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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GRID CONNECTION OF OFFSHORE WIND VIA VSC-HVDC SYSTEMS
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1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
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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 vallious stakeholders, including transmission system operators, offshore wind-fasm dwners,
researc¢h institutes and so on, this Technical Report is to collect information ,from regulatory
contengs including relevant issues in different countries and regions, and werk 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 aifn of this document is to draft a strategic, but nevertheless technically oriented and
refereniced TR, which represents the core and key issues of{offShore wind integratjon via
VSC-HVDC systems. Offshore wind farm developers and owners, transmission pystem
operat¢rs have a common understanding about the key(issues based on practicgs and
challeniges between offshore wind farms and VSC-HVDG-8ystems.
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GRID CONNECTION OF OFFSHORE WIND VIA VSC-HVDC SYSTEMS

1 Sc

ope

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
charac

fault r¢sponse, multi-frequency oscillation, power DC collection, etc., when compa3

conven
and thg
scale d

This dd
technid
method
The pr
potenti
farms

standa
further

This Technical report is not an exhaustive document in itself to specify any scope of

similar
project
studieq

2 Ndg

The fol
constit
For un
amend

IEC TR
and de
for HVI

planis on a sysiem-wide [evel, such oifishore wind generation has quite dis
eristics to be considered in terms of capacity optimization, voltage and power.

tional generation integration via HVDC. Understanding these distinctive _charact
ir interaction with the other parts of the power system is the basis for'/integrating
ffshore wind farms via VSC-HVDC.

cument discusses the challenges of connecting offshore wind{aftms via VSC-HVI[
al issues and emerging technologies. The potential solutions include new technd
s and practices to provide more flexibility and improve thee efficiency of power sy
mary objective of this document is to provide a comprehensive overview of chal
bl solutions, and emerging technologies for grid integkation of large-scale offsho
ia VSC-HVDC. It is expected that this documeni-can also provide guidance for

development of state-of-art technologies in this field.

between a purchaser and a supplier, for any contractual delivery of a

, specification for delivery of specific HVYDC project, as applicable.

rmative references

owing documents are referred to in the text in such a way that some or all of their
ites requirements-of‘this document. For dated references, only the edition cited g
dated references; the latest edition of the referenced document (includir
ments) applies.

620015, High-voltage direct current (HVDC) systems — Guidance to the speci
signsevaluation of AC filters — Part 5: AC side harmonics and appropriate harmon
D@ systems with voltage sourced converters (VSC)

inctive
ontrol,
red to
bristics
large-

C, key
logies,
stems.
enges,
e wind
further

rdization on relevant issues. The purpose of this)decument is not intended to hinger any

vork or
HVDC

equipment. It is expected that this;document is used for pre-study and then t¢p make

content
pplies.
g any

fication
c limits

IEC 62747, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVDC) systems

IEC 62

934, 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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rms and definitions

For the purposes of this document, the terms and definitions given in IEC TR 62001-5,

IEC 62

747, 1EC 62934, IEC TR 63401-1 apply.

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

addres

Ses:

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
41 Practices
411 General

The number of projects using HVDC to integrate renewable energy (RE)_is'growing, mai
to the dignificant acceleration of offshore wind development. These projects are, to date,

based

4.1.2

bn point-to-point HVDC systems.

Projects in North Sea, Germany

BorWin1 is the world’s first HYDC system connecting.an) offshore wind farm. It conne

BARD
Europg
20009.

Offshore 1 wind farm and other offshore wind farms near Borkum, Germany

The BARD Offshore 1 wind farm includes eighty 5 MW wind turbines located in the No

that ar
the DC|

e 130 km away from the coast. Thesrated capacity of the converter station is 4(
voltage level is £150 kV, and thétotal length of the DC connection is 200 km, in

125 km of submarine cables and 75 km of underground cables.

Since
based

he BorWin1 project, Germany has developed a series of offshore wind farm p
on VSC-HVDC systems in the North Sea, as shown in Table 1. The VSC

transmjssions of these systems, except that of BorWin1, are based on modular mu

techno

ogy, and the highest voltage level reaches +320 kV.

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

nly due
mainly

cts the
to the

an power grid by VSC-HVDC. The project started in 2007 and was put into operation in

th Sea
0 MW,
Cluding

rojects
FHVDC
ti-level

Project Transmission Capability Length Operation Time
BorWin1 +150 kV,400 MW 200 km 2010
Borwimnz F300 KV, 800 VW 200 Rm 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



https://www.electropedia.org/
https://www.iso.org/obp
https://iecnorm.com/api/?name=f5258bde0302334264eb6dce401a8f7e

IEC TR 63411:2025 © IEC 2025 -1 -

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-HVDT tfransmission sysiem Including two sending terminals and one receiving, igrminal.
The sepding end converter stations are the Qing'ao Station and Jinniu Station, and the refeiving
end cdnverter station is the Sucheng Station. The capacities are 50 MVA, 100OMVRA, and
200 MVYA, respectively, and the DC voltage level is £160 kV. The Tayu converter’statipn was
plannefl, but hasn’t been constructed yet.

Modulgr multilevel converter (MMC) technology was used in this project. This project was
formally put into operation at the end of 2013 and is the werld's first demongtration
multi-terminal VSC-HVDC project. Figure 1 shows the schematic diagram of this multi-términal
VSC-HVDC demonstration project. The Nan’ao multi-terminal/VVSC-HVDC has threg main
operation modes: an AC feeder and DC feeder in parallel, DC feeder only, and STATCOM.
However, the lack of DC circuit breakers poses risks to thé operation of the DC-feeder-only
mode.

Before|the project was put into operation, the power:grid in the Nan’ao area was very weak,
and thI/quctuations 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
effectije support for the stability of the local*power grid.
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Figure 1 — Schematic structure of the Nan’ao VSC-MTDC project
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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 terfitorial waters of four countries: Belgium, the Netherlands, Germany and Denmaifk. This
gives Belgium direct integration to the renewable bulk generation in order to decarbonjzes its
energytintensive industry and achieve the European climate targets. The start of thé feasibility
study fpllows the political cooperation agreement signed by the Belgian and,Dahish Energy
Ministdrs. The project dovetails with the implementation of the European Green Deal| which
aims fdr Europe to become the first carbon-neutral continent by 2050 by increasing the purrent
capacify 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
neighbpuring countries. Hybrid technology also enables Belgium to gain direct integration to
ind farms in the far northern part of the North Sea where the meteorological corditions
ifferent from those off the coast of Belgium. This provides greater security of supply and
helps the Belgian energy-intensive industry to continue detarbonising.

4.2 Challenges

When |arge-scale offshore wind farms are confected to the VSC-HVDC system over long-
distande transmission, the operation characteristics of offshore wind farms and the VSC}HVDC
system affect each other. The adaptability-0f offshore wind farms connected to the VSCtHVDC
system| becomes an important issue -affecting grid operation. In particular, the cpmplex
interacfion between offshore wind farms and the power grid brings new challenges|to the
offshore wind farms and VSC-HVDC._system.

1) Plahning optimization. Thelplanning 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 VSCHVDC
capacity, wind curtailment is inevitable. Also, if the VSC-HVDC capacity is larggr than
offdhore, the overalinvestment becomes excessive.

2) Voltage control-"At present, the study on hierarchical voltage control for aggregatgd 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/jis“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

corftrol and protection system simulation verification of wind power projects conne’ltted to

the| grid using VSC-HVDC transmission has different simulation models,| djfferent
composition for verification system and different characteristics, such as different chharging
mogdles of offshore converter station, different control modes of VSC-HVDC, different AC
fault ride through characteristics of onshore converter station, etc.

