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ABSTRACT: Offshore wind power is a key resource for achieving low-carbon transition in power systems
with high penetration of renewable energy and power electronics, and it plays an increasingly important
role in the development of modern power systems worldwide. The current research work focuses on
aggregation-based development and operation technologies, grid-connected operation methods, and
optimal scheduling strategies for offshore wind power, aiming to achieve the stable and healthy
development of the offshore wind power industry. This paper reviews the characteristics of offshore wind
energy systems and the integrated utilization technology for grid-connected operation. First, the aggregation
features and system characteristics of new energy systems with large-scale offshore wind power are
examined. Then, the system reviews key technologies for large-scale offshore wind power grid integration
based on VSC-HVDC technology and analyzes the source-load characteristics of new energy systems
incorporating offshore wind power. Finally, the development trends of offshore wind energy systems and
integrated utilization technologies for grid-connected operation, as well as the technical fields that require
further research in the future, are prospectively discussed.
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1. Introduction

In recent years, driven by carbon neutrality targets and power system transformation, renewable energy
deployment has accelerated worldwide, particularly in countries with ambitious energy transition strategies such
as China. National energy strategies have consistently identified large-scale renewable energy deployment as a
key pathway toward a low-carbon transition. As economically viable onshore wind resources become
increasingly scarce, global wind farm development has shifted toward offshore expansion. Offshore wind power
exploits high-quality offshore wind resources and transmits electricity to onshore load centers. Compared to
onshore wind farms, offshore installations face less turbulence and offer more stable wind conditions, resulting
in higher turbine efficiency. Offshore wind power is therefore regarded as a key resource in future low-carbon
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power systems. National energy strategies have consistently identified large-scale renewable energy deployment
as a key pathway toward a low-carbon transition. As economically viable onshore wind resources become
increasingly scarce, global wind farm development has shifted toward offshore expansion. Offshore wind power
exploits high-quality offshore wind resources and transmits electricity to onshore load centers. Compared to
onshore wind farms, offshore installations face less turbulence and offer more stable wind conditions, resulting
in higher turbine efficiency. Offshore wind power is therefore regarded as a key resource in future low-carbon
power systems.

Offshore wind power has become an important component of modern energy systems and is increasingly
coupled with other offshore industrial activities, which place higher requirements on power transmission, system
coordination, and grid integration. However, the large-scale and remote deployment of offshore wind farms
introduces substantial challenges to power system operation, including long-distance transmission, high
penetration of variable generation, and complex interactions between offshore and onshore grids.

Offshore wind grid integration involves multiple critical technical issues, including offshore power
collection and transmission, stability and control under high penetration of stochastic generation, and
coordination between offshore wind farms and onshore power systems. In addition, accurate wind power
forecasting and coordinated dispatch strategies are essential to mitigate the impacts of wind variability and
uncertainty. Despite extensive research efforts, significant challenges remain in these areas, particularly for
large-scale offshore wind integration within new energy systems. Therefore, this paper reviews the grid
integration and operational characteristics of offshore wind power, focusing on system architecture, key
enabling technologies, and remaining technical challenges. The objective is to provide a structured overview of
current research progress and to identify future research directions for offshore wind integration in modern
power systems.

2. New Energy Systems Incorporating Large-Scale Offshore Wind Power
2.1. Operation of Large-Scale Offshore Wind Power Aggregation
2.1.1. Spatiotemporal Characteristics of Offshore Wind Aggregation

Large-scale offshore wind farms typically comprise dozens to hundreds of wind turbines distributed across
offshore areas with varying water depths, forming offshore wind aggregation. Adjacent wind farms share similar
meteorological conditions and geographic locations, resulting in temporal patterns of wind power output with
strong correlation between neighboring turbines. These outputs exhibit similar trends but low complementarity.
Addressing spatiotemporal uncertainty in offshore wind power involves three sequential steps: first, analyzing
spatial correlations among multiple wind farms’ outputs; second, examining temporal correlations within
individual wind farms’ outputs; and finally, constructing a spatiotemporal uncertainty model. This approach
quantifies offshore wind uncertainty.

Considering the spatial correlation of wind power can make the day-ahead and intraday real-time dispatch
planning model more realistic, thereby improving dispatch optimization and enhancing the economic efficiency
and reliability of system operation [1]. Currently, the spatial correlation of wind farms is primarily analyzed
using correlation coefficient matrix-based and Copula function-based correlation analysis methods, while the
temporal autocorrelation characteristics are generally analyzed using probability density function methods, time
series methods, and Markov chain models [2]. Since individual derivative functions cannot capture asymmetric
tail correlations, it is challenging to characterize the diverse correlations among wind farms accurately.
Therefore, a hybrid Copula function with different weightings will be constructed to describe the spatiotemporal
correlations among multiple offshore wind farms. The overall output distribution characteristics and volatility
of offshore multi-wind power systems are closely related to the wind speeds at individual wind farms. As the
spatial distribution scale increases, the volatility of wind power generation gradually diminishes, and the
relationship curve between its maximum value and installed capacity exhibits a certain moderating effect [3].
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2.1.2. Internal Collection and Aggregation Configurations of Offshore Wind Farms

Offshore wind power collection methods primarily include AC (Alternating Current, AC) and DC (Direct
Current, DC) systems. Collection systems mainly comprise submarine cables, switchgear, and offshore
substations. Key research directions for achieving economic viability and reliability in large-scale offshore wind
power collection systems include optimizing the geographic positioning of offshore step-up substations,
obtaining wiring schemes that achieve the optimal balance of cost-effectiveness and reliability, and scientifically
delineating adjacent turbine zones.

