND POWER

main circuit parameters, and exploring engineering applica‐
tions based on the results of these economic studies [16].

B. DC Collection

Currently, OWP mostly employs medium-voltage AC 
(MVAC) collection and HVDC transmission. However, as 
wind farms move farther from shore, two challenges arise, 
including the excessive reactive power in long AC cables 
and the weight limitations of offshore platform [17]. To ad‐
dress these challenges, fully DC OWP systems with DC col‐
lection and transmission are emerging.

Depending on whether there is a substation or not, a fully 
DC OWP system can be divided into two types: the system 
without and with offshore substation. In the system without 
an offshore substation [18], [19], the wind farm voltage is di‐
rectly increased to the transmission level by connecting DC-
side WTs (DCWTs) in series. This design reduces both size 
and investment costs since it eliminates the need for an off‐
shore converter station. However, due to the series connec‐
tion of the DCWTs, the turbine positioned at the highest 
voltage level must endure the full DC voltage, significantly 
complicating the insulation design.

In systems with an offshore substation [20]-[23], the net‐
working scheme can be categorized into two structures 
based on energy collecting forms: parallel-connected net‐
working [24] and series-connected networking [18]. Figure 2 
illustrates the DC collection structure for OWP.

In the parallel-connected networking, the DC/DC convert‐
er is connected to each WT cluster, stepping up medium DC 
voltage to transmission level for HVDC bus integration. This 
architecture provides enhanced system reliability and opera‐
tion flexibility through decentralized power conversion. How‐

ever, present power electronic limitations necessitate multi‐
ple small-capacity isolated DC/DC converters connected in 
series and parallel configurations to achieve medium-voltage 
operation, resulting in the increase in volume and mass of 
the DC collection [25], [26]. To address the limitations, a 
modular high-power DC-DC converter is proposed in [27] 
that parallels SMs at the low-voltage side to share current 
stress and connects them in series at the high-voltage side to 
share voltage stress. This configuration offers high efficiency 
and reduced cost and volume.

In the series-connected networking, WT clusters with low-
voltage DC (LVDC) outputs are connected to the LVDC ter‐
minals of “DC/AC +AC/DC” converters, achieving HVDC 
transmission through sequential voltage boosting [18]. This 
configuration reduces the number of SMs in the DC/DC con‐
verters, significantly decreasing the volume and cost of the 
DC collection. However, each WT unit operates as a cou‐
pled controlled voltage source, requiring precise and com‐
plex system coordination, which increases the difficulty in 
system control and fault protection. Additionally, wind speed 
variations cause voltage mismatches that hinder the maxi‐
mum power point tracking (MPPT), reducing captured ener‐
gy and efficiency. Moreover, achieving fault isolation and 
fault ride-through is critical in offshore environments due to 
the high maintenance costs. Although solutions such as solid-
state circuit breakers, redundant cabling, and chopper cir‐
cuits are available, they considerably increase the overall sys‐
tem complexity and cost. To address tight coupling, complex 
coordination, and limited MPPT capability, [28] proposes a 
multifunctional DC collector that decouples series-connected 
WTs, enabling independent MPPT under varying wind condi‐
tions. This collector also supports fault isolation, dynamic 
cut-in/out, and controlled energy dissipation.

Future technological advancements will focus on the de‐
velopment of key equipment [28]-[30]. For instance, increas‐
ing the frequency of isolated DC/DC converters to further re‐
duce the size and weight of isolation transformers, decreas‐
ing arm inductances and SM capacitances, and refining the 
topology and control strategies of DC/DC converters.

C. AC Collection Without Substation

In the conventional collection schemes, the wind energy is 
first collected and then stepped up via collector transformers 
before the transmission through the offshore converter sta‐
tion. Notably, the roles of the collector transformer and the 
converter transformer overlap. Integrating these transformers 
on a single platform can significantly reduce the investment 
of the offshore platforms and shorten the installation and 
construction timelines.

In 2016, the concept of a modular HVDC platform was 
proposed for OWP. As shown in Fig. 3, this design of AC 
collection structure for OWP enables offshore wind farms to 
transmit power directly to the offshore converter station via 
66 kV AC cables, eliminating the need for a collector trans‐
former [31]. The modular components can be assembled on‐
shore. Compared with the DolWin2 project, the modular plat‐
form reduces the top-side weight by approximately 50% to 
60%. The modular HVDC platform was implemented in the 

…

…

…

… …

HVDC
+
-

Parallel-connected

G DC/DC

G DC/DC

G DC/DC

G DC/DC

G DC/DC

G DC/DC

DC/DC

DC/DC

DC/DC

(a)

(b)

HVDC

+

-

Series-connected

…

…

…

… …

G DC/DC

G DC/DC

G DC/DC

G DC/DC

G DC/DC

G DC/DC

DC/DC

DC/DC

DC/DC

WT cluster

WT cluster

Fig. 2.　DC collection structure for OWP. (a) Parallel-connected network‐
ing. (b) Series-connected networking.

385



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 2, March 2026

DolWin5 project [32]. Reference [27] evaluates the technical 
maturity and economic benefits of two OWP integration 
schemes: one without offshore AC substation and the other 
with an AC substation that increases voltage from 35 kV to 
220 kV. The result shows that the former scheme is better in 
both technical and economic terms. Optimizing the layout of 
a 66 kV offshore wind farm can further improve the cost-ef‐
fectiveness of the OWP integration system [33]. Overall, the 
AC collection without substation is well-suited for large-
scale OWP integration system.

In summary, MFAC collection reduces transformer and fil‐
ter size but may increase cable costs, requiring careful fre‐
quency optimization. DC collection, whether parallel- or se‐
ries-connected, offers significant reductions in the size of off‐
shore converter station and cable size but faces challenges to 
developing high-frequency DC/DC converters. AC collection 
without substation simplifies system architecture by eliminat‐
ing collector transformers, with proven application through 
DolWin5 project. Each of the above schemes presents dis‐
tinct trade-offs between complexity and cost, and their suit‐
ability depends on specific offshore deployment scenarios.