7) Tedting and commissioning. The system commissioning is the final on-site test for
VSC-HVDC projects with integration of offshore wind farms, whichaims to ensure that the
whole system are safely and reliably operated, as well as meet the grid conpection
requirements. By comparison with the system commissioning of regular VSCtHVDC
projects, the system commissioning procedure and method-of,the VSC-HVDC projeg¢ts with
intggration 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 copverter
stations.

8) Blark start. For the normal situation, the HVDC converter establishes reference voltage, but
in gome 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 actualsituation, so as to at least meet the black start of
thelfirst or first batch of offshore wind turbines in offshore wind farms.

9) Emerging innovative solution. With the rapid development of DC technology, offshofe wind
power developer hope to make foll 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 Seneral

Multiple issues-ateé considered before a wind farm is connected to the grid, including the
capacily and_commissioning time of the wind farm, the selection of connection point, gnd 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) Intjoduce the ba ondittons of the wind farm. mate the total capacity of the wind farm
baged on the area of the site and the wind resource. Collect the wind data of the'sfite and

2) Investigate the electricity demand and grid structure of power systems linline with the
plapnned wind farm. Evaluate the appropriate region to consume the wind powger and
determine the optimal transmission route based on the capacity of thejwind farm 3and the
characteristics of the power grid.

3) Opiimize the commissioning time and capacity of the offshore wind farm together with the
corfesponding transmission system to refine the design. In this process, the capability of
the|power system to accommodate the wind power, especiallythe load-balancing capability
is ¢onsidered. Time-series simulations of power system. operation are conductgd with
forg¢casted 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
respurces; 2) modify the size and commissioning time of the wind farm; 3) cgnstruct
additional flexible generation resources, or-allow an acceptable amount of wind| power
curfailment; 4) provide flexibility on the demand side.

4) Degign the transmission system for the wind farm. 1) select the optimal technology fpr wind
power transmission. 2) determine the\nrain technical parameters of the transmission qystem,
e.g| DC voltage and capacity of converter stations. 3) design the structure and topdlogy of
the|VSC-HVDC system, e.g. point-to-point or multi-terminal, symmetrical monopole pr rigid
bipple, etc. Finally, determing the connection point(s) of the transmission system to tHe main
grid. Static and dynamic séegurity assessment are conducted to ensure the feasibility and
efficiency of the transmission plan. The availability of the transmission line corridqrs and
substation sites is investigated as well.

5) Evgluate the investment cost and environmental impact of the wind farm apd the
transmission system. Determine the economic feasibility of the plan. Finally, summatize the
proposed trapsmission plan in the conclusion.

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

Pre_j_minar\ll r\lnn ﬂpfimal_c,gmmjssignlng_plan and Transmission c\]/cfnm Cost evaluation and
accomodation of wind farm planning conclusions

Size, wind condition
and output power
feature of the planned

‘ Load and generation features ‘ ‘ Transmission technology ‘
1 T 1

Time-series data of wind power ‘ Estimation of

‘ Parameters of the system

wind farm i t t cost and
output investment cost an
[T \ T \ [T economical feasibility
Feature of related ‘\/ Accommodation capability —\/ Topology and connection
power systems evaluation: power balance, peak- point: power flow, stability
load regulation and simulation of analysis and transmission
iL real-time operation corridor investigation
=~ {}
Target receiving-end Optimal commissioning time and
system and size of wind farm and transmission Optimal transmission Conclusi
transmission route system system plan onciusions
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Figure 2 — Overall process of transmission planning of offshore wind farm
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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) Thg 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 fiffst, and
then prlesent methodologies on a design of the VSC-HVDC system.

5.2.2.2 Typical topology of VSC-HVDC systems

The VBC-HVDC systems committed or under construction mainly<adopt a point-fo-point
structufe, which directly connects the offshore wind farm to the onshore connection point. It
requirgls least number of transmission lines, and is usually thé/most economic and dfficient
option.|The typical topology of point-to-point VSC-HVDC system connecting offshore wing farms
includgs symmetrical monopole, and bipole with dedicated metallic return. Symmetrical
monopple HVDC with a simple structure has slightly hetter reliability than the bipole| When
countirlg a pole trip of a bipole as 50 % outage, in addjtion to pole trips of both poles, tfhere is
the chgnce of a bipole trip. Bipole HVDC has the same operational flexibility as the symmetric
monopple. The only difference is that the bipole has-remaining transmission capacity in gase of
a failufe of 1 pole. The control and protection(/system of bipole HVDC is complex gnd the
investment cost is higher.

As scale of offshore wind farms further.hcreases, multi-terminal HYDC (MTDC) systemnis have
attract¢d more attention. The multi-tefminal structure enables the transmission of wind power
from multiple wind farms to multiple.load centres. The structure of the parallel-type MTDC is
shown fin Figure 3. The DC sides.of converters are connected in parallel, so the DC voltage of
each cpnverter is nominally the_.same. Typically, one selected converter station controls the DC
voltagg and maintain the, power balance of the system, while other converters| adopt
currenf/power control. The:parallel MTDC can be further divided into radial-type and rinjg-type.
Figure|3 a) is the radial-type. The branches on both sending and receiving enfls are
concerjtrated to onewpoint. The reliability is poorer since at least one converter station ig cut off
when any transmission line is under fault. Figure 3 b) is the ring-type, where all copverter
stationg in the/system are connected with a closed loop. A reduction of power transfer is
require(d 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 cpmplicated.

D L T P

VSCA1 VSC2 VSC1 VSC2
i3 20 -+ figt-
VSC3 VSC4 VSC3 VSC4

IEC IEC
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

C 2025

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)

2)

3)

4)

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

sysfem, reliability requirement, and other technical and economic considerations.

Sending-end converter station(s)

Thg sending-end converter station(s) are located based on the distributionl/of thle wind
turhines, the optimal design of the internal connection network of the wind farm, DC cable

corfidors, installation constraints, constraints for helicopter approach, marine
constraints, and constraints due to ground obstructions or differences)in water dep
capacity of the converter station is optimized based on the probability distribution

traffic
h. The
pf total

output power of the wind farm thus avoiding wind curtailment“and the deteriorgtion of

fingncial efficiency.

Connection point(s) to the main grid

Theg selection of connection point mainly depends on<{he conditions of receiving-end grid.
Thg main factors are taken into consideration includg.the transmission capability of tHe main
power grid, the short-circuit capacity of connection“point, the AC voltage stability du¢ to the
flugtuation of the wind power, distance and, investment cost and so on. The dptional

connection point(s) ensure efficient accommodation of wind power, as well as
opdgration of the receiving-end grid.

DC|transmission line and receiving-end.converter station

Thg transmission capacity of the DC'line simply matches the capacity of the co
stafion for a point-to-point structure. In a multi-terminal system, DC power flow a
faults are examined in order tondetermine the transmission line capacity. The receivi

eliable

hverter
hd N-1
ng-end

conyverter station is sized based on the DC power that arrives there from one (point-tq-point)

or multiple (MTDC) pairs of DC cables.

5.2.2.4 Optimization.model for whole system design

Optimization methods‘\fer whole system design are being investigated in recent academi
following the fast.‘"development of offshore wind farms around the world. A comprehensive

mather

the optjmization-model are presented below.

The tof
reliabil

C work,

natical medel for this problem is yet to be developed. The fundamental ideas to cgnstruct

aleost of the transmission system is commonly adopted as the objective functign. The

ty 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=1 (1 + V)t

>

=1 (1 + V)t

min| LCoE =

(5-1)
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Where
Inv,
Ct

E,

r

is the investment cost at year ¢;
is operational cost at year ¢
is the transmitted energy at year ¢,

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

The ogerational cost C, mainly includes the maintenance cost C,", windycurtailment

financi

For a practical project, the objective function and.constraints are selected based on

conditi
that H\

5.3

The co
optima
power.
farm, t
and ple
system
deman
providg

6 Ca

al cost ¢,/ , if applicable.

c,=cm"+c"+c/

bns and requirements of the project. In some cases, for some faults, it is used to
DC link is not delivering power.