Common AC collection system topologies for offshore wind farms include radial, star, single-sided loop,
double-sided loop, and composite loop configurations. In recent years, numerous scholars have conducted
optimization studies on AC collection system topologies. Reference [4] employs a single-parent genetic
algorithm to optimize the topology of collection systems to meet economic requirements under varying
conditions. Reference [5] utilizes a fuzzy C-means clustering-based optimization method to design topologies
and employs Monte Carlo simulation to establish a reliability evaluation framework for large-scale offshore
wind farm collection systems. Reference [6] applies reliability assessment methods to design topologies and
employs graph theory to derive reliability metrics for analysis. Reference [7] evaluated the economic and
technical indicators of different topologies and compared multiple configurations. In summary, extensive
research has been conducted on the internal network topology design for offshore AC wind farms. However,
studies on the internal network topology design for offshore DC wind farms remain relatively scarce. Currently,
the internal network topology configurations for offshore DC wind farms include parallel topology, series-
parallel topology, parallel-series topology, and matrix topology. Comparisons based on internal losses,
economic viability, and reliability indicate that series-parallel and parallel-series topologies currently hold
advantages [8]. Reference [9] categorizes offshore wind DC topologies into series-boost and radial
configurations and analyzes their control strategies through comparative evaluation. Research on offshore
wind power collection system topologies has primarily focused on optimizing large-scale systems by
prioritizing economic efficiency and reliability as key objectives.

Offshore wind power aggregation collection systems reliably interconnect numerous offshore wind
turbines while maximizing cost savings. Typically, these systems comprise multiple wind turbines, collection
cables, switchgear, transformers, and other electrical equipment. Offshore wind power aggregation collection
methods can be categorized into AC parallel, DC parallel, and DC series configurations. Figure 1 illustrates the
AC parallel collection method, Figure 2 shows the DC parallel collection method, and Figure 3 depicts the DC
series collection method [10].

pAmy 4, @';
- [CD{d=

Figure 1. AC parallel collection configuration for offshore wind farm aggregation. AC and DC denote alternating current and
direct current, respectively, as defined previously. G denotes the generator. The same notation is used in the following figures.
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Figure 3. DC series collection configuration for offshore wind farm aggregation. The dashed line indicates the series DC
interconnection between adjacent converter units, representing the DC collection path rather than a physical cable layout.

2.1.3. Grid-Connection Schemes for Large-Scale Offshore Wind Power Aggregation

The integration of large-scale offshore wind power systems involves two processes: collection and grid
connection. Similar to collection methods, grid connection also employs two approaches: High Voltage
Alternating Current (HVAC) and High Voltage Direct Current (HVDC). Additionally, these include Voltage
Source Converter-Based High Voltage Direct Current (VSC-HVDC) and Fractional Frequency Transmission
System (FFTS).

HVAC systems feature simple structures, low transmission costs over short distances, mature technology,
and extensive engineering experience. However, they incur high costs for long-distance transmission and
present challenges such as overvoltage and reactive power control, as illustrated in Figure 4 [10].
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Figure 4. HVAC-based grid-connection scheme for offshore wind farm aggregation. The dashed line indicates the boundary
between offshore and onshore power equipment networks. The same notation is used in the following figures.

Traditional HVDC systems are suitable for long-distance, high-capacity applications requiring flexible
operational adjustments and large-scale power transmission. However, converter equipment is costly, difficult
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to maintain, and complex, exacerbating harmonic pollution and increasing the risk of commutation failures that
compromise the stability of wind power systems. Additionally, extensive installation of reactive power
compensation devices is required, occupying significant space. Traditional HVDC is unsuitable for offshore
wind power applications [10]. Consequently, international practices predominantly employ HVAC and VSC-
HVDC grid integration methods, avoiding traditional HVDC grid connection. Relatively speaking, flexible DC
transmission technology is more mature internationally. DC-based grid connection primarily replaces
substations with AC/DC converter stations and DC/AC inverter stations. It encompasses high-voltage DC grid
connection based on line-commutated converters and self-commutated converters, representing a currently
reliable grid connection solution. Similar to high-voltage AC grid integration, this approach incorporates
offshore wind turbine clusters, AC/DC rectifiers, DC/AC inverters, step-up transformers, and medium-voltage
AC collection busbars. It additionally includes offshore AC/DC rectifier stations, DC transmission cables, and
onshore DC/AC converter stations. The offshore wind power output from the medium-voltage AC collection
bus is converted into DC power, transmitted via DC cables to the onshore inverter station, and then fed into the
grid. Figure 5 shows a schematic diagram of offshore wind aggregation grid-connected via high-voltage DC
using line-commutated converters, while Figure 6 illustrates a schematic diagram of offshore wind aggregation
grid-connected via high-voltage DC using self-commutated converters [10].
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Figure 5. LCC-HVDC-based grid-connection scheme for offshore wind power aggregation.
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Figure 6. VSC-HVDC-based grid-connection scheme for offshore wind power aggregation.

