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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GRID CONNECTION OF OFFSHORE WIND VIA VSC-HVDC SYSTEMS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) IEC draws attention to the possibility that the implementation of this document may involve the use of (a)
patent(s). IEC takes no position concerning the evidence, validity or applicability of any claimed patent rights in
respect thereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s), which
may be required to implement this document. However, implementers are cautioned that this may not represent
the latest information, which may be obtained from the patent database available at https://patents.iec.ch. IEC
shall not be held responsible for identifying any or all such patent rights.

IEC TR 63411 has been prepared by subcommittee SC 8A: Grid integration of renewable
energy generation, of IEC technical committee TC 8: Systems aspects of electrical energy
supply. It is a Technical Report.

The text of this Technical Report is based on the following documents:

Draft Report on voting

8A/177/DTR 8A/184/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn, or

e revised.

IMPORTANT - The "colour inside” logo on the cover page of this document indicates
that it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

New technical solutions to meet the engineering development of grid integration of offshore
wind generation via HVDC are the content of this document. The new solutions include new
technologies, methods and practices to provide more flexibility and improve the efficiency of
power systems, constantly balancing generation and load.

The development of offshore wind is progressing steadily, and VSC-HVDC systems are
commonly adopted to link long distance offshore wind farms with the onshore bulk power grid.
According to this fact, the purpose of this Technical Report (TR) specifically focuses on the
planning, interaction and coordinated control between offshore wind farms and VSC-HVDC
systems.

For various stakeholders, including transmission system operators, offshore wind farm owners,
research institutes and so on, this Technical Report is to collect information from regulatory
contents including relevant issues in different countries and regions, and work out a TR for
offshore wind farm Integration via DC Technology, which mainly addresses the technology
development tendency, best practices, and the future standardization activities.

The aim of this document is to draft a strategic, but nevertheless technically oriented and
referenced TR, which represents the core and key issues of offshore wind integration via
VSC-HVDC systems. Offshore wind farm developers and owners, transmission system
operators have a common understanding about the key issues based on practices and
challenges between offshore wind farms and VSC-HVDC systems.
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GRID CONNECTION OF OFFSHORE WIND VIA VSC-HVDC SYSTEMS

1 Scope

The voltage source converter based on high-voltage direct current (VSC-HVDC) transmission
technology has attracted increasing attention because of its advantages such as flexible control,
supply to passive systems, and black start capability, which has been widely used in offshore
wind farm integration. Although offshore wind farms generate electricity just like any other
power plants on a system-wide level, such offshore wind generation has quite distinctive
characteristics to be considered in terms of capacity optimization, voltage and power control,
fault response, multi-frequency oscillation, power DC collection, etc., when compared to
conventional generation integration via HVDC. Understanding these distinctive characteristics
and their interaction with the other parts of the power system is the basis for integrating large-
scale offshore wind farms via VSC-HVDC.

This document discusses the challenges of connecting offshore wind farms via VSC-HVDC, key
technical issues and emerging technologies. The potential solutions include new technologies,
methods and practices to provide more flexibility and improve the efficiency of power systems.
The primary objective of this document is to provide a comprehensive overview of challenges,
potential solutions, and emerging technologies for grid integration of large-scale offshore wind
farms via VSC-HVDC. It is expected that this document can also provide guidance for further
standardization on relevant issues. The purpose of this document is not intended to hinder any
further development of state-of-art technologies in this field.

This Technical report is not an exhaustive document in itself to specify any scope of work or
similar, between a purchaser and a supplier, for any contractual delivery of a HVDC
project/equipment. It is expected that this document is used for pre-study and then to make
studies, specification for delivery of specific HYDC project, as applicable.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC TR 62001-5, High-voltage direct current (HVDC) systems — Guidance to the specification
and design evaluation of AC filters — Part 5: AC side harmonics and appropriate harmonic limits
for HVDC systems with voltage sourced converters (VSC)

EC 62741, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVDC) systems

IEC 62934, Grid integration of renewable energy generation — Terms and definitions

IEC TR 63401-1, Dynamic characteristics of inverter-based resources in bulk power systems —
Part 1: Interconnecting inverter-based resources to low short circuit ratio AC networks
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC TR 62001-5,
EC 62747, IEC 62934, IEC TR 63401-1 apply.