Bummary

transmission system design‘to ensure efficient, economic and reliable utilization

ordinated voltage control

- 1

(5-2)

[~ w

C" and

(5-3)

gpecific

accept

re of offshore wind farm planning is to determine the optimal capacity of wind fafm and

pf wind

The main factors to be~considered in wind farm planning are the features of tHe wind
e structure and operation mode of receiving-end power system, the feature of gxisting
nned generation resources, and the characteristic of load. A proper receiving-end power

has enough capacity to accommodate the wind power, considering the elgctricity
i, capability of flexible operation, and capacity of the power grid. VSC-HVDC technology
s an effective option for power transmission from distant offshore wind power sources.

6.1

Generai

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

cor

3) The
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The core and key issues

responding reference value is determined through optimization.
converter station at the sending end has complex operation constraints,

Clause 6 is designed for grid following wind turbines, not quite suitable for grid
ines.

Coordinated voltage control

bology diagram of offshore wind farm cluster integrated via VSC-HVDC is sh
4. Wind farms connect directly to the AC bus of the VSC-HVDC station. Sever
an first be aggregated into a collecting station and then connected to the VSC
together. Since VSC-HVDC is the only transmission path, those wind farms, co
5 and sending terminal VSC station form&an islanded system. The sending t¢
er provides fixed AC voltage and frequency reference for the island system. It is
e power delivery via collecting stations:is becoming less common and it is no
D bring the wind farm turbine strings.directly to the converter platform.

VDC, the voltage regulation™of offshore wind farms connected through d

j terminal converter. The'use of converter station to control the voltage is th
free, but if the system. wants to maximize the transmission power, it is a better

voltage in detailed through the converter station.
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Figufe 4 — Topology diagram of offshore wind farm, cluster connected via VSC-HVDC

The coprdinated voltage control for offshore wind fatm and VSC-HVDC includes two mofles, 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 levelis the global voltage control, which is resppnsible
for the |coordinated control of all the wind farms and the converter station. The global cgntrol is
usually| located at the dispatching centre:and calculate the voltage or reactive power adjusting
referernlces in next control step for each ’AVC (automatic voltage control) substation. The AVC
substation is the second level in Figlre 5, which is responsible for the local voltage coptrol 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 sone reasons, the voltage control mode is changed into emergency voltage mode. The VSC
station| usually changes its voltage control target according to a predetermined strajegy 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

Reactive power regulation replacement strategy

one hand, the converter station provides voltage support to control the voltage {
pntire offshore wind power connected to the DE/system, and on the other hand,
he coordinated control of the wind farm to achieve internal stability. In addition to
of the reactive power of the wind turbine its€lf, voltage control can also be achie
ring a certain reactive power compensation device. The dynamic reactive
nsation equipment has the ability to quickly respond to the voltage fluctuation, an
id change of the voltage by adjusting-its reactive power output. The installation o
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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 off the 1sTand sysiem and the reaclive power margin of the VSC station is inirdduced.
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 yoltage| droop
modulgtion function is used to correct voltage reference set value immediately sq as to
guarantee the safety of VSC converter.

7 Cdgordinated active power control

71 Seneral

As the utilization of renewable energy in the power gridyincreases, synchronous|power
generation units are gradually phased out or replaced‘by wind farms, which leads|to the
reductipn of the inertia and active power reserve capaeity/of the entire system. The power grid
then faces the frequency stability challenges. It is ansoptimal way for renewable energy pystem
to participate in frequency regulation by the power.régulation and frequency controller ancillary
system.

Becauge of the isolation of VSC-HVDC transmissions, the long-distance offshore wirld farm
can’t efficiently detect changes in the power grid frequency. As a result, it can hardly parficipate
in the negulation of the system frequency. Therefore, coordinating the control of the renpwable
power |generation units and HVDC system such that they can participate in grid freguency
regulatjon in a timely and effective manner can be a challenge.

7.2 The core and key issues
7.21 Active power

In mosf instances,'wind farms are required to have different types of active power contrql, such
as absplute power limitation, delta limitation, balance control, ramp limitation and fast down
regulatjon to_support system protection. With the increasing penetration level of wind farms in
power gystéms, more and more transmission system operators (TSOs) require wind farms to
participate’ in both over-frequency and under-frequency regulation. It means that wingd farms
have toreserve-the—capabitity to—changetheirpoweroutptuts—up—and—down—Thereduction 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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Fy = By ref X Fover + Funder (7-1)

The under-frequency controller is applied to emulate the response of the speed governor of a
synchronous generator and its output active power reference P 4o iS proportional to the

absolute deviation of the system nominal frequency.

The over-frequency controller calculates P, to modify P
exceeds 50,2 Hz (e.g. as per the requirements in China).

w_ref if the measured frequency

Jmeas Under-frequency controller
> <49,8 Hz

fmeas

W.

Jmeas Over-frequency controller
> <50,2 Hz

fmeas IEC

Figure 6 — lllustration of ancillary frequency control for wind turbine

The ancillary frequency control enables wind ¢urbine to response frequency disturances.
Except|in cases where wind suddenly changes; wind turbines can provide a certain primary
frequemcy response. To obtain the active power reserve margin, the wind turbine is operated in
a redug¢ed power mode instead of in the maximum power extraction mode. That can be fulfilled
by increasing the pitch angle of wind_turbine, and the increment of the angle determinpes the
amounf of the reserve. For the case‘of over-frequency, the reduction margin of active] power

depends on the current power reference Py ref.

7.2.2 Coordinated active power control

7.2.2.1 General

In confrast to synchronous generators, wind farms are not able to keep the system yoltage
amplityde and frequency stable independently. The offshore wind farm requires VSC-H)DC to
stabilizie the system voltage amplitude and frequency. Because of the isolation of VSC}HVDC
transmjssjans; the offshore wind farm can indirectly detect changes in the power grid frequency.

7.2.2.2 Communication-based coordinated active power control

By perceiving the variation of the main grid frequency, the wind farm can provide corresponding
frequency support. This can be achieved by transmitting the measured frequency signal through
dedicated communication channel from the grid side VSC controller to the wind farm controller
as shown in Figure 7.
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The coppling of the main grid and the isolated wind farmisystem without remote commun
can be| established through using HVDC link voltage:<Excluding the power loss along
cables| the HVDC voltage at the wind farm side VSC*and the grid side VSC are regarg

same.

The Figure 8 shows the communication-free\coordinated active power control method
offshore wind farm. The wind farm frequéncy is effectively decoupled from the main A
frequemcy by the HVDC. Therefore, thére is little change of active power production
response to any system frequency variations. And the communication-free ¢
schem¢ between offshore and offshore AC grids for transmitting the main AC grid fre
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Figure 7 — Frequency control structure with communication
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Figure 8 — Frequency control structure without communication
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When there is main grid frequency deviation, it can be firstly converted into the variation of the
HVDC voltage through HVDC voltage droop control. In the grid side VSC controller:

aVpc = Kpc - Mmeas (7-2)
where
Afmeas is the deviation of the frequency of the main gird;
Kpc is the droop control parameter;
AVpc is the DC voltage deviation of the HVDC.

And in|offshore wind farm side VSC controller, the isolated wind farm system fréquenqy is as
below.

AMre =Ka -Alpc (7-3)

where

$ the control parameter, which stands for the propetrtion of the isolated wind farm pystem
equency to the DC voltage deviation at the wind’farm side VSC.