Compared to conventional DC lines, VSC-HVDC eliminates capacitive charging current issues while
offering compact system structures, minimal footprint, modularity, ease of construction, flexible control, and
reduced environmental impact. It overcomes transmission distance limitations and significantly enhances the
transmission capacity of existing power grids. Its rapid, independent control of active and reactive power is
beneficial for improving wind power quality, making it the primary technology for grid integration of offshore
wind farms [11]. However, it suffers from high power losses, limited transmission capacity, and relatively high
costs. Basic research on VSC-HVDC in China remains limited, necessitating further study integrated with
engineering experience. FFTS’s effective load capacity substantially extends power transmission distances,
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eliminating the need for offshore converter stations and significantly reducing construction and maintenance
costs. While it offers advantages for offshore grid development, current research indicates that the technology
remains immature and lacks practical engineering examples.

A comparison of transmission technologies for deep offshore wind power is presented in Table 1 [12]. In
summary, based on economic viability and reliability, the current mainstream research and development trend
globally is source-type flexible DC transmission. Engineering decisions should reasonably select between high-
voltage AC, source-type flexible DC, or hybrid transmission based on factors such as offshore distance and
transmission capacity.

Table 1. Comparison of transmission technologies for deep offshore wind power.

Item HVAC VSC-HVDC FFTS
Typical transmission distance <70 km >70 km >70 km
Offshore platform Reactive compensation platform (>70 km) Converter platform None
Black-start capability Yes Yes Yes

Independent control of active &

. No Yes Yes

reactive power
Investment cost Low High Low
Technological maturity High High Low

2.2. VSC-HVDC-Based Grid Integration Technologies for Large-Scale Offshore Wind Power

The new energy system is fundamentally driven by the imperative to achieve carbon peak and carbon
neutrality goals, to implement new development concepts, to establish a new development paradigm, and to
advance high-quality development. It prioritizes ensuring energy and power security as its foundational premise,
with the primary objective of meeting electricity demands for socioeconomic development and the core mission
of maximizing the integration of new energy sources. Centered on a robust smart grid as its pivotal platform, it
is underpinned by the interaction between generation, grid, load, and storage, alongside multi-energy
complementarity. This system embodies the essential characteristics of being clean and low-carbon, secure and
controllable, flexible and efficient, and intelligent, user-friendly, and open-interactive. Developing large-scale
offshore wind power is a crucial measure for China to build a new energy system centered on renewable sources
and achieve carbon peak and carbon neutrality goals.

The new energy system incorporating large-scale offshore wind power integrates offshore wind as a vital
component within the broader energy framework. It combines this with other power generation methods, energy
storage technologies, and smart transmission and distribution facilities to form a novel energy and power system.
Large-scale offshore wind farms, characterized by high capacity and long distances, typically employ VSC-
HVDC technology for grid integration, introducing numerous new components such as voltage-source
converters and DC transmission lines. Consequently, the physical architecture and power flow modeling of this
new energy system differ significantly from conventional AC power systems.

VSC-HVDC, based on fully controllable power electronic devices and pulse width modulation technology,
offers advantages such as rapid response, excellent controllability, flexible operation modes, the ability to supply
power to passive networks, immunity to commutation failures, and ease of configuring multi-terminal DC
systems [13]. A typical VSC-HVDC system comprises voltage-source converters, transformers, commutation
reactors, circuit breakers, AC filters, DC cables, DC capacitors, and DC filters. The voltage-source converter
serves as the most critical module, performing rectification and inversion functions to facilitate energy
conversion between AC and DC systems. Given the physical characteristics of VSC-HVDC, investigating its
topology, mathematical models, and control strategies is crucial for analyzing novel energy systems
incorporating large-scale offshore wind power.
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2.2.1. VSC-HVDC Topologies for Large-Scale Offshore Wind Power Integration