ISO and IEC maintain terminology databases for use in standardization at the following
addresses:

e |EC Electropedia: available at https://www.electropedia.org/

e |SO Online browsing platform: available at https://www.iso.org/obp
4 Practices and challenges

4.1 Practices
4.1.1 General

The number of projects using HVDC to integrate renewable energy (RE) is growing, mainly due
to the significant acceleration of offshore wind development. These projects are, to date, mainly
based on point-to-point HVYDC systems.

4.1.2 Projects in North Sea, Germany

BorWin1 is the world’s first HYDC system connecting an offshore wind farm. It connects the
BARD Offshore 1 wind farm and other offshore wind farms near Borkum, Germany to the
European power grid by VSC-HVDC. The project started in 2007 and was put into operation in
20009.

The BARD Offshore 1 wind farm includes eighty 5 MW wind turbines located in the North Sea
that are 130 km away from the coast. The rated capacity of the converter station is 400 MW,
the DC voltage level is £150 kV, and the total length of the DC connection is 200 km, including
125 km of submarine cables and 75 km of underground cables.

Since the BorWin1 project, Germany has developed a series of offshore wind farm projects
based on VSC-HVDC systems in the North Sea, as shown in Table 1. The VSC-HVDC
transmissions of these systems, except that of BorWin1, are based on modular multi-level
technology, and the highest voltage level reaches +320 kV.

Table 1 - VSC-HVDC-based offshore wind projects in Germany

Project Transmission Capability Length Operation Time
BorWin1 +150 kV,400 MW 200 km 2010
BorWin2 +300 kV,800 MW 200 km 2015
BorWin3 +320 kV,900 MW 160 km 2019
DolWin1 +320 kV,800 MW 165 km 2015
DolWin2 +320 kV,900 MW 135 km 2016
DolWin3 +320 kV,900 MW 160 km 2018
HelWin1 +250 kV,576 MW 130 km 2015
HelWin2 +320 kV,690 MW 130 km 2015
SylWin1 +320 kV,864 MW 205 km 2015
DolWin6 +320 kV,900 MW 90 km 2023
DolWin5 +320 kV,900 MW 130 km 2024
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These projects have strongly supported the development of VSC-HVDC-based offshore wind
farm grid connections. The renewable power generation farms and VSC-HVDC systems achieve
power conversion and transmission based on the fast controllability of power electronic
converters. Under operating conditions, in case some oscillation phenomenon occurs when the
two systems are jointly operated, the relevant suppression measures for these phenomena
focus on designing additional damping control systems for the generation units and improving

the control strategy of the VSC-HVDC converters.

4.1.3 Nan’ao project, China

Nan'ao is located in the eastern sea of Guangdong Province in China. This project is the world’s

first multi-terminal HVDC system for offshore wind farms.

It involves a three-terminal

VSC-HVDC transmission system including two sending terminals and one receiving terminal.
The sending end converter stations are the Qing'ao Station and Jinniu Station, and the receiving
end converter station is the Sucheng Station. The capacities are 50 MVA, 100 MVA, and

200 MVA, respectively, and the DC voltage level is £160 kV. The Tayu converter
planned, but hasn’t been constructed yet.

station was

Modular multilevel converter (MMC) technology was used in this project. This project was
formally put into operation at the end of 2013 and is the world's first demonstration
multi-terminal VSC-HVDC project. Figure 1 shows the schematic diagram of this multi-terminal

VSC-HVDC demonstration project. The Nan’ao multi-terminal VSC-HVDC has
operation modes: an AC feeder and DC feeder in parallel, DC feeder only, and
However, the lack of DC circuit breakers poses risks to the operation of the DC
mode.

three main
STATCOM.

-feeder-only

Before the project was put into operation, the power grid in the Nan’ao area was very weak,
and the fluctuations of the grid-connected wind power system had a large impact on the local

power grid. After this project was put into operation,

the flexible control capabilities of

VSC-HVDC were used to provide not only support for the wind power integration, but also

effective support for the stability of the local power grid.