Ka

—h

Combining Formula (7-2) and Formula (7-3), Afyygris’established as below.

afwr KA - Kpc - Mmeas (7-4)

A typicpl and direct way to make.wind farm responsive to the offshore AC grid frequengy is by
adding| the power deviation AP\, that is proportional to the variation of offshore AC grid

frequemcy Afyyg to the original power reference of the wind farm. Kg is the propg¢rtional
coefficlent. Therefore, the)wind farm frequency control is actually a droop control, as shown in

Figure 9.
y y

g -

Mac AVoc
IEC

AVpe
Mwr

Figure 9 — Frequency droop control schematic diagram

For wind farm power controller, the output power P\, consists of reference power P, s and
deviation power AP\y:
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Byr =By _ref + 4BvF = Py _ref + Kp4fwr = RBvrref + K KaKpcdfmeas

(7-5)

In order to achieve this, one possible way is to utilize the reserved energy by increasing the
pitch angle of wind turbine to compensate the power gap between output active power of the
wind farm and the input wind energy. However, the wind farm deviates from MPPT operating

statuses.
7.2.3 Frequency control
7.2.3.1 Key points in frequency control of VSC-HVDC connected offshore wind|farms
Based pn the frequency control of wind turbine and the coordinated active power gontrol pf wind
farm ahd VSC-HVDC, the implementation of these controls in practice was introducdd. The
technidal frame for frequency control of VSC-HVDC connected offshore wind"farms are[shown
in Figufe 10.
Realizatfon Frequency control system deployment
Control strategy
Droop control Inertia control
Scheme
Step control Wind farm side frequency control
eSS ot .
| Capacity reservation Frequency deviatior !
| Operation point Wind turbines d eteCtlon |
I CHanos CHiof] Communication-based |
Foundafjon ! | Turbine speed or pitch adjustmerit coordination |
| Utilization of wind turbineinertia L [
I Communl_catlpn-free |
| Energy storage device equipment coordination |
- — - — - j _________________________________________ j I — .
P+HA) ; *
C ﬁ@ Offshore| Offsh¢re AC
Of‘shore wind farm G‘@ DC power grid

O—®

f

Figure 10 — Technical frame for frequency Control

1) Frequency deviation detection

beald |
braking =
chopperlg HA A)—'—(:

IEC

Isolation of wind farms and main grid with VSC-HVDC converters makes the direct detection
of main grid frequency deviation difficult. As the frequency deviation is a fundamental signal
in the frequency regulation capability construction, frequency change signal transfer is of
great importance. There can be 2 modes of signal transfer which are communication-based
and communication-free.
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4)

7.2.3.2 Capacity reservation

1)

2)
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Capacity reservation

To provide frequency support in the main grid frequency deviation, wind farms have to be
equipped with capacity reservation to increase or decrease output when there is regulation
demand from the main grid.

Frequency control strategy

On the basis of the main grid frequency deviation detection and capacity reservation, the
frequency control strategy properly utilizes the regulation capacity to serve the frequency
regulation demand of the main grid.

Deployment scheme of frequency control system in wind farms

The implementation of the control strategy also depends on reasonable deployment of the
conftrol sysfem, including the information Interaction with the existing control systém like
Autpmatic Generation Control (AGC) system.

Output increase

In 4 scenario where the frequency regulation demand from the main @rid is to increase the
wind farm output, there are three possible solutions to capacity resgervation:

a) |[Operate wind turbines in a de-loading mode by means of-converter control and pitch
angle control.

b) |Energy storage equipment.

c) |Utilization of wind turbine inertia: It means to incre€ase the active power of converter.
The wind farm side frequency decreases due to“no additional control on the odtput of
the wind turbine. Frequency drop is usually within a tolerant range to guarantee the safe
operation of wind turbines.

d) |Comprehensive solution combining a), b)<and c).
Oufput reduction

In 4 scenario where the frequency regtfation demand from the main grid is to decrease the
wind farm output, there are three possible solutions to capacity reservation:

a) |Turbine speed or pitch adjustment.
b) [Wind turbine curtailment
c) |Comprehensive solution combining items 2 a) and 2 b).

7.2.3.3 Frequency-control strategy of offshore wind farms interconnected through

1)

2)

VSC-HVBC
Drgop control

Drdop control is based on the idea of the traditional synchronous motor governgr. The
system(frequency deviation is used as the feedback signal, and the power or|torque
additiehal control signal is generated by proportional amplification. As the additiona| signal
of u'luup controtis—therate—of flcqub‘llby bildllgc, it—can pluviu'c strongy supportear the
lowest frequency point, but the control speed is slower than inertia control.

Inertia control

The feedback signal of the controller is the frequency change rate. It is called inertia control
because the signal simulates the inertia of the traditional synchronous motor, as shown in
Figure 11. The feedback of inertia control is the frequency variation, so it can provide
considerable support at the initial time of disturbance and is superior to droop control in
speed.
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Figure 11 — Schematic diagram for inertia control

3) Step control

Offgshore wind turbine adopts power electronic devices, which can increase the outpuft to the
maximum allowable output in a short time. Because this type of controller increages the
output of wind turbines instantaneously when the system frequency ehanges, it is als@ called
step control. Compared with droop control and inertia control, step ‘control can increase the
output to the upper limit in the shortest time.

It i3 noted that the step control can make the wind turbines/provide considerable| active
power support in a short time, but at the same time, it causes the speed of the wind fturbine
to drop rapidly, resulting in rotor stall. And the system€ould be encountered with a delayed
disfurbance when wind turbines no longer operate.in frequency regulation mode after the
grid frequency is restored.

4) Frepguency control of wind farm side

Thg above methods directly control the active power of wind farm to realize frefjuency
regplation. It is also practical to convertithe frequency deviation of the main grid ipto the
frequency control request for the wind farm side. Active power output regulation could then
be achieved.

7.3 Pummary

For cogrdinated frequency control of offshore wind farm and VSC-HVDC, after the large-scale
offshore wind farm is conngcted to the grid by DC, the effect of VSC-HVDC system frefjuency
regulation or wind farmsfrequency regulation alone cannot meet the system frefjuency
adjustment and stabiljity. limitations, and usually the two are cooperated to adjust the pystem
frequemcy together. Therefore, it is the general trend to propose the basic principles and|control
schemg of the twottechnologies in combination with different application scenarios, propose
basic recommendations for coordinated control strategies, and form standards that fan be

8 Fa

8.1 General

The large-scale offshore wind farms are always located in the place that lacks a great deal of
voltage support from synchronous generators and synchronous condensers (i.e. synchronous
compensators), so VSC-HVDC system is one of the potential technologies to realize the grid-
connection of offshore wind farms. Via the rectifier station of VSC-HVDC, offshore wind turbines
acquire proper AC voltages for their power output and collection, is firstly collected in its
collection system, and then transmitted to receiving-end bulk power system. The fault response,
ride-through, control of so many devices is much more intricate. Initially, before the clearance
for the fault inside VSC-HVDC system, the DC current increases at a rather fast pace, so it is
very critical for DC protections or circuit breakers to avoid converter damages. Subsequently,
after the fast clearance for the fault inside VSC-HVDC system, power transmission in
VSC-HVDC systems is substantially curtailed and redistributed, and then the problems of power
loss due to device overload arise.
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There are exist multiple technical options to carry out the fault control for ride-through of
offshore wind farm grid-connected with VSC-HVDC, and each of these technical options
involves the collaboration among various devices for control and de-loading (such as
DC Chopper and AC Chopper). The current technical standards wusually lack these
collaborations and the experience from operational engineering, and they also lack the technical
requirements for duty segregation, cooperation of control strategies, and the high/low voltage
withstanding in the coordinated ride-through with the involvement of a series of devices in
offshore wind farm grid-connected with VSC-HVDC.

In order to tackle above problems, the fault response of offshore wind farms with the connected
VSC-HVDC system is firstly and fully analyzed and understood. The fault response is the
voltage, current or active/reactive power reaction, of an offshore wind turbine, offshore wind
farm on grid-connected HVDC system during specific faults in the electric power system.|On the

basis
VSC-H

f fault response, the fault ride-through of offshore wind farms with the(¢onnected
DC system can be appraised with sufficient accuracy.