III. EMERGING TRANSMISSION TECHNOLOGIES FOR 
LARGE-SCALE OWP

To address the limitations of conventional transmission 

systems in large-scale and remote OWP applications such as 
bulky offshore converter stations and inefficient power trans‐
mission, we introduce three emerging technologies as fol‐
lows.

A. VSC-HVDC Based on Compact MMCs

The capacitor voltage fluctuation in MMCs is inversely 
proportional to the capacitance. Smaller voltage fluctuations 
allow for smaller capacitors, which can make the MMC 
more compact. Generally, the methods for reducing voltage 
fluctuations of SM capacitor can be primarily divided into to‐
pology improvement and control optimization methods.
1)　Topology Improvement Methods

The methods that modify the MMC topology to reduce its 
inherent capacitor requirements are referred to as the topolo‐
gy improvement methods. These methods primarily focus on 
optimizing the operation of conventional MMC topologies or 
integrating supplementary hardware elements to reduce the 
reliance on large SM capacitors.

In terms of optimizing the operation of the MMC, [34] in‐
troduces a high-ripple operation method, which involves 
slightly increasing the number of SMs to lower the rated SM 
capacitor voltage. As a result, the SMs can be made smaller 
and more cost-effective while maintaining a consistent peak 
capacitor voltage. Due to its simplicity and practicality, this 
method is suitable for practical implementation. Reference 
[35] introduces a variable DC voltage operation mode of hy‐
brid MMC. It implies that a higher power factor will result 
in a lower AC/DC voltage ratio, which reduces the funda‐
mental and second harmonic fluctuations in the SM capaci‐
tor voltage [36]. Additionally, [37] and [38] propose a seg‐
mented switching operation scheme based on arm inductance 
of SMs. By adjusting the arm inductance, the arm current is 
modified, which helps suppress SM capacitor voltage fluctua‐
tions.

In terms of integrating supplementary hardware elements 
to reduce capacitor fluctuations, existing methods can be cat‐
egorized into three main types.

The first method focuses on suppressing low-frequency ca‐
pacitor voltage fluctuations by sharing a central SM. Refer‐
ence [39] initially proposes a structure where the upper and 
lower arms of the MMC share a central SM, which achieves 
equivalent output voltage levels with fewer SMs. Reference 
[40] proposes connecting the three top SMs of the upper 
arms and the three bottom SMs of the lower arms using ca‐
bles, as shown in Supplementary Material A Fig. SA1(a). 
Since the three-phase power of the MMC is balanced in nor‐
mal operation, the top and bottom SMs function as a three-
phase converter, inherently minimizing the capacitor voltage 
fluctuations. However, voltage fluctuations are only reduced 
in the central, top, and bottom SMs, showing reduced effica‐
cy in systems with numerous SMs.

The second method focuses on reducing the capacitor volt‐
age fluctuations by parallelizing active power filters (APFs) 
or adding power circuits, as shown in Supplementary Materi‐
al A Fig. SA1(b). Reference [41] proposes adding isolated bi‐
directional converters between the corresponding SMs of the 
upper and lower arms in each phase to counteract the funda‐
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mental and third harmonic power fluctuations of opposite 
signs. This method eliminates the capacitor voltage fluctua‐
tions. However, it necessitates multiple isolation transform‐
ers and lacks the capability to absorb low-frequency power 
fluctuations.

Reference [42] proposes adding APFs to each SM to trans‐
fer power ripple from the MMC to the APFs during normal 
operation. However, this method doubles the number of insu‐
lated-gate bipolar transistors (IGBTs) and capacitors com‐
pared with conventional MMCs, and necessitates buffer in‐
ductors in each SM, elevating power losses. References [43] 
and [44] propose paralleling APFs between the last SM of 
the upper arm and the first SM of the lower arm in each 
phase of the MMC to absorb power fluctuations within the 
arm. This method can reduce voltage ripple by approximate‐
ly 50% and decrease switching losses by about 87%. Refer‐
ence [45] introduces adding flying capacitors in each phase 
of the MMC to serve as high-frequency power transfer chan‐
nels, combined with a high-frequency sinusoidal voltage in‐
jection method to suppress SM capacitor voltage fluctuations.

The third method focuses on the characteristic of 120° 
phase difference in the SM capacitor voltages across the 
three phases. By interconnecting the corresponding SMs 
from each phase, this method aims to eliminate the capacitor 
voltage fluctuations. Reference [46] proposes connecting the 
corresponding SMs of the three phases for MMC through an 
isolated capacitor-inductor-inductor-capacitor (CLLC) reso‐
nant circuit to a common capacitor. This method not only 
balances the SM capacitor voltages but also eliminates the 
fundamental and second harmonic voltage ripples. Referenc‐
es [47] and [48] introduce high-frequency transformers be‐
tween the cascaded SMs (C-SMs) of the three phases. These 
transformers use the coupling effect to eliminate low-order 
harmonics in the SM capacitor voltage fluctuations, as illus‐
trated in Supplementary Material A Fig. SA1(c). A summary 
of various topology improvement methods is presented in Ta‐
ble I. It is important to note that topology improvement 
methods involve higher construction and maintenance costs. 
In contrast, control optimization method is more flexible and 
offers a more cost-effective solution for reducing SM capaci‐
tor voltage fluctuations.

2)　Control Optimization Methods
The control flexibility of MMCs allows for the suppres‐

sion of SM capacitor voltage fluctuations by regulating fluc‐
tuations in arm voltage, arm current, and inter-phase power. 
Current mainstream control optimization methods include cir‐
culating current suppressing control (CCSC), circulating cur‐
rent injection control (CCIC), third harmonic voltage injec‐
tion (THVI), and dual harmonic injection (DHI), which com‐
bine CCIC and THVI.

CCSC reduces the third harmonic fluctuations in SM ca‐
pacitor voltage by suppressing the circulating current, which 
does not impact the normal operation of the MMC [49]. 
However, this method has limited effectiveness in reducing 
capacitor voltage fluctuation.