Sunan

Tayu
wind farm

Sucheng 7 \|\ Qiangwu converter station  »—

Sucheng
converter station

P Jinniu

N e ——-
160 kV

H,i"‘ .
“%

Qingao
converter station

Figure 1 — Schematic structure of the Nan’ao VSC-MTDC project

Full document details: PD IEC TR 63411:2025

\I
|l|
\ Tayu
I"" Jinniu i converter station

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/pd-iec-tr-63411-2025
http://www.avadocuments.com/doc/pd-iec-tr-63411-2025

-12 - IEC TR 63411:2025 © IEC 2025

4.1.4 Hybrid Interconnector project, Belgium and Denmark

European Electricity Transmission System operators Elia (Belgium) and Energinet (Denmark)
have announced in February 2021 to set up a working group to examine the feasibility of a
subsea cable between Belgium and Denmark that links the high-voltage grids of both countries
over a distance of more than 600 km. A 'hybrid' design, which means that it brings wind energy
from offshore wind farms to onshore power grids and can also be used as an interconnector
between different electricity grids, is being examined. On the Danish side, the interconnector
connects to a new 'energy island' to be built 80 km off the Danish coast and to which a large
10 GW wind farm is eventually connected.

When the interconnector between Belgium and Denmark is completed, the cable run through
the territorial waters of four countries: Belgium, the Netherlands, Germany and Denmark. This
gives Belgium direct integration to the renewable bulk generation in order to decarbonizes its
energy-intensive industry and achieve the European climate targets. The start of the feasibility
study follows the political cooperation agreement signed by the Belgian and Danish Energy
Ministers. The project dovetails with the implementation of the European Green Deal, which
aims for Europe to become the first carbon-neutral continent by 2050 by increasing the current
capacity of offshore wind from 25 GW to 300 GW.

It is the first time Belgium is connected to a new electricity market that is further away than
neighbouring countries. Hybrid technology also enables Belgium to gain direct integration to
large wind farms in the far northern part of the North Sea where the meteorological conditions
are different from those off the coast of Belgium. This provides greater security of supply and
helps the Belgian energy-intensive industry to continue decarbonising.

4.2 Challenges

When large-scale offshore wind farms are connected to the VSC-HVDC system over long-
distance transmission, the operation characteristics of offshore wind farms and the VSC-HVDC
system affect each other. The adaptability of offshore wind farms connected to the VSC-HVDC
system becomes an important issue affecting grid operation. In particular, the complex
interaction between offshore wind farms and the power grid brings new challenges to the
offshore wind farms and VSC-HVDC system.

1) Planning optimization. The planning of offshore wind farms and its integration is significantly
important considering the relatively high investment of offshore wind farms and the
VSC-HVDC system. When the capacity of offshore wind farms is larger than the VSC-HVDC
capacity, wind curtailment is inevitable. Also, if the VSC-HVDC capacity is larger than
offshore, the overall investment becomes excessive.

2) Voltage control. At present, the study on hierarchical voltage control for aggregated wind
farms focuses on the AC grid. As the islanded aggregated offshore wind farms connected
via VSC-HVDC are decoupled from the AC network, the optimization target and mode of
which is quite different from the traditional connection. New voltage control strategies
combined with its characteristics are developed.

3) Active power control. As the utilization of offshore wind farm in the power grid increases,
synchronous power generation units are gradually decommissioned, causing the inertia and
active power reserve capacity of the entire system to be reduced. This brings challenges to
the frequency stability of the power grid. Developments of enhanced frequency regulation
methods are required.

4) Fault control. When large-scale offshore wind farms are connected to a VSC-HVDC system,
the operational characteristics of offshore wind farms and VSC-HVDC grid interact with each
other. Various methods of fault ride-through inevitably have a certain impact on the offshore
wind turbine, and even have impacts on the regulations and standards for offshore wind
farms with interconnection to power system via DC.
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5) Multi-frequency oscillation. In a VSC-HVDC-based large-scale offshore wind farm
integration system, a large number of power electronic converters, DC lines, and smoothing
reactors are involved. The resonant frequencies usually occur within the system. In case
the system undergo system oscillation, the overall safety and stability of the system are
threatened. Therefore, sub- and super-synchronous oscillation problems caused by the
interaction of the VSC-HVDC and wind power control are considered when planning and
operating VSC-HVDC-based large-scale offshore wind farm systems.