The faplt ride-through is the ability of an offshore wind turbine, offshore wind farm ¢r grid-
connedted HVDC system to stay connected during specific faults in the elecétric power gystem,
and the¢ fault control is the act to help these devices to stay connected. The fault resppnse in
offshore wind farm and connected HVDC systems is much more complex, and the involved fault
ride-thfough and control requires more coordination among offshore wind farm, connected
HVDC,|and other devices.

According to the fault location, the relevant technical challenges are indicated as Table|2.

Table 2 — Summary of possible fault'response and control

sysltem

transfer as soon as possible after fault
clearance (for rigid bipole topology with

bipole topology or with earth

return or dedicated metallic

Offshorewind Recejving-
Fault Offsh ind f flecti Connected VSC-HVDC end pulk
locdtion shore wind farm power collection system pover
system sysfem
) thIFc?L\:V \r:oll)t:f%?e”gin (for rectifier station) low
offshofe wind gl , voltage ride through before
popver clearance, clear the fault as fault clearance: with Jittle
C(S)S:tcélncq)n (possible) high voltage soon as possible (possible) over-voltage ride- involvement
ride through afer fault through after fault clearance
clearance
Shut down (for symmetrical monopole Shurtncoig\évno(ll;o[osyorrome§|.'|cal
topology); P pology):
conngcted Over-voltage ride-through before fault tﬁf?%g:ig?:)“ aor\:\?e??:;%sof:tr clear tile fault
VSC-[HVDGC clearance; carry out the (possible) power aspsoon as r?ossible (for as so )'Elas
posdible

earth return or dedicated metallic return)

return)

receiving-end
bulk power
system

Over-voltage ride-
through before fault
clearance;

(possible) over-voltage
ride-through after fault
clearance

with little
involvement

(for inverter station) under-
voltage ride-through before
fault clearance;

(possible) over-voltage ride-
through after fault clearance

clear the fault
as soon as
possible;

(possible)
over-voltage
ride-through

after fault

clearance
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8.2 The core and key issues
8.2.1 Fault response in different kind of faults
8.2.1.1 Faults in VSC-HVDC system

The possible faults in a VSC-HVDC system can be divided into broken line fault, pole-to-ground
fault and pole-to-pole short circuit fault. These faults are very likely to exist in sea water, thus
the broken line fault is equivalent to the pole-to-ground fault, and the pole-to-pole short circuit
fault is equivalent to the pole-to-ground fault of both poles in a VSC-HVDC system.

The challenge for the protection and clearance of the faults in a VSC-HVDC system is that the
rapid ipereasing—short-circuits—currentcaneasitydevastate t6BFsof VSE—+autt-etearing can
be dong by trip of AC breakers supplying converter (in case of half bridge converters)on by DC
voltagq reduction and recovery in case full bridge converters are used. “Converter {ockdpwn” is
not a used term.

Another method is to use DC breakers for fault clearing. DC breakers are'mainly utilizgd for a
VSC-based DC-grid. Owing to their high costs, both the VSC-based\DC-grid and llhe DC
breakefs are rarely adopted for offshore wind farms via the connected“v¥YSC-HVDC systegms. So
the fault clearance via DC breakers is not discussed in this Clause-8.

If the faults can be cleared within several milliseconds (for example, 6 ms), the voltage gswell in
offshore wind turbines and their power collection systems aré-very limited due to the very short
length of power transmission hindrance. Hence the next-Challenge after fault clearancg is the
maintepance of wind farms power output and VSC-HVDC’systems power transmission.

In addition, the main electrical connection scheme-.and return scheme, play important foles in
the remaining power transmission after fault.¢léarance and the shutdown possibility ¢f wind
farms and VSC-HVDC systems, and this can be summarized in Table 3.

Table 3 — Summary of power maintenance or shutdown after the clearance
of faults in a‘point-to-point VSC-HVDC system

Majin electrical
conngction scheme

Pole-to-pole $hort

Return scheme Pole-to-ground fault Lo E
circuit faylt

With-earth return
Monopole oh dedicated Shutdown -
metallic return

Symmetrical Without return Shutdown Shutdown
monopole
Part of offshore wind farms can be
With earth return maintained via faultless pole of a rigid
or dedicated bipole point-to-point VSC-HVDC system Shutdowr]
metaticroturn with-earthreturr-or-dedicated-metallic
Bipole return.

Without return

(e.g. rigid bipole) Shutdown Shutdown

In many instances, after the fault clearance in a point-to-point VSC-HVDC system, the offshore
wind farms and the VSC-HVDC system are totally shut down. As an example, the Rudong
Offshore Wind Power VSC-HVDC project (abbreviated to Rudong VSC-HVDC project) in China,
takes symmetrical monopolar main electrical connection scheme, and it has not return circuit.
As aresult, both poles of Rudong VSC-HVDC project share one converter on rectifier or inverter
side. So even after the clearance of pole-to-ground fault, the offshore wind farms and their
connected point-to-point VSC-HVDC systems are totally shut down.
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If a point-to-point VSC-HVDC system adopts rigid bipole main electrical connection scheme
with earth return or dedicated metallic return, part of offshore wind farms can be maintained via
faultless pole after the clearance of pole-to-ground fault. In this instance, the cooperation
between point-to-point VSC-HVDC system’s power shift and offshore wind farms are usually
required. However, the return highly increases the cost of a point-to-point VSC-HVDC system.

8.2.1.2

Faults in offshore wind power collection system

Usually, every offshore wind farm has only one rectifier station for its power collection, thus
there is no difference for the faults in offshore wind power collection system.

As sho

wn _in Figure 12, after the fault in offshore wind power collection system. the ac

ivation

generators. Generally, faults in offshore wind power collection system are very likely

perma

of AC}protection and AC breakers cuts off the faulty line and its connected wind

ent, so even asymmetrical fault does not require the reclosing process in AC-pro

),
@

Figure 12 — Faults in offshore-wind power collection system

The trgnsient behaviour during faults in‘the offshore array can differ significantly depen
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er functionality. Due to thefact that the activation of AC breaker usually take
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tion, after the fault clearance, it takes some time to perform the offshore wi
ted VSC-HVDC_power recovery. Before the total recovery, the excessive ener
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oltage.swell. Moreover, an overvoltage after fault clearing is not the consequgnce of

8.2.1.3

— fFautts immalm AC system

Generally, the activation of AC protection and AC breakers cut off the faulty line after the fault

in rece

iving-end bulk power system, as shown in Figure 13.
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Figure 13 — Faults in receiving-end bulk power system

The agymmetric faults in receiving-end bulk power system cannot reducejall of the| power
transmjssion from inverter station, but cause the loop current in converters: Fortunatgly, the
currenf control for loop current damping and converter transformer’s pr@gper connection group

are rather effective, in most cases VSC converters are free from risks¢of.loop current.

The neprby three-phase fault is the main problem that hinders power transmission and I¢ads to
the undue high voltage. Another is to install a dynamic braking system (such as AC Chopper or
DC Chppper) in connected VSC-HVDC systems, so that excessive power can be depl¢ted by

the dynamic braking system.

8.2.2 Duty segregation in fault response and coordinated control

1)

2)

Shert-circuit fault in offshore wind power collgction system
a) |Offshore wind power collection system

In offshore wind power collection, systems, the reliable AC protection without reglosing
is required for the sake of fault.clearance. Before the fault clearance, offshorfe wind
turbines with their power colléction systems, and the rectifier station withstands the
under-voltage ride-through:

b) [VSC-HVDC system

[The total loss of the offshore array cable system due to one fault is unlikely, in thjs case
it makes more sense'to keep the HVDC up and running, to separate the faulty pection
and restart the-healthy part of the offshore AC system. However, if the fault clearance
results in the total loss of AC link between offshore wind turbines and rectifiere}tation,
the corresponding rectifier station takes the action of immediate lockdown, and then all
offshore-wind powers with connection to this rectifier are lost.