CCIC reduces capacitor voltage fluctuations by injecting a 
second harmonic circulating current into the arms, which 
helps keep the AC- and DC-side power of the converter 
matched in real time [50]. For different operation conditions 
and control objectives, [51]-[56] explore the methods for se‐
lecting the amplitude and phase of the second harmonic cir‐
culating current injection. References [52] and [54] derive 
the amplitude and phase of the second harmonic circulating 

current that result in the fastest reduction of capacitor volt‐
age fluctuations. References [51] and [53] propose a control 
strategy to eliminate the second harmonic of capacitor volt‐
age and a method for calculating the circulating current refer‐
ence value. References [55]-[57] investigate a capacitor volt‐
age fluctuation suppression method based on circulating cur‐
rent injection for unbalanced power grids. However, inject‐
ing circulating current increases the current stress on the 
arms, which introduces additional power losses to the con‐
verter [58]. 

Therefore, [59] proposes a switching strategy between con‐
trol modes of circulating current injection and suppression 
for different operation points of the MMC. However, the 
method of indirect voltage ripple suppression relies on mea‐
suring the circulating current value, which, in practical proj‐
ects, depends on the accuracy of the measuring instruments 
and inevitably introduces errors. Reference [60] proposes a 
comprehensive control strategy for capacitor voltage fluctua‐
tion in MMC, which enables closed-loop control of the ca‐
pacitor voltage. This strategy directly eliminates the second 
harmonic of the capacitor voltage, thereby significantly sup‐

TABLE I
SUMMARY OF VARIOUS TOPOLOGY IMPROVEMENT METHODS

Method description

Operating in high-ripple mode [34]

Sharing a central SM [39], [40]

Adding power circuits [41], [42]

Parallelizing APF [43], [44]

Interconnecting corresponding SMs 
from three phase [47], [48]

Advantage

Operating with higher technological maturity without 
changing the original MMC structure and operation strategy

Reducing the number of SMs needed to output the same 
number of levels and increasing the utilization of SMs

Introducing additional power loops between the upper and 
lower arms to offset arm energy fluctuations and reduce 

capacitance requirements

Transferring the power ripple of MMC to APF during the 
normal operation and reducing the voltage ripple

Eliminating capacitive voltage harmonics by high-frequency 
transformers and CLLC resonant circuit

Disadvantage

Increasing the number of SMs

Reducing the capacitor voltage fluctuations of the 
middle, top, and bottom SMs, which is not 
applicable to the scenario of numerous SMs

Requiring extensive detection circuit and operation 
control resources

Increasing the number of power devices and 
requiring the buffer inductor

Requiring a voltage equalization control strategy 
and additional devices
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pressing voltage ripple and simultaneously reducing the arm 
current.

Unlike CCIC, THVI directly adds a third harmonic compo‐
nent to the modulation wave of the arm voltage to reduce 
the root mean square (RMS) value of the AC current and the 
number of SMs used, thereby reducing the size and cost of 
converter [61], [62]. CCSC aims to suppress the circulating 
current to zero, which conflicts with the circulating current 
injection method used in CCIC. Since THVI does not in‐
volve circulating current, it can be combined with either the 
CCSC or CCIC. The combined harmonic injection control 
method that integrates both CCSC and CCIC is known as 
DHI. It can be observed from Fig. 4 that the arm voltage ref‐
erence changes after the injection of the second and third 
harmonic voltage components. In Fig. 4, U0 is the amplitude 
of the fundamental voltage; and T is the time period of the 
fundamental voltage waveform.

DHI typically has two control objectives: minimizing the 
SM capacitor voltage fluctuation to reduce the size of the ca‐
pacitors and minimizing the arm current to reduce power 
losses. For a single control objective, [62] achieves the mini‐
mization of the fundamental component of the capacitor volt‐
age by adjusting the amplitude and phase angle of the inject‐

ed harmonics, under the condition that the second harmonic 
of the SM capacitor voltage is zero. However, this method is 
constrained by the modulation index. Reference [63] optimiz‐
es the amplitude and phase angle of the jointly injected third-
order voltage, second harmonic and fourth harmonic circulat‐
ing currents to minimize capacitor voltage fluctuation. To ad‐
dress multiple control objectives, [64] introduces a harmonic 
injection ratio k, defined as the amplitude ratio of the second 
harmonic current to the fundamental component. It shows 
the relationship of the capacitor voltage fluctuation and the 
RMS value of the arm current with k value, which allows 
for achieving different control objectives by adjusting k val‐
ue. Reference [65] presents an optimal DHI method via 
multi-objective genetic algorithm that simultaneously reduc‐
es capacitor voltage fluctuation and arm current.

Existing research predominantly concentrates on voltage 
ripple suppression for the MMC under steady-state condi‐
tions. In the case of severe grid faults, the fluctuation charac‐
teristics of the capacitor voltage will change. Therefore, it is 
also necessary to investigate the applicability of capacitor 
voltage fluctuation control strategies under unbalanced grid 
conditions. Reference [66] evaluates the performance of the 
capacitor voltage fluctuation controller for the MMC under 
single line-to-ground (SLG) fault conditions. However, the 
study only considers the SLG fault scenario and does not ac‐
count for the impact of the second harmonic voltage of arm 
inductors on the capacitor voltage. Building on [66], [67] 
takes into account the effect of arm inductance and various 
types of faults. It optimizes modulation coefficients and in‐
jection parameters (e.g., third harmonic voltage amplitude/an‐
gle, second harmonic current) to develop a capacitor fluctua‐
tion suppression strategy for unbalanced grid conditions. A 
summary of control optimization methods is shown in Table 
II.

B. DRU-HVDC

DRU-HVDC offers notable advantages; however, its inher‐
ent limitations, which includes the inability to provide stable 
AC voltage, lack of black-start capability, and the need for 
additional filtering and reactive power compensation, contin‐
ue to constrain its direct application in OWP transmission 
systems [68]. Therefore, on one hand, the grid-side convert‐
ers of the WTs must be utilized to form the offshore grid 

and enable self-synchronized operation. On the other hand, 
dedicated black-start solutions for wind farm are necessary.
1) WT Control

WT control can be divided into two types based on wheth‐
er a communication system is required: centralized and de‐
centralized.