6) Function verification. It is the mainstream practice of offshore wind farms via VSC-HVDC
transmission system to build the simulation verification system with actual control and
protection devices and to verify the effectiveness of various functions of HVDC control and
protection system and offshore wind together. Compared with the conventional VSC-HVDC
projects or wind power projects connected to the grid using AC transmission mode, the
control and protection system simulation verification of wind power projects connected to
the grid using VSC-HVDC transmission has different simulation models, different
composition for verification system and different characteristics, such as different charging
modes of offshore converter station, different control modes of VSC-HVDC, different AC
fault ride through characteristics of onshore converter station, etc.

7) Testing and commissioning. The system commissioning is the final on-site test for
VSC-HVDC projects with integration of offshore wind farms, which aims to ensure that the
whole system are safely and reliably operated, as well as meet the grid connection
requirements. By comparison with the system commissioning of regular VSC-HVDC
projects, the system commissioning procedure and method of the VSC-HVDC projects with
integration of offshore wind farms are different, due to the special operating condition and
the existence of onshore dynamic braking system, the offshore wind farms and converter
stations.

8) Black start. For the normal situation, the HVDC converter establishes reference voltage, but
in some special situation a number of offshore wind turbines can black start the offshore
wind farm island as an alternative. It is necessary to configure the type and capacity of black
start power supply according to the actual situation, so as to at least meet the black start of
the first or first batch of offshore wind turbines in offshore wind farms.

9) Emerging innovative solution. With the rapid development of DC technology, offshore wind
power developer hope to make full use of the advantages of DC technology or from a
cost-saving perspective to explore the possibility of applying various DC transmission
technologies to offshore wind power integration.

5 Optimal planning

5.1 General

Multiple issues are considered before a wind farm is connected to the grid, including the
capacity and commissioning time of the wind farm, the selection of connection point, and the
design of the transmission system.

Firstly, the capability of the target power system to accommodate the wind power is evaluated.
The power system usually has enough flexibility for load-balance and ramping under any
possible scenario, especially when the wind power ramps heavily and reversely to the load. The
evaluation is conducted by investigations on the features of the wind resource, and
comprehensive simulations on the operation of the wind farm and receiving-end power system.

In terms of transmission, VSC-HVDC technology offers a valuable option for the integration of
offshore wind farm. VSC-HVDC technology has higher transmission capability and lower cost
for long distance undersea transmission. It also provides dynamic reactive power/voltage
support to the AC grid, which helps to reduce voltage fluctuations caused by wind power and
improve the system stability under fault conditions. The design of the VSC-HVDC system for a
specific wind farm is also optimized for better performance and less investment cost.
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Clause 5 mainly focuses on two issues in the planning stage of an offshore wind farm. The first
is the transmission planning of the wind farm, and the second is the optimal design of the VSC-
HVDC transmission system.

5.2 The core and key issues
5.2.1 Planning process of offshore wind integration via VSC-HVDC

In order to better accommodate intermittent wind power and maximize the cost-benefit ratio of
wind farm construction, the following process is usually used in the planning stage of an
offshore wind farm:

1) Introduce the basic conditions of the wind farm. Estimate the total capacity of the wind farm
based on the area of the site and the wind resource. Collect the wind data of the site and
evaluate the power generation profile.

2) Investigate the electricity demand and grid structure of power systems in line with the
planned wind farm. Evaluate the appropriate region to consume the wind power and
determine the optimal transmission route based on the capacity of the wind farm and the
characteristics of the power grid.

3) Optimize the commissioning time and capacity of the offshore wind farm together with the
corresponding transmission system to refine the design. In this process, the capability of
the power system to accommodate the wind power, especially the load-balancing capability
is considered. Time-series simulations of power system operation are conducted with
forecasted load and planned generating resources, in order to examine whether the wind
power can be accommodated without violating the operating constraints. If not, the following
measures are taken: 1) consume the wind power in a larger power system with more flexible
resources; 2) modify the size and commissioning time of the wind farm; 3) construct
additional flexible generation resources, or allow an acceptable amount of wind power
curtailment; 4) provide flexibility on the demand side.