Regarding VSC-HVDC topologies, Reference [14] introduces three primary converter topologies suitable
for VSC-HVDC systems and compares their advantages and disadvantages in terms of cost, DC capacitor
capacity, commutation reactors, and footprint. Reference [15] proposes a high-power multi-module VSC-
HVDC topology that reduces the number of directly series-connected power electronic devices and their
switching frequencies, thereby simplifying the main circuit topology. Reference [16] designs an optimized
VSC-HVDC solution for grid-connected transmission of large-scale offshore wind farms. Reference [17]
presents fundamental methods for selecting optimal VSC-HVDC main circuit topologies and modulation
strategies based on practical engineering applications. Reference [18] investigates a novel multi-terminal VSC-
HVDC topology connecting two offshore wind farms to a single onshore substation for large-scale offshore
wind farm aggregation. This topology halves the requirement for high-voltage DC circuit breakers and
eliminates the need for additional offshore substations. PSCAD/EMTDC simulations validate its effectiveness
as a multi-terminal VSC-HVDC transmission system topology. Reference [19] proposes a novel VSC-HVDC
topology termed the Hybrid-Legs Bridge Converter (HLBC) as an alternative to Modular Multilevel Converters
(MMC). This converter hybridizes a two-level converter with an MMC. Compared to MMCs and series MMCs,
the series HLBC requires only one-third and one-half the number of submodules, respectively. Furthermore, the
series HLBC eliminates the need for any arm inductors or DC-side filters. Compared to existing converter
topologies, the HLBC offers advantages such as flexibility and compactness, potentially making it a superior
solution for high-voltage direct current transmission applications. However, the HLBC remains in the research
phase, with numerous challenges yet to be resolved. Currently, the technically mature and highly efficient MMC
remains the preferred converter topology for VSC-HVDC transmission systems.

2.2.2. Mathematical Modeling of VSC-HVDC for Offshore Wind Power Integration

Modeling VSC-HVDC systems forms the foundation for designing their control strategies. Regarding
VSC-HVDC mathematical models, Reference [20] proposes a power flow model based on the Newton-Raphson
method. The VSC is not treated as an ideal voltage source but rather as a composite transformer device, with
certain control characteristics of PWM-based inverters associated with it. This model also accounts for the
design limits of VSC inductive and capacitive reactive power, switching losses, and resistive losses. Reference
[21] developed a Newton-Raphson power flow model applicable to point-to-point and multi-terminal VSC-
HVDC networks. Unlike existing models, the modulation index of the VSC converter can be represented as an
unknown variable, and both the topology of the VSC-HVDC network and the number of converter stations can
be arbitrarily selected. Based on the operating principles of VSC-HVDC, reference [22] employs an implicit
trapezoidal integration method to establish an electromagnetic transient simulation model for VSC-HVDC,
proposing an iterative numerical calculation method to solve implicit difference equations. Reference [23]
summarizes and establishes a PSS/E-based electromechanical transient model for VSC-HVDC based on its
fundamental frequency mathematical model in the d-q rotating coordinate system. The dynamic process exhibits
excellent consistency compared to the precise electromagnetic transient model of VSC-HVDC in
PSCAD/EMTDC. Reference [24] introduces a novel RMS model for VSC-HVDC. The VSC is modeled as an
ideal phase-shifting transformer, with its primary and secondary windings corresponding to the AC and DC
buses of the VSC. The magnitude and phase angle of the ideal phase-shifting transformer represent the
amplitude modulation ratio and phase shift present in the PWM converter. This dynamic model enables efficient
simulation of large-scale power systems. Reference [25] proposes a multiscale transient model for AC/DC
power systems incorporating VSC-HVDC, based on methods such as frequency-shift analysis. The frequency-
shift analysis employs the Hilbert transform to accurately describe the multiscale transient processes of VSC-
HVDC. Reference [26] compares three primary MMC VSC-HVDC model generation techniques across typical
simulation cases, evaluating both accuracy and simulation speed. Additionally, an improved model is proposed
to enhance computational efficiency further. Finally, a set of modeling recommendations is presented to provide
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technical guidance for MMC modeling. Reference [27] comprehensively explains the fundamental concepts,
methodologies, applicability, and computational efficiency of detailed MMC models, equivalent circuit models,
mean-value models, and simplified mean-value models, pointing the way forward for MMC electromagnetic
transient modeling. In summary, significant progress has been made in VSC-HVDC mathematical modeling.
However, challenges remain in computational accuracy, computational efficiency, multi-terminal network
modeling, and adaptability. Future research should focus on integration within new energy systems and
exploring model adjustability and flexibility.