Centralized control requires remote collection of control 
variables, primarily including bus voltage control based on 
communication systems [69], [70] and FixReF wind farm 

T3T/4T/2
T/4

U0

-U0

Amplitude  Fundamental voltage
 Second harmonic voltage

 Arm voltage reference

Time

 Third harmonic voltage

Fig. 4.　Arm voltage reference with DHI.

TABLE II
SUMMARY OF CONTROL OPTIMIZATION METHODS

Method description

CCSC [49]

CCIC with indirect ripple 
suppression [55], [56]

CCIC with direct ripple 
suppression [60]

DHI [62]-[65]

Advantage

Achieving high technology maturity

Offering an indirect method for ripple suppression

Offering a direct method for ripple suppression, 
reducing arm current and suppressing the need for 

circulating current calculation

Allowing flexible achievement of different control 
objectives

Disadvantage

Providing limited suppression of capacitor voltage ripple

Increasing arm current and losses, depending on measurement 
accuracy, and introducing errors

Having lower technology maturity

Causing interaction between circulating current and third-
harmonic voltage, presenting controller stability challenges, 

and lacking studied grid fault ride-through strategies
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voltage control based on the global positioning system 
(GPS) [71]-[73]. Reference [69] adopts a grid-forming meth‐
od similar to that used in MMCs, where the active current 
output from WTs is used to regulate the bus voltage at point 
of common coupling (PCC), while the reactive current is 
used to control the frequency. However, this method is de‐
pendent on the communication to transmit signals from re‐
mote locations, which reduces reliability and increases costs. 
Reference [73] proposes using GPS to provide each WT 
with a constant reference for voltage and frequency to en‐
sure the static stability of the WTs. In this method, active 
current controls the DC voltage, while reactive current con‐
trols the output voltage angle [74]. However, since both the 
frequency and turbine synchronization rely on GPS commu‐
nication, this method is costly. Additionally, when the wind 
farm is disconnected from the DRU or under low wind 
speed conditions, auxiliary equipment is required to establish 
the wind farm voltage.

Distributed control focuses on the electrical singles of the 
converter itself, avoiding the need for a communication sys‐
tem. References [75] and [76] propose a voltage closed-loop 
control and frequency open-loop control based on the active 
and reactive current outputs of the converter. However, the 
frequency is not controlled when the WTs connect to the 
grid. To address this, researchers have proposed a frequency 
closed-loop control based on a PLL [77] - [79]. PLL-based 
control strategies typically use P-V and Q-f control. This is 
due to the fact that, the sensitivity of WT active power to 
the output voltage is always positive, while the sensitivity of 

reactive power to the offshore AC system frequency is al‐
ways negative for different operation conditions [80]. PLL-
based control strategies facilitate the synchronization of WTs 
with the offshore grid and provide plug-and-play functional‐
ity. For PLL-based grid-forming WTs, stability and fault ride-
through issues have been further investigated [81], [82]. Ref‐
erence [78] proposes a phase angle feedforward control to re‐
duce the interaction between active and reactive power, 
thereby improving the control dynamics. References [83] 
and [84] present fault ride-through solutions for DC faults 
and protection schemes for offshore AC system faults, re‐
spectively. However, when the connected offshore AC grid 
has low strength, PLL can adversely affect the system stabili‐
ty [85]-[88].

To address the stability concerns related to PLL, [89]-[91] 
propose a reactive power synchronization grid-forming con‐
trol based on Q-f droop control, where the phase angle of 
each WT is determined through the Q-f control loop. Howev‐
er, this control lacks a d-axis voltage control loop, preclud‐
ing its application in island operation modes or under low 
wind speed conditions. Building on this, [92] proposes a self-
synchronizing frequency control (SSFC) strategy for wind 
farms in the DRU-HVDC system. This strategy employs P-V 
and Q-f control, allowing for stable operation of the wind 
farm under passive and low wind speed conditions. The P-V 
and Q-f grid-forming control diagrams can be found in Sup‐
plementary Material B Fig. SB1 [77] and [92]. The compari‐
son of the control strategies for WTs is shown in Table III.

2)　Startup Method
The energy requirements for starting the offshore grid in‐

volve two main aspects. On one hand, auxiliary equipment 
of the WTs such as blade pitch controllers, yaw motors, cool‐
ing systems, and control systems needs a certain amount of 
active power to operate. On the other hand, system compo‐
nents such as AC submarine cables and WT transformers re‐
quire a certain amount of reactive power to function proper‐

ly [93].
Since the DRU cannot supply power in reverse and there‐

fore cannot provide startup energy for the WTs, auxiliary 
startup methods are required. The current mainstream startup 
methods can be categorized into those based on auxiliary ca‐
ble/line and those based on auxiliary equipment, as shown in 
Table IV, where ESS is short for energy storage system, and 
HVAC is short for high-voltage AC.

TABLE III
COMPARISON OF CONTROL STRATEGIES FOR WTS

Type

Centralized 
control

Distributed 
control

Description

Bus voltage control

FixReF wind farm voltage 
control

Frequency open-loop control

Frequency closed-loop 
control based on PLL

Reactive power synchroni‐
zation grid-forming control 
based on Q-f droop control

Self-synchronizing 
frequency control

Reference

[69], [70]

[71]-[73]

[75], [76]

[77]-[79]

[80]-[91]

[92]

Is communica‐
tion required?

Yes

Yes

No

No

No

No

Is WT control 
modified?