4) Design the transmission system for the wind farm. 1) select the optimal technology for wind
power transmission. 2) determine the main technical parameters of the transmission system,
e.g. DC voltage and capacity of converter stations. 3) design the structure and topology of
the VSC-HVDC system, e.g. point-to-point or multi-terminal, symmetrical monopole or rigid
bipole, etc. Finally, determine the connection point(s) of the transmission system to the main
grid. Static and dynamic security assessment are conducted to ensure the feasibility and
efficiency of the transmission plan. The availability of the transmission line corridors and
substation sites is investigated as well.

5) Evaluate the investment cost and environmental impact of the wind farm and the
transmission system. Determine the economic feasibility of the plan. Finally, summarize the
proposed transmission plan in the conclusion.

The overall process of the transmission planning is illustrated as Figure 2.

Preliminary plan Optimal commissioning plan and Transmission system Cost evaluation and
accomodation of wind farm planning conclusions
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Figure 2 — Overall process of transmission planning of offshore wind fmcuments
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5.2.2 Designing of offshore wind integration via VSC-HVDC
5.2.21 General

The transmission system design for an offshore wind farm ensures the effective, economic and
reliable transmission of wind power to the main power grid. For a VSC-HVDC transmission
system, the major issues to be considered include:

1) The optimal VSC-HVDC system configuration and topology. This includes the number of
VSC-HVDC systems, the selection between point-to-point and multi-terminal system,
symmetrical monopole or bipolar, and the network topology of the multi-terminal system.

2) The voltage level and rated capacity for each VSC-HVDC system.
3) The connection point of each VSC-HVDC system to the main power grid.

From 5.2.2.2 to 5.2.2.4, the typical topologies of VSC-HVDC systems are introduced first, and
then present methodologies on a design of the VSC-HVDC system.

5.2.2.2 Typical topology of VSC-HVDC systems

The VSC-HVDC systems committed or under construction mainly adopt a point-to-point
structure, which directly connects the offshore wind farm to the onshore connection point. It
requires least number of transmission lines, and is usually the most economic and efficient
option. The typical topology of point-to-point VSC-HVDC system connecting offshore wind farms
includes symmetrical monopole, and bipole with dedicated metallic return. Symmetrical
monopole HVDC with a simple structure has slightly better reliability than the bipole. When
counting a pole trip of a bipole as 50 % outage, in addition to pole trips of both poles, there is
the chance of a bipole trip. Bipole HVDC has the same operational flexibility as the symmetric
monopole. The only difference is that the bipole has remaining transmission capacity in case of
a failure of 1 pole. The control and protection system of bipole HVDC is complex and the
investment cost is higher.

As scale of offshore wind farms further increases, multi-terminal HYDC (MTDC) systems have
attracted more attention. The multi-terminal structure enables the transmission of wind power
from multiple wind farms to multiple load centres. The structure of the parallel-type MTDC is
shown in Figure 3. The DC sides of converters are connected in parallel, so the DC voltage of
each converter is nominally the same. Typically, one selected converter station controls the DC
voltage and maintain the power balance of the system, while other converters adopt
current/power control. The parallel MTDC can be further divided into radial-type and ring-type.
Figure 3 a) is the radial-type. The branches on both sending and receiving ends are
concentrated to one point. The reliability is poorer since at least one converter station is cut off
when any transmission line is under fault. Figure 3 b) is the ring-type, where all converter
stations in the system are connected with a closed loop. A reduction of power transfer is
required if any single transmission line is cut out. There is additional investment mainly due to
1 extra pair of DC cables compared to the radial topology. The control of DC power flow is also
more complicated.