2.2.3. Control Strategies of VSC-HVDC for Large-Scale Offshore Wind Power

Regarding VSC-HVDC control strategies, the current approach generally employs current PI closed-loop
control. This achieves decoupled control of active and reactive power within the d-q coordinate system, thereby
enhancing the system’s steady-state control performance. To further improve the reliability of VSC-HVDC
systems, researchers have explored novel control strategies. Reference [28] proposes a feedforward decoupled
current control strategy using PARK transformation for stable control of the VSC in rotating coordinates,
enabling independent control of active and reactive power in the VSC-HVDC system. This strategy features
fast response and robust stability, maintaining system control even after an AC transient single-phase-to-ground
fault. Reference [29] developed a simplified fundamental frequency steady-state model based on the
fundamental frequency dynamic model of a back-to-back VSC system, providing a set of single-input single-
output (SISO) control methods to replace the multi-input multi-output (MIMO) control of VSC systems.
Reference [30] proposed a power control method based on the VSC power loop, fully utilizing the transmission
capacity of the VSC-HVDC system to support system voltage during faults and enhance voltage stability.
Reference [31] addresses the poor DC voltage quality associated with droop control strategies by introducing
an improved adaptive droop control strategy incorporating a power influence factor. This achieves closed-loop
control of the droop coefficient, enabling better adaptation to varying system operating conditions. Reference
[32] proposes an enhanced voltage control strategy based on model predictive control. It regulates the VSC-
HVDC voltage while considering the economic operation of offshore wind farms, thereby reducing system
power losses. Reference [33] proposes a coordinated control scheme for frequency support provided by offshore
wind farms and VSC-HVDC systems. Offshore wind turbines operate at reduced load to generate power
reserves, while DC capacitors within the VSC-HVDC can alter DC bus voltage to participate in frequency
control. Reference [34] proposes a coordinated damping control strategy utilizing the power regulation
capabilities of doubly fed wind turbines and VSC-HVDC. This approach compensates for power at the grid
connection point, maintains the grid connection point voltage, and enhances system transient power angle
stability. Reference [35] addresses high-frequency stability issues in doubly-fed wind turbines and VSC-HVDC
systems under phase-locked loop-free direct power control. It analyzes the influence of control delays on system
high-frequency impedance, investigates the mechanism of high-frequency resonance occurrence, and proposes
an impedance reshaping method for doubly-fed wind systems based on delay elimination, along with a high-
frequency oscillation suppression strategy. Reference [36] addresses the deterioration of dynamic performance
in HVDC systems caused by existing active high-frequency oscillation suppression strategies. It proposes a
dynamic performance-friendly high-frequency self-stabilizing control strategy based on a voltage feedforward
dead-zone controller and a current feedback resistance correction controller, capable of adapting to various
grid operating conditions. In summary, research on VSC-HVDC control strategies continues to evolve,
exploring multiple directions—from closed-loop control based on the d-p coordinate system to feedforward
decoupled current control, power control, and impedance reshaping—to enhance system performance,
reliability, and adaptability.
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2.3. Source—Load Characteristics of New Energy Systems with Large-Scale Offshore Wind Integration

Offshore wind power generation exhibits characteristics of volatility, intermittency, and unpredictability.
When combined with load uncertainty, this makes the power system more unstable. Traditional power systems
rely on conventional energy reserves to address abnormal weather conditions and load fluctuations. With the
large-scale integration of offshore wind power, thermal power units in traditional power systems will gradually
be replaced by photovoltaic and wind turbines with power electronic interfaces. This leads to reduced system
regulation capabilities, resulting in low inertia and significant voltage and frequency fluctuations. Traditional
reserve energy sources struggle to bridge the gap in energy demand [37]. Therefore, against the backdrop of
transitioning to a low-carbon, clean energy structure, analyzing and predicting source-load characteristics in
new energy systems holds significant research value.

The energy supply side of new energy systems encompasses resources such as electricity, gas, heat, and
cooling. The large-scale grid integration of offshore wind power introduces heightened uncertainty into both
power and energy systems, necessitating a preliminary assessment of power system flexibility. Power system
flexibility characterizes the system’s ability to balance electricity supply and demand. At the relevant timescale
of active power balance, it reflects the system’s capacity to optimize the allocation of available resources—
including generation, grid, and load—to accommodate random variations at a given cost. Reasonably assessing
power system flexibility requirements and analyzing the impact of offshore wind power on power system
flexibility are key research focuses. Reference [37] reviews the current state of domestic and international
research on integrated energy system flexibility, defines a mathematical model for integrated energy systems,
and constructs a research framework from three aspects: physical mechanisms, enhancement pathways, and
modeling, quantification, and evaluation methods. Reference [38] analyzes factors influencing power system
flexibility, proposes a multi-timescale assessment model, and identifies three categories of flexibility
enhancement approaches based on resource and demand mechanisms. Power system flexibility plays a crucial
role in measuring system reliability and security assurance, making its evaluation essential. However, further
research is needed on assessment criteria and models.