No

No

Yes

Yes

Yes

Yes

Advantage

Mature technology and 
simple control

Simple control

Simple control loop

Active synchronization 
of WTs with offshore 

grid

Avoidance of PLL 
stability problems

Stable operation under 
passive and low wind 

speed conditions

Disadvantage

Dependency on communication 
system, low reliability, and 

high cost

Dependency on GPS 
communication, and high cost

Inability to control WT frequency 
when grid is connected

Stability problems of PLL on weak 
AC grids

Inapplicability under islanding 
mode or low wind speed conditions

Complex transient stabilization and 
active support capacity assessment
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1) Startup methods based on auxiliary cable/line
The use of parallel MVAC umbilical cables is a well-es‐

tablished startup method in engineering [94], [95]. This 
method employs MVAC umbilical cables to match the volt‐
age of offshore collection system rating to energize grid-side 
equipment of WT during startup, then disconnects them post-
commissioning. It is important to note that during both the 
startup and normal operation phases of the wind farms, spe‐
cific control strategies are required to coordinate the active 
power distribution between the MVAC umbilical cables and 
the DC cables. A common method is to adjust the output fre‐
quency of wind farm to regulate the phase difference be‐
tween the offshore bus voltage and the onshore bus voltage. 
Reference [74] suggests installing onshore auxiliary convert‐
ers to adjust the power of the MVAC umbilical cables, 
which can reduce system losses. However, the use of auxilia‐
ry converters introduces additional equipment costs.

To reduce costs, [96] proposes a startup method for DRU-
HVDC systems that utilizes auxiliary LVDC cables. This 
method utilizes short-distance LVDC cables to interconnect 
the DC bus of WT with the HVDC bus, enabling the on‐
shore inverter-based power supply to offshore WTs.

Using parallel HVDC plus or HVAC transmission lines is 
also a relatively mature startup method [97]. However, this 
method is generally employed for expanding OWP transmis‐
sion systems that already have existing HVDC plus or 
HVAC transmission lines. Therefore, it lacks universal appli‐
cability.

2) Startup methods based on auxiliary equipment
Diesel generators serve as a critical auxiliary power 

source for the startup of wind farms, particularly in scenari‐
os with substantial wind power deficits [98] - [100]. To en‐
hance wind power system stability during black-start opera‐
tions, the grid-side converters of WTs are equipped with co‐
ordinated active power and frequency control capabilities 
[99], [100].

ESS is also viable options for black-start power sources in 
OWP transmission systems [101], [102]. Based on the inte‐
gration location, the ESS can be categorized into source-side 
storage and grid-side storage [103]. A typical configuration 
involves deploying the ESS directly at grid interconnection 

points [104]. However, to enable rapid startup of sufficient 
WTs for subsequent cascaded activation, additional distribut‐
ed ESS must be deployed, inevitably increasing converter 
station dimensions [105]. Another configuration deploys ded‐
icated ESS within each WTs. The ESS is connected to the 
DCWT converter via DC/DC converters [106]. During start‐
up, the WTs equipped with energy storage units are activat‐
ed first and operate in grid-forming mode. Once the collec‐
tion system is integrated, the remaining WTs are then start‐
ed. However, this method increases the complexity of na‐
celle control, as well as the weight and cost of the nacelle. 
The schematic diagram of the startup methods of DRU-
HVDC is shown in Supplementary Material C Fig. SC1 [106].

C. HVDC Based on Hybrid Converters

Based on the topology, the HVDC based on hybrid con‐
verters can be categorized into two types: the series configu‐
ration of DRU and MMC and the parallel configuration of 
DRU and MMC.
1)　Series Configuration of DRU and MMC

References [107] - [111] propose an offshore converter to‐
pology, consisting of 12-pulse DRU connected in series with 
MMC, as shown in Supplementary Material C Fig. SC2. The 
DRU transmits two-thirds of the active power generated by 
the wind farm, while the MMC transmits the remaining one-
third of the active power. Additionally, the MMC provides 
voltage and frequency supports to the offshore AC system, 
compensates for the reactive power of the system, and func‐
tions as an APF to compensate for the harmonics generated 
by the DRU [108]. The power control strategy and harmonic 
compensation control strategy for series configuration of 
DRU and MMC are given as:

1) Power control strategy for series configuration of DRU 
and MMC

The AC-side current of MMC Iac can be expressed as:

Iac =
UMMC -UPCC

jXLf

(1)

where UMMC is the voltage of MMC; UPCC is the AC voltage 
at the PCC; and XLf

 is the reactance of the filter inductor.

The d-axis voltage UdPCC is controlled to be zero and the 

TABLE IV
COMPARISON OF STARTUP METHODS

Type

Auxiliary 
cable/line

Auxiliary 
equipment

Description

Parallel MVAC 
umbilical cables

Auxiliary LVDC cables

Parallel HVDC plus or 
HVAC lines

Diesel generators

Source-side ESS

Grid-side ESS

Reference

[94], [95]

[96]

[97]

[98]-[100]

[101]-[104]

[105], [106]

Advantage

Providing high technological maturity

Offering easy expandability, fewer hardware 
devices, good economy, and high reliability

Providing high technological maturity and needing 
no additional equipment

Providing the highest technological maturity

Enabling installation at PCC and simplifying 
planning

Providing access to the DC side of WT converters, 
avoiding increased platform volume, and enabling 

flexible WT startup

Disadvantage

Requiring power distribution and adding cost 
for auxiliary converters

Involving complicated control due to DC volt‐
age matching between converter and WTs dur‐

ing startup

Limiting expansion to existing HVDC/HVAC 
lines, and lacking universal applicability

Increasing the size of the platform, and 
harming environment

Increasing the weight of the offshore 
platform

Increasing complexity of nacelle control
and weight and cost of nacelle, and having 

poor reliability
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q-axis voltage UqPCC is controlled to be equal to the voltage 
magnitude at the PCC. By substituting UdPCC and UqPCC into 
the (1), Iac can be written as:

Iac =
UdMMC

XLf

- j
UqMMC -UqPCC

jXLf

(2)

where UdMMC and UqMMC are the d- and q-axis voltages of 
MMC, respectively.

The active power P and reactive power Q of MMC are ex‐
pressed as:

ì
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P =
3
2

UqMMC

UdMMC

XLf

Q=
3
2

UqMMC

UqMMC -UqPCC

jXLf

(3)

It can be observed from (3) that P and Q of the sending-
end MMC are proportional to the d-axis and q-axis compo‐
nents of the AC voltage of MMC. Therefore, UdMMC is em‐
ployed to control the DC voltage of MMC, while UqMMC is 
employed to control the bus voltage at the PCC. This en‐
ables the effective distribution of active power among con‐
verters and ensures reactive power compensation within the 
system.