D L T P
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a) Radial type b) Ring type

Figure 3 — Topology of parallel MTDC
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5.2.2.3 Design for offshore wind integration

The design of the VSC-HVDC transmission system of an offshore wind farm is a complex
optimization problem. Detailed considerations are discussed as follows:

1) Voltage level, network structure and topology

The voltage level, network structure and topology of the VSC-HVDC system are determined
based on the size and geographic distribution of the offshore wind farm. If the wind farm
has very large size (e.g. more than 2 000 MW) or consists of multiple sections, we consider
multiple point-to-point VSC-HVDC systems, or a multi-terminal system if the technology
becomes mature. Besides, the topology of the HVDC system (e.g. symmetrical monopole,
rigid bipole or bipole with dedicated metallic return) is selected based on the size of the
system, reliability requirement, and other technical and economic considerations.

2) Sending-end converter station(s)

The sending-end converter station(s) are located based on the distribution of the wind
turbines, the optimal design of the internal connection network of the wind farm, DC cable
corridors, installation constraints, constraints for helicopter approach, marine traffic
constraints, and constraints due to ground obstructions or differences in water depth. The
capacity of the converter station is optimized based on the probability distribution of total
output power of the wind farm thus avoiding wind curtailment and the deterioration of
financial efficiency.

3) Connection point(s) to the main grid

The selection of connection point mainly depends on the conditions of receiving-end grid.
The main factors are taken into consideration include the transmission capability of the main
power grid, the short-circuit capacity of connection point, the AC voltage stability due to the
fluctuation of the wind power, distance and investment cost and so on. The optional
connection point(s) ensure efficient accommodation of wind power, as well as reliable
operation of the receiving-end grid.

4) DC transmission line and receiving-end converter station

The transmission capacity of the DC line simply matches the capacity of the converter
station for a point-to-point structure. In a multi-terminal system, DC power flow and N-1
faults are examined in order to determine the transmission line capacity. The receiving-end
converter station is sized based on the DC power that arrives there from one (point-to-point)
or multiple (MTDC) pairs of DC cables.

5.2.2.4 Optimization model for whole system design

Optimization methods for whole system design are being investigated in recent academic work,
following the fast development of offshore wind farms around the world. A comprehensive
mathematical model for this problem is yet to be developed. The fundamental ideas to construct
the optimization model are presented below.

The total cost of the transmission system is commonly adopted as the objective function. The
reliability of the system and wind power curtailment are considered either as part of the objective
function or in the constraints of the model. In this example, we use the levelized cost of energy
(LCoE) as the objective function:

L Inv, +C,

t
minl zcop - S 0F7) (5-1)
>t

=1 (1 + V)t
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Where

Inv, s the investment cost at year

C, is operational cost at year
E, is the transmitted energy at year ¢,
r is the discount rate, and » is the lifetime of the system.

The investment cost /nv, mainly includes the equipment cost Iny,, construction cost 7nv,“, and
cost of land Inv,'.

Inv, = Invte + Invtc + Invtl (5-2)

The operational cost C, mainly includes the maintenance cost C,", wind curtailment C,* and

financial cost ¢/, if applicable.

c,=c"+cv+c/ (5-3)

For a practical project, the objective function and constraints are selected based on specific
conditions and requirements of the project. In some cases, for some faults, it is used to accept
that HVDC link is not delivering power.

5.3 Summary

The core of offshore wind farm planning is to determine the optimal capacity of wind farm and
optimal transmission system design to ensure efficient, economic and reliable utilization of wind
power. The main factors to be considered in wind farm planning are the features of the wind
farm, the structure and operation mode of receiving-end power system, the feature of existing
and planned generation resources, and the characteristic of load. A proper receiving-end power
system has enough capacity to accommodate the wind power, considering the electricity
demand, capability of flexible operation, and capacity of the power grid. VSC-HVDC technology
provides an effective option for power transmission from distant offshore wind power sources.