On the generation side, one approach is to increase the installed capacity of conventional power units and
raise the share of flexible power sources, such as pumped storage and gas-fired storage, to expand the reserve
capacity of traditional peak-shaving units. Another approach involves deploying energy storage systems to assist
in the dispatch of traditional energy sources such as thermal and hydroelectric power, leveraging the rapid
bidirectional regulation capabilities of energy storage to fill demand gaps. Optimizing day-ahead scheduling for
conventional units, such as thermal power plants, requires adapting unit combination models to frequent
fluctuations in high-penetration renewable systems. Reference [39] optimized power plant planning and
scheduling tools by forecasting 15-min average wind speed time series, evaluating the impact of large-scale
wind power on system operation. Reference [40] summarizes the output characteristics of conventional power
sources, such as thermal power, gas turbines, and pumped storage. It establishes fuel consumption cost models
for thermal and gas turbine units, demonstrating complementary properties and synergistic effects achievable
across different energy forms. Pumped storage power plants serve as energy storage with large-scale
charging/discharging capabilities, enabling flexible resource dispatch across various time scales. Reference [41]
addresses grid demand uncertainty and random failures by proposing a two-stage sequential optimization
method for pumped storage plants. This method automatically schedules pumped storage based on designed
control modules, effectively reducing output deviations between actual and forecasted renewable generation.
Reference [42] establishes a hierarchical optimization dispatch model for pumped storage-thermal power
combined peak regulation, significantly improving system peak regulation economics and thermal power peak
regulation efficiency while reducing wind curtailment rates. While extensive research exists on dispatch
planning for conventional units, studies addressing intraday dispatch planning at finer temporal scales remain
scarce. For instance, adopting more granular time-scale divisions to track load demand represents a viable
research direction.
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Resources capable of flexible dispatch in power systems include dispatchable generating units, flexible
loads, energy storage systems, electric vehicle fleets, virtual power plants, and smart buildings. Electric vehicles
and air conditioners can serve as flexible energy storage sources. Aggregators bundle dispersed loads to
participate in power system regulation, significantly increasing dispatch capacity and improving dispatch
efficiency. Compared to conventional loads, electric vehicle charging loads exhibit strong time-shifting
flexibility and spatiotemporal characteristics [43]. Reference [44] calculates load supply capacity using electric
vehicle charging/discharging as flexible loads. Results indicate second-level regulation capability, meeting real-
time flexibility dispatch demands. Thermal control loads, such as air conditioners, exhibit high dispatch potential
and flexibility, with operating times and power levels adaptable to power system needs to fulfill dispatch tasks
[43]. Reference [45] analyzed the regulation capability of variable-frequency air conditioners based on wind
power fluctuation patterns, demonstrating that demand response from these loads can reduce system reserve
capacity while optimizing wind power output. Reference [46] established a basic characteristic model for
residential electricity loads and proposed an optimal method for coordinating flexible loads. Reference [47]
integrates modeling and optimization of generating units, grid structures, and flexible loads to derive optimal
grid coordination schemes and flexible load dispatch strategies, thereby reducing network operating costs and
enhancing wind power integration. Hydrogen energy, characterized by high energy density, high conversion
efficiency, and storability/transportability, is widely recognized as a key method for large-scale conversion of
surplus renewable electricity [43]. Hydrogen energy can facilitate power system decarbonization, with current
research primarily focused on renewable hydrogen production technologies and hydrogen storage/transportation.
Reference [48] evaluated the cost of producing electrolytic hydrogen via grid-based hydrogen production
systems, indicating that under future stringent CO2 emission standards, electrolytic hydrogen costs could
gradually decrease. Reference [49] specifically examined underground hydrogen storage and natural gas
hydrogen storage, demonstrating hydrogen’s potential to promote cross-seasonal integration of renewable
energy. However, due to the high cost of hydrogen storage facilities, China has yet to establish a large-scale
hydrogen storage pipeline network [50]. Blending hydrogen with natural gas to form hydrogen-natural gas
mixtures and injecting them into the national natural gas pipeline network enables interprovincial transportation
and utilization of hydrogen energy [43]. The flexible dispatch and rational utilization of these resources are
crucial for ensuring stable power system operation, enhancing renewable energy integration levels, and
advancing the system’s transition toward low-carbon development.

Forecasting wind power and electricity demand is vital for enhancing renewable energy integration. Current
research on wind power forecasting primarily focuses on two aspects: optimizing prediction models and mining
data characteristics related to wind power output. Reference [51] summarizes wind power forecasting
techniques, exploring application scenarios and performance evaluation methods for different prediction models.
Reference [52] incorporates multi-location NWP data and non-typical features for forecasting, but relying solely
on NWP data for model prediction is constrained by its accuracy. Reference [43] utilizes actual measured power
data from wind farms and employs a first-order Markov chain as the prediction model. However, since the
autocorrelation of the sequence weakens over time, using only wind power data allows only for ultra-short-term
forecasting. Most existing studies address wind power or load separately. Given the correlation between wind
power generation and load demand, integrated forecasting processes are essential for better integrating
renewable energy into power systems. Reference [53] introduced an artificial intelligence algorithm based on
fuzzy neural networks to form a multi-timescale coordinated combination forecasting method for offshore wind
power, enhancing the prediction accuracy of offshore wind power output across multiple timescales. These
studies provide valuable insights and methods for improving the accuracy and reliability of wind power
forecasting. However, further research is still needed, particularly when considering the complex correlation
between wind power generation and load demand, to achieve more comprehensive and precise predictions.

Regarding the analysis of offshore wind power output prediction errors, first, one can begin by fitting the
power characteristic curves of offshore wind farms. Using the traditional single-unit power characteristic format,
this approach reflects how turbines within the wind farm respond to different wind speed ranges. It then analyzes
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the fitting error corresponding to each wind speed range—that is, the power prediction error caused solely by
the power characteristic fitting error of the wind farm. Second, without considering power characteristic fitting
errors, the impact of wind speed prediction errors on power prediction errors is investigated, illustrating the
transmission effect of power characteristic curves on wind speed prediction errors. Finally, by combining power
characteristic fitting errors and wind speed prediction errors, the joint conditional probability distribution of
wind speed and power output is obtained for offshore wind power prediction. This provides a detailed
characterization of power prediction errors at various wind speeds, as shown in Figure 7.