2) Harmonic compensation control strategy for series con‐
figuration of DRU and MMC

The main concept of the harmonic compensation control 
is to extract the harmonic currents at the PCC under normal 
operation and design the harmonic controller in MMC to ac‐
tively suppress these harmonics. Harmonic compensation 
control primarily involves two steps: harmonic extraction 
and harmonic injection [112]. Reference [109] utilizes a BPF 
to extract the subharmonic components of the PCC current. 
A proportional-resonant (PR) controller is then employed to 
suppress these components to zero.

References [109], [113], and [114] propose several im‐
provements to the existing series configuration of DRU and 
MMC. ① The implementation of a full-bridge MMC with 
thyristor valves is paralleled on the DC side of it to enable 
effective DC fault protection. ② The optimization of DC 
current sharing between the DRU and MMC ensures that 
most active power is transmitted through the DRU, reducing 
the converter losses. However, this configuration requires the 
installation of filters on the DRU side and complex start 
strategies. References [110] and [111] propose a refined pow‐
er distribution ratio and a black-start strategy for the series 
configuration of DRU and MMC.
2)　Parallel Configuration of DRU and MMC

References [115] - [117] propose an offshore converter to‐
pology, where the DRU is paralleled with a small-capacity 
MMC on both the AC and DC sides, as shown in Supple‐
mentary Material C Fig. SC3. The small-capacity MMC is 
responsible for reactive power compensation and harmonic 
compensation of the system, thereby eliminating the need 
for filters and reactive power compensation devices.

1) Power control strategy for parallel configuration of 
DRU and MMC

To reduce transmission costs, the DRU should transmit 

most of the active power of wind farms. The active power 
and reactive power of the DRU can be expressed as:
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Pr =
3 2

2π
nrkrUs( )cos μ + 1 Idcr

Qr =
2μ - sin 2μ
1 - cos 2μ

Pr

(4)

where Pr and Qr are the active and reactive power of DRU, 
respectively; nr is the number of pulses; kr is the transformer 
ratio; Us is the voltage amplitude of PCC; Idcr is the DC cur‐
rent of DRU; and μ is the commutation overlap angle. It can 
be observed from (4) that Pr is proportional to Us. There‐
fore, the active power distribution between the DRU and 
MMC can be coordinated by controlling the voltage ampli‐
tude of PCC.

2) Harmonic compensation control strategy for parallel 
configuration of DRU and MMC

In [117], a multi-synchronous rotating coordinate transfor‐
mation algorithm is used to extract the characteristic harmon‐
ics of the DRU. A composite proportional-integral (PI) con‐
troller is used to control the harmonic currents. The compos‐
ite PI controller integrates the superior steady-state accuracy 
of repetitive control with the enhanced dynamic response of 
conventional PI control.

Moreover, [117] proposes a capacity design methodology 
for the parallel configuration of DRU and MMC, consider‐
ing three operation aspects of the MMC: black-start energy 
provision, harmonic compensation, and reactive power com‐
pensation. Additionally, a small-signal model of this configu‐
ration is built to analyze the impact of controller parameters 
on the system static stability. The fault ride-through charac‐
teristics of the system are simulated.

To reduce the redundancy of SMs in the MMC, [118] -
[120] propose an AC/DC converter with high transformation 
ratio. This converter includes a low-voltage MMC, a series 
of high-voltage SMs (SHV-SMs), and an inductor-capacitor 
filter. The DC current flows through the SHV-SMs, which 
are continuously in a charging or discharging state. To main‐
tain energy stability within the SHV-SMs, it is necessary to 
exchange power via high-frequency circulating currents be‐
tween the SHV-SMs and the MMC. The control block dia‐
gram of the series of high-voltage SMs is shown in Supple‐
mentary Material C Fig. SC4 [120]. The reference value of 
high-frequency circulating current can be obtained from the 
capacitor voltage error of the SHV-SMs. The difference be‐
tween reference value and the actual value of high-frequency 
circulating current is processed through a PI controller, 
which then generates the modulation voltage for the SHV-
SMs.

In conclusion, VSC-HVDC based on compact MMC of‐
fers full controllability and grid support but requires further 
research into its economic viability and stability under in‐
creasing system complexity. DRU-HVDC provides signifi‐
cant cost, size, and efficiency advantages but is limited by 
its lack of controllability and dependence on mature grid-
forming WTs.

In the parallel configuration of DRU and MMC, the DC 
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voltage of the MMC aligns with the DC voltage of the sys‐
tem, requiring high rated voltage for transformers and SMs. 
This imposes significant insulation and component require‐
ments, indicating considerable potential for further optimiza‐
tion in size and weight of converter station. The improved 
parallel configuration of DRU and MMC involves complex 
topologies and advanced control strategies, which may im‐
pact system stability and currently remain largely confined 
in the theoretical research stage.

In contrast, the series configuration of DRU and MMC al‐
lows the MMC to operate at a reduced DC voltage, thereby 
lowering insulation demands, decreasing SM capacitance, 

and reducing power device ratings. However, the primary 
drawback is the startup complexity. Despite this, the series 
configuration of DRU and MMC offers superior overall per‐
formance and is well-suited for point-to-point transmission 
applications of large-scale OWP, where a step-down startup 
method can be employed. The parallel configuration of DRU 
and MMC offers more flexible control and easier startup, 
making it more suitable for multi-terminal DC grid transmis‐
sion projects in large-scale OWP transmission systems. A 
comparison of several HVDC transmission technologies is 
shown in Table V.

IV. DEVELOPMENT TRENDS AND PROSPECT OF EFFICIENT 
TECHNOLOGIES FOR LARGE-SCALE OWP

Although current cost-effective collection and transmis‐
sion technologies for large-scale OWP have advanced, sever‐
al issues still need further research for practical application.