6 Coordinated voltage control

6.1 General

The coordinated voltage control of offshore winds farms connected to the grid by VSC-HVDC
presents several different challenges compared to those of onshore wind farms. Due to the
complexity of marine meteorological environment, the prediction accuracy of offshore wind
power is low, and sometimes it is difficult to meet the needs of engineering application. As a
result, for reactive power optimization, the influence of wind power fluctuation on reactive power
and voltage variation are considered. Dynamic reactive power compensation equipment could
help a lot in suppressing voltage variation rapidly. To save the capacity of dynamic reactive
power compensation for emergencies, it is important to make full use of the dynamic reactive
power support for wind turbines.
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For VSC-HVDC connecting circumstances, large amount of offshore wind plants at the sending
side make up an island system to the AC grids with the sending side converter station as the
only transmission path. Since there is no synchronous generator in the island system, in order
to ensure the stable operation of the system, the converter station at the sending end adopts
the control mode of fixed frequency and fixed AC voltage (grid forming mode). Compared with
the conventional AC system, the new problems faced by the large-scale cluster of offshore wind
farms are as follows:

1) The voltage control of the island system is decoupled from the AC grids, and is not included
in the three-level voltage control of the grids.

2) The converter station occupies a dominant position in the voltage control of the island
system, so the AC bus of the converter station is the central bus of the system, the
corresponding reference value is determined through optimization.

3) The converter station at the sending end has complex operation constraints, and the
reactive power capacity is limited, so the voltage control is optimized within the feasible
operation range of the converter station. It is usually noted that the introduced technique in
this Clause 6 is designed for grid following wind turbines, not quite suitable for grid forming
turbines.

6.2 The core and key issues
6.2.1 Coordinated voltage control

The topology diagram of offshore wind farm cluster integrated via VSC-HVDC is shown in
Figure 4. Wind farms connect directly to the AC bus of the VSC-HVDC station. Several wind
farms can first be aggregated into a collecting station and then connected to the VSC-HVDC
station together. Since VSC-HVDC is the only transmission path, those wind farms, collecting
stations and sending terminal VSC station form an islanded system. The sending terminal
converter provides fixed AC voltage and frequency reference for the island system. It is noted
that the power delivery via collecting stations is becoming less common and it is how more
usual to bring the wind farm turbine strings directly to the converter platform.

As shown in Figure 4, since the voltage of the AC bus of the VSC station is determined by
VSC-HVDC, the voltage regulation of offshore wind farms connected through different
transmitting lines cannot interact with each other. But these affect the reactive power margin of
sending terminal converter. The use of converter station to control the voltage is the most
trouble-free, but if the system wants to maximize the transmission power, it is a better way to
consider the cooperation of the wind farm first, control the voltage to a certain extent, and then
control voltage in detailed through the converter station.
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Figure 4 — Topology diagram of offshore wind farm cluster connected via VSC-HVDC

The coordinated voltage control for offshore wind farm and VSC-HVDC includes two modes, as
is shown in Figure 5. A two-level voltage coordinated control system is applied to the wind farm
cluster, as is shown in Figure 5. The first level is the global voltage control, which is responsible
for the coordinated control of all the wind farms and the converter station. The global control is
usually located at the dispatching centre and calculate the voltage or reactive power adjusting
references in next control step for each AVC (automatic voltage control) substation. The AVC
substation is the second level in Figure 5, which is responsible for the local voltage control of
a single wind farm. The AVC substation receives control target from the global voltage control
system and then calculates control references for each individual reactive power regulation
device. When the reactive power margin of the converter station is beyond the threshold value
for some reasons, the voltage control mode is changed into emergency voltage mode. The VSC
station usually changes its voltage control target according to a predetermined strategy to
ensure the safety of VSC station. The emergency voltage control is based on droop control
methods.
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Figure 5 — Two-level voltage coordinated control