Historical Output Data for Offshore Wind Power

¢ Historical Wind Speed Data for Offshore
Wind Farm Locations
Wind Power Characteristics Curve Fitting l
Distribution of Wind Power Characteristics Distribution of Wind Speed Forecast Errors

Fitting Error

Joint Sampling

v

Determine the distribution followed by the power
forecasting error for each wind speed range.

Figure 7. Schematic diagram of the error analysis method for wind power prediction.

Specifically, historical output data from the wind farm and average wind speeds measured at multiple
meteorological towers at corresponding times are first used as samples to fit the overall power characteristic
curve of the wind farm. Since wind cut-off speeds are rarely encountered during actual wind farm operation,
modeling for wind cut-off speeds is temporarily omitted. The power characteristic curve is fitted using the least
squares method:

min ||PW —PW(V)Hz (1)

Vei VN »8i s Iy

{Pw(va.)=o
S.t. ()

PW(VN):PN

Using maximum likelihood estimation techniques, the power error distribution ¢(V) within each wind
speed range is obtained. Subsequently, based on historical wind speed measurements and forecast values within
the offshore wind farm or its surrounding region, maximum likelihood estimation is employed to derive the

wind speed forecast error distribution $™) for each wind speed range. Finally, Monte Carlo double-layer
sampling was employed to simulate power forecasting errors across wind speed intervals, simultaneously
accounting for both power characteristic fitting errors and wind speed prediction errors. Maximum likelihood
estimation was then applied to analyze the maximum likelihood values corresponding to each candidate
distribution for power prediction errors within each wind speed interval. The distribution yielding the maximum
value was selected as the power prediction error distribution for that specific wind speed interval.

Beyond analyzing and forecasting the source-load characteristics of power systems, offshore wind power
integration can also be approached from the perspective of gas and thermal systems. This involves leveraging
multi-energy coupling devices and the inertial demand of gas/thermal networks. Classic electricity-integrated
multi-energy coupling devices include heat pumps, electric boilers, fuel cells, combined heat and power (CHP)
units, and electricity-to-gas conversion systems [54-56]. Reference [57] proposes a method to quantify the
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dispatch resources provided by gas pipelines to power systems, while [58] suggests achieving system supply-
demand balance by adjusting the operating conditions of hydraulic and thermal components within heating
networks. These approaches highlight the potential of multi-energy coupling devices and gas/heat networks to
balance the fluctuations of offshore wind power within power systems. This integrated approach, which
considers diverse energy sources and systems, enhances reliability and flexibility, thereby promoting broader
renewable energy integration into power grids.

Offshore wind aggregation exhibits spatiotemporal coupling correlations both internally and between
clusters. Against the backdrop of maximizing wind and solar resource utilization, both new energy generation
and loads can be regarded as sources of power balance disturbances in the grid. By analyzing controllable units
of different types within the system and optimizing the allocation of upward and downward flexibility resources,
the system can adapt to random fluctuations [59]. Reference [60] analyzes various flexibility resources and
demands within energy networks. Reference [61] conducts a source-load flexibility analysis for new power
systems, proposing a day-ahead optimization scheduling strategy that incorporates time-of-day control. Finally,
it optimizes the strategy and unit model of pumped storage power plants by considering cost allocation. In
summary, through in-depth analysis of the internal and external spatiotemporal relationships within offshore
wind power systems and utilizing optimized dispatch of different types of controllable units and flexibility
resources, the system can effectively adapt to random fluctuations. This comprehensive research holds promise
for enhancing the stability and reliability of power systems and for providing more effective solutions for the
large-scale integration of new energy sources.

3. Future Trends in Large-Scale Offshore Wind Grid Connection and Operation
3.1. Future Development of Grid Integration Technologies for Large-Scale Offshore Wind Aggregation

The development of large-scale offshore wind power is a key pathway toward low-carbon power system
transformation and the accommodation of high shares of renewable energy. With continuous advances in
meteorological and marine observation technologies, higher-resolution wind field and ocean condition data are
becoming increasingly available. In the near to medium term, improving the utilization of these data to better
characterize the spatiotemporal correlation of offshore wind power at the aggregation level represents an
important engineering priority, as it directly supports wind farm planning, system design, and operational
decision-making.

Digitalization and intelligent technologies are expected to play an increasingly important role in offshore
wind grid integration. In the near term, advances in sensing, communication, and data-processing technologies
can enhance situational awareness and support more efficient power collection and coordinated operation of
large-scale offshore wind aggregation. These developments primarily address practical engineering challenges
related to operational efficiency and reliability under varying environmental and grid conditions.