Pole-to,ground fault in point-to-point VSC-HVD
Thg fault control concentrates on fast fault clearance. If the point-to-point VSCtHVDC

ol telo 1 H ' o idkla lo 4 P H g | dall:
SyS Tl auuptls UIPUIT Tl CUTHTTTUUUTT SUTTTTITS WILTT Taltrt TTStiutth Ur ucuivatcu iricialiic return,

the power transfer from faulty pole to faultless pole is required.

The fault clearance is realized via faulty pole’s lockdown. Usually, the lockdown execution
and the successive power transfer are fast enough to avoid the severe excessive power and
over-voltage ride-through. The concentration of fault ride-through and control is the speed
of successive power transfer after faulty pole’s lockdown. If the point-to-point VSC-HVDC
system adopts rigid bipole main connection scheme with earth return or dedicated metallic
return, the power transfer from faulty pole to faultless pole performs as soon as possible.

If converter capacity cannot maintain “N-1” principle, i.e., faulty pole’s power cannot be fully
transferred due to lack of faultless pole’s capacity, part of offshore wind power is curtailed.
Before the activation of AC breakers for wind turbine generator tripping, offshore wind
turbine generators experienced severe DC overvoltage and excessive energy. To tackle this
problem, one possible option is to actively lower wind turbines’ output via instant
communication, and another technical option is to activate DC Chopper inside these wind
turbines.
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3)

4)

With regard to the energy depletion, in common practice, both offshore wind turbines aid their
connedted VSC-HVDC system can be equipped with DC Chopper. And these DE)Ch
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Bipolar short-circuit fault in point-to-point VSC-HVDC

The fault control focuses on the fast fault clearance, but the bipolar lockdown of rectifier
station, as the execution of fault clearance, inevitably results in the total loss of offshore
wind power. The main challenge is that offshore wind turbine generators often confront
severe under-voltage ride-through. This is due to the fact that the rectifier is uncontrollable
and can afford no voltage support after its bipolar lockdown.

Short-circuit fault in receiving-end bulk power system

The fault control focuses on the depletion of hindered and excessive energy due to fault in
receiving-end bulk power system. It is obvious that the protection in receiving-end bulk
power system is obliged for fault clearance, and it is inverter station’s duty to dampen its
current loop when asymmetric fault occurs.

ppers,

whereVer they are located in, merely be activated according to their own strategy, |so the

cooperption with each other is required.

8.3
8.3

A Optional fault ride-through technical solutions

Fault control

There |are four optional fault ride-through technical solutions, and the advantagg¢s and

1)

disadvIntages of each solution are as follows:

The fault ride-through cannot merely rely on thé ability of the devices to wiflhstand
under/over-voltage.

It can be inferred from engineering experiencexthat, the mere reliance on devices’ apility to
witlistand is insufficient. It probably require€s excessive margin of this ability fogr most
deVlices. The future study does not focus on the feasibility of this technical solution.

The auxiliary de-loading devices of both,o0ffshore wind farms and the connected VSCHVDC
systems cooperatively carry out the-energy dissipation to assist the fault ride-through.

Thig solution is most technical valuable, but it is the most intricate in practice and thHe most
conftroversial in duty segregation. It is estimated that a large amount of work was rg¢quired
to glarify the numerous contreversial details, such as responsibility in different ownership,
conftrol of communication-delays, etc.

Theg auxiliary de-loading devices of VSC-HVDC solely carry out the energy dissipation to
asgjist the fault ride=through.

In most cases of fault ride-through, offshore wind farms don’t participate the auxilipry de-
loagling and _theoretically VSC-HVDC does solely carry out the power dissipation duq to this
sollition. And’the design of fault ride-through strategy can be largely simplified.

Theg auxiliary de-loading devices of offshore wind solely carry out the energy dissipation to
asslist the fault ride-through. T

Due to the fact that offshore wind cannot directly recognize the AC fault on inverter side,
the involved rectifier station cooperatively reduces its voltage output to indirectly activate
islanding offshore wind's under/over-voltage ride-through, which means offshore wind's DC
Choppers curtail excessive power and tackle overvoltage. This solution is viable in
mechanism, but its engineering feasibility can be validated in future works. Moreover, this
solution can be invoked as a back-up protection in the event of a failure of the dynamic
braking system of de-loading devices of VSC-HVDC.
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8.3.2 Technical requirements in coordinated control

Further study is performed on technical requirements for auxiliary de-loading devices (e.g. DC
Chopper), power transfer inside VSC-HVDC, the ability to withstand under/over-voltage ride-
through, and the coordination of these three issues during the fault response, ride-through and
coordinated control in offshore wind farm grid-connected with VSC-HVDC system.

1) The ability to withstand under/over-voltage ride-through

This aspect includes the ability to withstand under/over-voltage ride-through, such as the
ability to withstand the magnitude and duration of low/high voltage, and involves the devices
in the connected VSC-HVDC system, the offshore wind turbines and their power collection
system.

2) The activation of auxiliary de-loading device

Thig aspect includes the technical specifications for auxiliary de-loading devicées” (¢.g. DC
Chopper) in offshore wind turbines and the connected VSC-HVDC system, lsuch|as the
insfallation capacity, the maximum energy depletion in once activationj\ahd the Jrate of
depleting excessive energy.

3) Theg power transfer in VSC-HVDC system

This aspect includes the ability of power transfer in VSC-HVDC system, such |as the
capacity, the maximum rate of power ascending for each converter station.

4) Thg coordination in fault response, ride-through and control

Thig aspect includes the time sequence cooperation/in ‘strategies of AC/DC protgctions,
converter controllers and auxiliary de-loading devicesy'in conjunction with the coopferation
of gctive/reactive power output in various converters and wind turbine generators.

8.4 Bummary

and thriee types of faults are adopted to discss the fault response and coordinated faulticontrol
in an dffshore wind farm and HVDC system. The HVDC technologies are point-to-point VSC-
HVDC pystem and VSC-based DC grid;, and the fault location includes the offshore wind power
collection system, VSC-HVDC systems and the receiving-end bulk power system.

Accorc}ng to the DC transmission technology‘and the fault locations, several HVDC topplogies

1) In terms of the duty segregation and required performance among the among each jevice’s
fault control (e.g. the activation of de-loading devices of offshore wind farm and the
corlnected VSC-HVDE-system), the issues are summarized in Table 4.
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Table 4 - Summary of duty segregation for VSC-HVDC systems

No. Fault location Duty segregation

Offshore wind farm withstands the fault ride-through as longs as V-t

characteristic is within required range.
offshore wind 9 9

1 power collection Fault in offshore wind power collection system requires being cleared without
system reclosing.

HVDC Rectifier station keeps being operational if possible.

For point-to-point VSC-HVDC, the fault pole requires lockdown. The power
transfer to another pole requires being executed (For a bipolar scheme with
dedicated metallic return or earth return).
connected VSC-

2 HVDC svystem Hpowertrarmsferfunctiomrcanmmotdeatwittrexcessive power;theduty segrggation
(uni olaryfault) among de-loading devices of offshore wind farm and the connected VSEsHVDC
P system require being clarified.

Both offshore wind farm and connected VSC-HVDC system require withstanding
the over-voltage ride-through.