6.2.2 Reactive power regulation replacement strategy

On the one hand, the converter station provides voltage support to control the voltage stability
of the entire offshore wind power connected to the DC system, and on the other hand, it also
needs the coordinated control of the wind farm to achieve internal stability. In addition to making
full use of the reactive power of the wind turbine itself, voltage control can also be achieved by
configuring a certain reactive power compensation device. The dynamic reactive power
compensation equipment has the ability to quickly respond to the voltage fluctuation, and track
the rapid change of the voltage by adjusting its reactive power output. The installation of SVGs
(static var generators) for offshore wind farms is not quite different from the SVGs for onshore
wind farms. When the system voltage fluctuates, the fast-tracking control of voltage is realized
through the fast regulation ability of SVG. When the target voltage is met, the regulation of
dynamic reactive power compensation is replaced by the reactive power regulation of wind
turbines. In this way, the reactive power regulation capability of wind turbines are fully utilized,
and the load rate of the dynamic reactive power compensation equipment can be reserved with
sufficient dynamic reactive margin for transient system fault. On the premise of keeping the
total reactive power output unchanged, the output of multiple reactive power sources is
redistributed to maximize the dynamic reactive power reserve of SVG. According to the
regulation characteristics of different reactive power sources, the sequence of reactive power
replacement is designed as: first replace the SVG operating in constant voltage mode, then
replace the SVG operating in constant reactive power mode, and finally use wind turbine to
provide reactive power support. The corresponding control modes mainly include two types:

1) Reactive power replacement between SVG in power mode and SVG in voltage mode

During the replacement, SVG voltage control target remains unchanged, namely, the total
reactive power output is unchanged to keep the voltage unchanged.

2) Reactive power replacement between wind turbines and SVG in power mode

The replacement is achieved by issuing reactive power regulation alternately for SVG and
wind turbines. If the reactive power regulation of wind turbines is issued in this cycle, the
reactive power regulation of wind turbines in the next cycle is 0, and only the regulation of
SVG is issued. During the replacement, the regulation step is limited to prevent the system
voltage from large disturbance.
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The introduced coordinated voltage control strategy is different from the voltage control method
that the HVDC convertor supplies all reactive power compensation. The introduced method
optimizes the allocation of required reactive power between the converter station and other
reactive power sources, which helps to improve the reactive power margin of the converter
station. Such a strategy is particularly suitable for scenarios where multiple offshore wind farms
are transmitted through the same converter station.

6.3 Summary

In this Clause 6, a coordinated voltage control strategy for both the VSC-HVDC station and the
offshore wind farm is proposed. The strategy considers both the normal and emergency
operation conditions. For normal condition, a multi-objective optimization model considering the
loss of the island system and the reactive power margin of the VSC station is introduced.
Meanwhile, the stress on the converter valves could be less, helping the converter retain higher
safety margin. For emergency operation condition, a reactive power and voltage droop
modulation function is used to correct voltage reference set value immediately so as to
guarantee the safety of VSC converter.

7 Coordinated active power control

71 General

As the utilization of renewable energy in the power grid increases, synchronous power
generation units are gradually phased out or replaced by wind farms, which leads to the
reduction of the inertia and active power reserve capacity of the entire system. The power grid
then faces the frequency stability challenges. It is an optimal way for renewable energy system
to participate in frequency regulation by the power regulation and frequency controller ancillary
system.

Because of the isolation of VSC-HVDC transmissions, the long-distance offshore wind farm
can’t efficiently detect changes in the power grid frequency. As a result, it can hardly participate
in the regulation of the system frequency. Therefore, coordinating the control of the renewable
power generation units and HVDC system such that they can participate in grid frequency
regulation in a timely and effective manner can be a challenge.

7.2 The core and key issues
7.21 Active power

In most instances, wind farms are required to have different types of active power control, such
as absolute power limitation, delta limitation, balance control, ramp limitation and fast down
regulation to support system protection. With the increasing penetration level of wind farms in
power systems, more and more transmission system operators (TSOs) require wind farms to
participate in both over-frequency and under-frequency regulation. It means that wind farms
have to reserve the capability to change their power outputs up and down. The reduction of
power output can be achieved by the above controls, but to increase power output, new
approaches must be introduced.

An ancillary frequency controller designed for offshore wind turbine is shown in Figure 6. It can
be divided into two parts: under-frequency controller that is activated if the measured frequency
is below 49,8 Hz, and over-frequency controller that is activated if the measured frequency is
over 50,2 Hz. In Figure 6, f,,¢5s IS the measured frequency value of the AC system. The active

power reference P, oi(pu) is determined by the speed control of the wind turbine, and the

reference for speed control is provided by maximum power point tracking (MPPT). The active
power reference P ,qer(PU) and P, (%) are generated by the under-and over-frequency

controllers respectively. The total active power reference value Pg* to the wind turbine generator
is then given as
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