A. Cost Optimization

As offshore wind farm projects move farther from shore 
and grow in capacity, minimizing the size, weight, and over‐
all cost of the offshore converter stations becomes increas‐
ingly critical.
1) Development of Key Equipment for DC Collection Systems

The transition from AC collection with DC transmission 
to DC collection and multi-voltage-level DC transmission is 
motivated by the goal of reducing offshore substation and ca‐
ble costs. For fully DC offshore wind farms, the primary 
challenge lies in the development of high-frequency high-
gain DC/DC converters and DC circuit breakers.

For example, in the parallel-connected networking, current 
high-frequency isolated DC transformers are constructed by 
multiple small-capacity isolated DC/DC converters connect‐
ed in series and parallel, which results in large size and 
weight. Future research should focus on high-frequency iso‐
lated DC transformer technology with improved topologies, 
lower energy storage requirements, and enhanced control sta‐

bility.
2) Compact MMCs for Co-optimization of Volume and Stabil‐
ity 

Compact MMCs offer a promising solution for reducing 
the size and cost of converter station. Current research focus‐
es on topology simplification and advanced control strate‐
gies. However, the increased complexity of control and addi‐
tional semiconductor components may adversely affect eco‐
nomic viability and dynamic stability. Future design of com‐
pact MMC should focus on the co-optimization of volume 
and stability. Additionally, the adaptability of ripple suppres‐
sion strategies under non-ideal grid conditions warrants rigor‐
ous theoretical analysis.
3) Capacity Design and Control for Hybrid Transmission 
Scheme of DRU and MMC Station

The hybrid transmission scheme of DRU and MMC sta‐
tion leverages the strength of both technologies: DRUs offer 
efficient bulk power transfer, while MMCs provide reactive 
power and harmonic compensation. However, additional 
components such as power electronic devices will increase 
system cost. Currently, there is a lack of capacity design 
guidelines that balance cost, reliability, and performance. 
Moreover, improved coordination control and reliability as‐
sessment need to be further investigated.

TABLE V
COMPARISON OF SEVERAL HVDC TRANSMISSION TECHNOLOGIES

Technology

MMC

DRU-HVDC

Series configuration of 
DRU and MMC

Parallel configuration of 
DRU and MMC

Improved parallel 
configuration of DRU 

and MMC

Reference

[121], [122]

[78], [92]

[109]-[114]

[117]

[118]

Is WT control 
strategy changed?

No

Yes

No

No

No

Technology 
maturity

+++++

++

+++

+++

+++

Number of 
diodes per 

arm

2N

N

2N

4N

2.62N

Number of 
IGBTs per 

arm

2N

0.33N

2N

0.31N

Transmission 
loss of valve 

(%)

0.800

0.110

0.733

0.139

0.370

Size of convert‐
er station 

(p.u.)

1.00

0.20

0.79

Weight of 
converter sta‐

tion (p.u.)

1.000

0.350

0.776

Note: the symbol + indicates the level of technology maturity, with more + denoting higher degree of technology maturity; and N represents the number of 
SMs in each arm of MMC. 
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B. Grid Stability

The integration of large-scale OWP, especially through 
VSC-HVDC and DRU-HVDC systems, raises significant 
grid stability concerns, including reduced inertia, increased 
control complexity, and vulnerability to oscillations.
1) Resonance Issues and Active Grid-supporting Strategies 
for VSC-HVDC System

The increasing penetration of power electronic devices 
and declining share of synchronous generators have resulted 
in a substantial reduction of inertia in VSC-HVDC-based 
OWP transmission systems. On one hand, low-inertia and 
weak-damped characteristics of OWP transmission systems 
markedly increase the frequency stability risks. The major 
blackout incidents in Australia (28 September, 2016) [123] 
and the UK (9 August, 2019) [124] revealed the deficiencies 
in frequency regulation. On the other hand, the increasing 
control interactions both among power electronic devices 
and between these devices and the onshore grid have signifi‐
cantly heightened the system vulnerability to wide-frequency 
oscillations. For instance, the Borwin1 project experienced 
severe oscillation incidents in 2014, resulting in prolonged 
system outages [125]. Owing to the inherent control flexibili‐
ty of the VSC-HVDC systems, the implementation of specif‐
ic control strategies enables the systems to provide active 
grid support to onshore grid [121], [122], [126]. Therefore, a 
critical research focus for future VSC-HVDC-based OWP 
transmission systems lies in developing solutions that simul‐
taneously ensure converter resonance stability while provid‐
ing effective frequency, voltage, and inertia support to on‐
shore grids under complex operation conditions.
2) Stability Analysis for DRU-HVDC System

DRU-HVDC systems, while being economical and com‐
pact, cannot regulate voltage or frequency on their own. Con‐
sequently, WTs play a vital role in establishing voltage un‐
der black-start or weak-grid conditions. However, existing 
control strategies of WTs face limitations: insufficient DC-
side capacitance restricts WTs to obtain enough startup ener‐
gy under prolonged disturbances, while mechanical energy 
buffering via turbine drivetrains accelerates wear. Thus, aux‐
iliary equipment is necessary to enable self-starting of WTs. 
Moreover, complex interactions among grid-forming convert‐
ers, grid-following converters, and DRUs can introduce sta‐
bility issues such as oscillations. The current research is lim‐
ited to the stability analysis of systems with a small number 
of aggregated WTs and lacks a theoretical foundation and 
analysis methods for the stability of systems containing het‐
erogeneous converters. Future research should focus on sev‐
eral key areas: establishing system models that include multi-
type converters; stability analysis of different control modes, 
key parameters, and grid-forming penetration; and stability 
assessment based on crucial metric.
3) Planning and Reliability for Distributed ESSs

Distributed ESSs are essential for enhancing grid stability 
in integrating OWP via DRUs. By locating ESS on the DC 
side of WT converters, the black-start capability of WTs is 
improved. However, the integration of ESSs significantly in‐
creases the control complexity of the nacelle and the overall 
system weight. Moreover, ESSs must adapt to the highly 

variable operation conditions of offshore wind farms, there‐
by posing considerable economic and reliability challenges. 
Existing research is limited in optimizing energy storage con‐
figuration, reducing storage volume, and enhancing the sta‐
bility of OWP transmission systems with ESSs. ESS capaci‐
ty optimization must balance operation dynamics and cost-ef‐
fectiveness in wind farm. Distributed ESS deployment neces‐
sitates robust siting strategies to withstand extreme environ‐
mental and geospatial conditions. Enhancing the coordinated 
operation reliability between ESSs and WTs is also impera‐
tive to ensure the stability of DRU-HVDC-based OWP trans‐
mission systems.