From a longer-term perspective, the evolution of VSC-HVDC-based grid integration technologies will be
a central research focus. Due to their large capacity and long transmission distances, offshore wind farms are
typically connected to onshore power systems via VSC-HVDC, introducing extensive power electronic
interfaces and DC transmission infrastructure. Future research is expected to explore more flexible system
architectures, such as multi-terminal DC systems and meshed DC grids, better to accommodate the variability
and uncertainty of offshore wind generation. In parallel, the development of more detailed and comprehensive
mathematical models will be required to accurately capture the dynamic behavior, nonlinearities, and interaction
effects of converter-dominated offshore wind systems. These modeling advances will form the foundation for
next-generation optimization and data-driven control strategies aimed at enhancing long-term system stability,
robustness, and fault resilience.
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3.2. Operational Modeling and Coordination of Large-Scale Offshore Wind Aggregation

Offshore wind power is characterized by high energy density, relatively stable wind conditions, and large
unit capacities. However, its inherent variability and uncertainty pose significant challenges to power system
operation, particularly at high penetration levels. Future research on power systems incorporating large-scale
offshore wind aggregation is expected to focus on dynamic optimal power flow, multi-timescale coordinated
economic dispatch, and robust operation under extreme weather conditions, such as typhoons and severe marine
environments.

Operational modeling of large-scale offshore wind aggregation should explicitly account for the
geographical distribution of wind turbines and wind farms, as well as their electrical interconnections through
offshore and onshore grids. Since an aggregation consists of multiple wind generation units, internal
coordination optimization is required to regulate power outputs among turbines and wind farms. Such
coordination aims to maximize the overall aggregation output while mitigating internal power imbalances,
thereby reducing adverse impacts on grid stability and power quality.

For offshore wind aggregation with multiple grid connection points, more sophisticated stability analyses
are necessary. These analyses should jointly consider voltage and frequency dynamics, as well as coordinated
operation among different connection points. The integration of flexible resources, including energy storage
systems and fast-response power electronic devices, is expected to play a critical role in enhancing grid-
connection stability and operational flexibility.

In addition, the design and optimization of submarine cable networks remain a crucial aspect of large-scale
offshore wind aggregation. Key issues include cable routing, length optimization, redundancy design, and the
assessment of fault impacts on system operation. By modeling fault propagation, outage scope, and restoration
processes, effective fault detection and rapid recovery strategies can be developed to reduce power losses and
improve system resilience.

The spatiotemporal correlation between wind speed and power output is a fundamental factor influencing
aggregation-level grid integration and power system dispatch. Advanced modeling techniques, such as Copula-
based nonlinear correlation analysis, time-series methods, and machine learning approaches, can be used to
quantify wind speed and power correlations among different offshore wind farms. These models provide
essential support for economic dispatch, uncertainty-aware operation, and robust grid integration of large-scale
offshore wind aggregation, particularly under extreme and rapidly changing environmental conditions.

4. Conclusions

Large-scale offshore wind aggregation exhibits complex and dynamic spatiotemporal characteristics, with
its operation influenced by multiple natural environmental factors such as wind speed, tides, and waves. Current
research on the spatiotemporal properties of offshore wind aggregation remains insufficient, necessitating
enhanced understanding and prediction of the relationship between environmental factors and aggregation
operation. Different power collection methods for offshore wind aggregation each possess advantages and
disadvantages, requiring selection based on specific geographical, economic, and technical conditions. The
selection of aggregation methods directly impacts power transmission efficiency and reliability, necessitating
improved performance evaluations of different approaches. Grid-connection technology for offshore wind
aggregation is a critical factor for their successful operation. VSC-HVDC technology offers unique advantages
such as unrestricted transmission distances, flexible control, and modularity, making it the preferred choice for
offshore wind grid integration. However, issues including high power losses, limited transmission capacity, and
relatively high costs require further investigation.

In new energy systems incorporating large-scale offshore wind power, VSC-HVDC technology introduces
numerous new power electronic components. Its physical architecture and power flow modeling differ
significantly from conventional AC power systems. Research into the physical characteristics of VSC-HVDC,
including its topology, mathematical models, and control strategies, is therefore crucial. VSC-HVDC systems
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feature multiple topological configurations, including single-level, two-level, and multi-level structures. Among
these, multi-level structures better accommodate large-scale offshore wind integration, offering enhanced
stability and flexibility. Mathematical models for VSC-HVDC systems primarily encompass circuit equations,
control equations, and state equations. For novel energy systems incorporating extensive offshore wind power,
more precise mathematical models are required to accurately describe system behavior and performance.
Control strategies for VSC-HVDC systems primarily encompass power control, current control, and voltage
control. Current implementation predominantly employs the current PI closed-loop control to achieve decoupled
active and reactive power regulation. However, current PI closed-loop control has limitations, necessitating the
development of more optimized control strategies tailored to actual system conditions to enhance stability and
reliability.

The fluctuating and intermittent nature of offshore wind power output, combined with load uncertainty,
exacerbates grid instability. Therefore, studying the source-load characteristics of renewable energy systems is
crucial. Current energy systems primarily feature multi-energy coordination and the integration of distributed
power sources. On the supply side, stability is maintained by increasing conventional generator capacity,
enhancing the proportion of flexible power sources, and leveraging the rapid bidirectional regulation capabilities
of energy storage systems. On the load side, integrating resources capable of flexible dispatch into power
system regulation enhances dispatch efficiency. Current approaches to forecasting wind power and load
demand primarily focus on optimizing forecasting models and mining wind power-related data. Additionally,
research is needed on the spatiotemporal coupling correlations within offshore wind aggregation to fully
optimize the allocation of flexible resources and address system volatility.
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