For point-to-point VSC-HVDC, it requires to carry out the bip&lar block doywn and
AC breaker requires to be activatéd,

connected VSC- N . . .
HVDC system Before the activation of AC breaker, wind turbine geherators require carry|ng out

3 (bipolar short- its low-voltage strategy:
circuit fault) If power transfer function cannot deal with excessive power, the duty segrégation
among auxiliary de-loading devices of offshore wind farm and the connected
VSC-HVDC system requires being clarified.
VSC-HVDC's controller requires dampehing current loop due to asymmetric fault.
4 receiving-end bulk | |t hower transfer function cannot deatwith excessive power, the duty segrégation

power system among auxiliary de-loading devices of offshore wind farm and the connelcted

VSC-HVDE system requires being clarified.

2)

In erms of the technical requirement among offshore wind farm and the connected VSC-
HVDC system, the issues to be contained in further works are summarized in Table [5.

Table 5 — Summary of technical requirement for VSC-HVDC systems

For cpnnected point-to-point VSE-HVDC system For auxiliary devices (e.g. DC Chopper)

Withstanding to AC temporary high voltage (such
as|the ability to withstandsthe magnitude and
duration of AC tempOrary overvoltage);

Withdtanding to low voltade (such as the ability to %UCT 2 the i”Sta“a“?” ?_apaCityé me m?xiﬂ}udm eperay
withstand the magnitude and duration of low- epletion in once activation, and the rate of deplgting
voltage); excessive energy.

Ability of power transfer, such as the transmission
capag¢ity and,converter’s rate of power ascending.

For wind power collection svstem For cooperated fault response and contro
1 g Y 1 ™

One important aspect of this topic is time sequence

Withstanding to AC temporary overvoltage (such cooperation in strategi.e.s of protect!ons, cqnverter
as the ability to withstand the magnitude and controllers and auxiliary de-loading devices.
duration of AC temporary overvoltage); Another important aspect is the cooperation of active/
Withstanding to low-voltage (such as the ability to reactive power outpu‘t in various converters and wind
withstand the magnitude and duration of low- turbine generators.

voltage).
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9 Multi-frequency oscillation

9.1 Problem statement

The multi-frequency oscillation phenomenon of the offshore wind farm via VSC-HVDC
grid-connected system frequently occurs, which seriously threatens the safe and stable
operation of the system and equipment. For example, in 2013, the BorWin1 offshore wind farm
in Germany's North Sea has a harmonic oscillation of around 250 Hz, the impedance of the
system is small and cannot provide sufficient damping, which causes voltage and current
oscillations, resulting in system instability. In 2014, the Nan’ao three-terminal wind farm
VSC-HVDC grid-connected system experienced sub-synchronous oscillations in the range of
20-30 Hz. In addition, similar wind oscillations have occurred in other wind farms in the world.
The offshore wind farm VSC-HVDC system is a power system with a high proportion.of power
electropic devices, and the control bandwidth of these power electronic devices reach’several
kiloheriz. Due to the wide control bandwidth and long control delay, the impedanges.of Hoth RE
and VY4C-HVDC are negative over a wide frequency range, resulting in the dynamic behaviour
characferistics of offshore wind farm VSC-HVDC system being significantly differept from
traditional power systems dominated by electromagnetic equipment, whosé-control banqwidths
are usually below 100 Hz. In addition, the interaction between offshore wind fafm and
VSC-HVDC system make the dynamic characteristics of offshore wind farm VSC-HVDC Hecome
more cpmplicated.

9.2 The core and key issues
9.2.1 General

The arjalysis methods for broadband oscillation of.power system mainly include impedance-
based |stability analysis method, impedance scanning analysis method, passivity analysis
method, modal analysis method and time-domaim,stability analysis method.

9.2.2 Impedance-based stability analysis method
9.2.2.1 General

Offshofre wind farm VSC-HVDC Integration is a typical power electronic interconnection gystem.
In order to investigate the dynaniic characteristics of the system after the interconnection of the
power glectronic converter, it iS necessary to propose a suitable stability analysis method for
power |electronic interconnection system. The impedance analysis method is a method
especially suitable for_the study of oscillation or small disturbance stability of complex power
electropic interconngection systems. The impedance analysis method decomposes the pystem
into a power subsystem and a load subsystem. The power subsystem is described by gn ideal
voltagqd source-with output impedance, and the load subsystem is replaced by it$ input
impedgnce, as~shown in Figure 14. If the impedance ratio of the two systems satisfjes the
Nyquis} stability criterion, the system is stable.

Figure 14 — Mathematical model of impedance method

The method divides the system into a power subsystem and a load subsystem according to the
regions of interest, and establishes these two sub-systems respectively. If the source
subsystem and load subsystem are stable respectively, the stability of the interconnected
system is determined by the ratio of the HVDC impedance to the RE impedance.
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The wide-band dynamic model of the system analyzes the interaction process between the two
to reveal the broadband oscillation mechanism of the power electronic interconnection system.
The impedance analysis method is based on harmonic linearization to model power electronic
equipment. It requires less information about the system and is easy to understand and used,
suitable for the analysis of resonance characteristics of VSC-HVDC connected offshore wind
farms.

9.2.2.2 Typical modelling of VSC-HVDC

In offshore wind farm HVDC connect applications, the onshore side converter of VSC-HVDC
adopts grid-following control to maintain DC voltage stability, while the offshore side converter
of VSC-HVDC adopts V/f control acting as a voltage source and maintaining the AC voltage and
frequelcy steady. Therefore, no PLL Is used in the offshore side converter of VSC-HYDC. The
offshore wind farm acts as a current source and transmits power to the HVDC system,.'Altypical
control| strategy of voltage-controlled VSC-HVDC is as follows. After adopting the)cirqulating
currenf suppression strategy, the effect of circulating current on the impedance ‘of VSCFHVDC
is ignofable, so the circulating current suppress control is omitted in Figure 15.

DC
tranmission

4@5:

IEC

Figure 15 — Typical control strategy of voltage controlled VSC-HVDC

Under {he typical control strategy, thecpositive and negative sequence impedance mode] of the
converfer can be established based on harmonic linearization, and the positive impedance of
the VSC-HVDC is shown in (9:1),"Note that the impedance is highly related to the |control
strategly, the impedance changes along with the strategy.

SL+(Gi —jKd)GSiGd
Zysc = (9-1)
1- Gd Gsv + Gsv GVAC Gi Gd

where

Gy is-the-detay;

L is the equivalent inductance on the AC side of VSC,;
G, is the transfer function of current control loop;

Ky is the decoupling coefficient if current control loop;

Gsij and G,  are the transfer function of the current and voltage sampling link, respectively;
Gyac is the transfer function of voltage control loop.
9.2.2.3 Typical modelling of offshore wind

The typical power circuit and control block diagram of wind power converters are shown in
Figure 16. The control system includes phase current control and phase locked loop.
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Based
conver

@1

9.2.2.4

Figure 16 — Block diagram of wind power converter

on harmonic linearization, the positive and negative sequence impedance mode
er can be established, the positive impedance of wind power converter is

sLs + KmVag [ (s = jou) = jK4 ] 1
ZpmsG(s) = — M-
1—5 decTPLL(S—jw1)|:11(Hi(s_jw1)_jKd)+M1] f
Cs are filter inductance and filter capacitor at AC side respectively;

is the'peak value of fundamental phase current at AC side;
is~sthe DC side capacitor voltage;

is the fundamental peak value of the modulated signal;

is the modulation ratio;

and, (s) are the transfer functions of PLL and current loop respectively;

is the decoupling coefficient of current loop;

is the fundamental angular frequency.