C. Fault Protection

Effective fault management is critical for ensuring the 
safety and operation continuity of OWP transmission sys‐
tems, particularly in remote and harsh environments.

The probability of DC cable faults is relatively low. There‐
fore, the DRU-HVDC system has a low demand for DC 
fault ride-through. The current AC fault ride-through meth‐
ods mainly involve two aspects: the active response control 
of the wind farm and the deployment of DC circuit breakers. 
Therefore, further analysis should focus on the transient sta‐
bility characteristics and fault protection measures of the 
DRU-HVDC-based OWP transmission systems. While practi‐
cal deployment of DRU-HVDC system has yet to be real‐
ized, advancements in power electronics and standardization 
are expected to bridge the gap from concept to application.

D. Engineering Applications

At the collection level, 66 kV AC collection has progres‐
sively supplanted conventional 35 kV solutions, as exempli‐
fied by projects such as Yangjiang Qingzhou VII [127], Dog‐
ger Bank A [128], Dolwin5 [129], and Dolwin6. These proj‐
ects employ HVAC submarine cables to directly transmit 
power to offshore converter stations. It is noteworthy that 
while MFAC collection and DC collection technologies have 
demonstrated potential in academic research, they have yet 
to be implemented in practical engineering applications. Giv‐
en the immaturity of high-capacity high-gain DC/DC con‐
verter, AC collection is anticipated to remain the predomi‐
nant solution for offshore wind integration in the coming de‐
cades. Thus, MFAC collection presents considerable applica‐
tion prospects due to its ability to significantly reduce the 
size and weight of transformers and power conversion equip‐
ment.

At the transmission level, three cost-efficient transmission 
technologies tailored for OWP applications remain at theoret‐
ical research stages [130]. However, their fundamental con‐
cepts have been partially implemented in other HVDC appli‐
cations. Regarding SM capacitor optimization, both the 
Zhangbei VSC-HVDC project commissioned in 2020 and 
the currently under-construction Yangjiang Qingzhou 5 and 7 
Offshore Wind Farm Projects have adopted the VSC-HVDC 
based on compact MMC [131]. Although DRU-HVDC lacks 
practical implementations, the European Horizon 2020 initia‐
tive “Progress on Meshed Offshore HVDC Transmission 
Networks” originally planned a demonstrator at Klim wind 
farm in Denmark in 2016 [68], indicating both significant in‐
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dustry attention and thorough technical validation in Europe. 
Currently, China has built the world’s first ±10 kV/10 MW 
DRU-based wind power transmission demonstration project 
in Dabancheng, Xinjiang. HVDC based on hybrid converters 
has achieved successful deployment in several major Chi‐
nese projects including the Kunliulong project (commis‐
sioned in 2020) incorporating LCC at the sending end and 
MMC at the receiving end [132], and the Baihetan Jiangsu 
project (commissioned in 2022) utilizing hybrid cascaded 
LCC and VSC [133]. Based on current technological devel‐
opments and industry roadmaps, these three emerging light‐
weight technologies are projected to achieve engineering im‐
plementation within the next few years [134], [135].

For grid-forming capability of VSC-HVDC-based OWP 
transmission system, the ongoing BorWin6 project in Germa‐
ny represents a significant advancement in VSC-HVDC tech‐
nology [136]. In compliance with the VDE 4131 grid code, 
this project has implemented an innovative dual-terminal 
grid-forming control strategy based on DC voltage virtual 
synchronization. This strategy provides comprehensive active 
support capabilities for both offshore wind farms and the on‐
shore grid.

In the design optimization of offshore converter station, 
split-foundation jacket structures are gaining increasing adop‐
tion due to their demonstrated advantages in significantly re‐
ducing steel consumption for foundations while meeting the 
requirements for float-over installation methods. The Dol‐
win3 project represents a notable implementation of this ad‐
vanced structural solution [137].

V. CONCLUSION

This paper analyzes emerging collection and transmission 
technologies for large-scale OWP. The major conclusions are 
drawn as follows.

1) Regarding AC collection, increasing the system opera‐
tion frequency can reduce transformer and filter sizes on off‐
shore platforms, but raise cable costs. Determining the opti‐
mal frequency range for offshore AC systems across differ‐
ent OWP transmission systems is crucial. Besides, modular 
HVDC platform (ABB, 2016) enables direct 66 kV AC trans‐
mission to converter stations without substations, which has 
been successfully deployed in operation projects. Parallel 
and series configurations offer the advantages of reduced off‐
shore platform and cable costs but face challenges in the de‐
sign of critical equipment such as high-frequency isolation-
based DC/DC converters.

2) For VSC-HVDC based on compact MMC, the econom‐
ic and stability impacts of adding power electronic devices 
and control strategies require further research. Moreover, 
with increasing penetration of power electronic devices, 
VSC-HVDC must provide active support to the onshore 
grids.

3) While DRU-HVDC offers superior cost, size, and effi‐
ciency advantages over VSC-HVDC, the commercial adop‐
tion of DRU-HVDC faces significant challenges, e.g., imma‐
ture grid-forming control strategies in WTs and inherent limi‐
tations in fault ride-through capability, active power support, 
and black-start functionality. Future research is poised to 

concentrate on the integration of ESSs to mitigate these con‐
straints.

4) HVDC based on hybrid converters eliminates the con‐
trol modifications of WTs, enables black-start capability, and 
removes filters and reactive power compensation devices. 
However, the capacity design, control coordination, and sta‐
bility analysis of HVDC based on hybrid converters demand 
deeper investigation.

The future development of far-OWP integration will focus 
on the overall optimization of both collection and transmis‐
sion technologies with high efficiency, high reliability, and 
low cost.
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