Mechanism analysis method for multi-frequency oscillation

of the

(9-2)

If both curves are plotted in a Bode diagram, each intersection of the curves can be critical.
Therefore, the phase margin is calculated at each intersection. If it is low, the system has poor
stability margin. At the frequency where the curves of the amplitudes have an intersection, the
phase margin is calculated according to

0, =180° - Ag

(9-3)
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If the phase margin is less than 0, the system is unstable, as shown in the example in Figure 17.
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Figure 17 — Comparison of impedance characteristic curve

dvantage of this method is that the frequency dependent impedance can be cal

commercial and intellectual property reasohs, the detailed control strategi

culated

analytic model, calculated with an EMT-tool.ormeasured at a real generation flurbine.

s and
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9.2.3
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is an impoftant tool in characterizing oscillations, and the way they propagate in the
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e wind and VSC system can be obtained\by testing the control and protection sy

eness of a solution can be also tested and judged.

ted that when the positive and negative sequence impedances of the conver

ng the accuracy of the-resonance characteristic analysis. If Zg,,ce and Z,y4

nce matrix, the gengralized Nyquist criterion is used to judge the resonance sta
tem.

Impedance scanning analysis method

k impedance scanning is the most basic form of analysis technique that can be
harmonic problems in power networks. Impedance scanning and subsequent a

plify’or dampen in the process. Resonance analysis is conveniently done using sg

stems,

n the risk of oscillation can be judged\using the impedance-based stability criteripn. The

ter are

, the positive and negative sequence impedance matrix is established, thereby

is the
Dility of

sed to
alysis
etwork
-called

impeda

seen from a general location and is defined as
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Z(s)=

TICE SCans, EVEN T COMpPIEX MEtWOrKS. AT impedance scan returns the mputimpedance

(9-4)
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The input impedance Z(s) can be physically interpreted as the ratio between the voltage
perturbation V(s) that occurs in a specific location as a result of a broad-spectrum current I(s)
injected by an external source at the same or another location in the network. Bode plots of
impedance and admittance can be used to easily identify series and parallel resonance through
inspection. The high input impedance at a certain frequency indicates that a high voltage occurs
at the point of injection if a constant current is injected at that frequency. While, the low input
impedance means that even small voltage sources generate a large harmonic current at a
particular frequency. These observations can be used as a first stage in harmonic analysis.

The input impedance can also be seen as a transfer function between injected current and
voltage. Any impedance characteristic can be approximated by the form

H(s—zi)

Z(sEKE—— (9-5)

i i$ the zeroes of the transfer function;

A i$ the poles of the transfer function.

The zeros and poles of the transfer function are.connected to series and parallel respnance
phenomena in power systems. Assuming stationary sinusoidal excitation, and assigning|s = jw,
the polgs of the transfer function determine thefrequencies where the magnitude of the tfansfer
functioh steady state gain is very high and its zeroes determine frequencies whgre the
magnitude is very low.

Each ppir of complex poles of Formula’(9-5) corresponds to a parallel resonance at the jhatural
frequeI’cy given by Im(4;) and likewise each pair of complex zeroes corresponds to g series

resonapce at the frequency Im(z;). The frequency response can be used to determine thg phase

and st¢ady state gain when harmonics of a certain frequency are injected at a poinf{ in the
network.

9.24 Passivity.analysis method

Passivity analysis'is based on the calculation or identification of the input admittancejoutput
impedgnce .of-converter systems. These can be derived analytically by hand calculdtion or
through measurement and estimation. Specialized tools can also generate models of the form
(Formyla.(9-6)), either through automatic linearization techniques or through curve fifting of
calculated impedance responses. Passivity analysis is carried out using scans of the converter
system active impedance, as opposed to the passive impedance only.

Modelling the small-signal behaviour of a converter system using its incremental impedance as
described by (Formula (9-5)), the following relations hold:

U(s)=Z(s)(s) (9-6)
1(s)=Y(s)U(s) (9-7)

Y(s)=2(s)" (9-8)
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Passive systems have the following important properties:

e the inverse of a passive system is passive;
e the parallel interconnection of passive systems is passive;
o the feedback interconnection of passive systems is passive.

The first observation means that if an analysis of the output impedance of a converter results
in the identification of passivity in a particular frequency range, the corresponding analysis
using the input admittance gives the same results. Nevertheless, it is often useful to consider
both since the result of the analysis can be more clearly visualized and interpreted in one or
the other.

The sgcond and third observations are useful in the analysis of several gridconnected
converfers — if it can be shown that each of the individual converters as well\as the grid
connedting them are passive, the interconnected system is also passive. This,can serye as a
stability guarantee for the interconnected system.

9.2.5 Modal analysis method

The m@dal analysis method studies the stability of a system by solving the eigenvalueg of the
coefficlent matrix of the system's small signal state equation.

The dyhamic characteristics of power system can be expressed by the following equatigns:

dx
i fla) (9-9)
0=g(xy)

Accordjing to Lyapunov's first theoremy.after linearizing the system at the equilibrium poinf, small
signal gtate equation can be obtainged

20— Anx (9-10)

where
A is the state matrix of the system.

The stability of the system can be judged by solving the eigenvalues of 4.

The modal analysis method can obtain the system's broadband oscillation information and guide
the optimal control of the system. Its advantages are high accuracy, and it can obtain
quantitative evaluation indicators such as participation factors and sensitivity, which can be
used to guide design. However, the modal analysis method relies on the complete information
of the system. When the system structure changes slightly, the model is modified greatly, and
there is the problem of large amount of computation compared to impedance analysis method,
especially for complex power systems.
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9.2.6 Electro-magnetic-transient simulation

The analysis and capture of the phenomena can be also performed by means of an electro-
magnetic transient simulation (EMT) in the time domain. Using the capability of simulating and
solving circuit dynamics, the oscillatory behaviour of the circuit is represented. In order to
capture the phenomena, circuit dynamics and converter models are well represented for the
frequency range under study. Grid components are modelled by frequency-dependent
parameter models. As the damping increases with frequency, it can make the difference
between a stable and non-stable system. Additionally, converter models can include all the
control loops and represent different dynamics with sufficient level of detail. The use of black-
box converter models, without access to the controllers and parameters, can ensure the
confidentiality of the vendor’s intellectual property. One disadvantage is that it is almost
impossibte—to— ify—thstable—operats f with—er—EMI—simation—H—is—e which
network configuration and which frequency a problem could occur, otherwise it\is|hardly
possible to find it due to the long computing time in an EMT tool or only possible by Cainc{dence.
Furthetmore, for EMT models the manufacturer provides a few signals of the control sg¢ that it
is at least possible for the simulator to find out which converter is currently not.running properly
in the gimulation.

9.3 Multi-frequency oscillation suppression technology
9.3.1 General

If the apalysis of the oscillation mechanism shows the converter holds a negative dampipg ,it is
most likely trigger an oscillation. In case the parameter combination results in a zero impgedance
and harmonics are amplified through AC/DC interaction, then an oscillation is likely to| occur.
Consequently, corresponding oscillation suppression measures are proposed, ingluding
controller parameter optimization design, controlvstructure optimization, auxiliary| active
dampirlg control loop and additional hardware: oscillation suppression equipment, and
operatipnal scenarios.

9.3.2 Controller parameter optimization

Controller parameter optimization measures are usually used to suppress mid- and high-
frequerLcy resonances. The commen suppression methods for mid- and high- freguency
resonapces include reducing, the” delay time of control system, reducing the propIrtionaI
coefficlent of current loop PI, centroller, and optimizing the AC voltage control, etc. The effect
of the proportional coefficient of current loop Pl controller on MMC’s impedance is shown in
Figure |18. The smallerrproportional coefficient, the smaller negative damping area|of the
converfer impedance, phase, implying that the converter impedance characteristics are
improved.
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Figure 18 — Effect of control parameters on impedance“characteristics

9.3.3 Control structure optimization and active damping control

Contro| structure optimization and active damping control are essentially to improve the VSC
equivalent impedance by changing the control system)structure, thereby suppressing the
system| resonance. In terms of optimizing the control“structure or active damping contfol, the
oscillaﬂ:on suppression measures are different for different frequency bands. For mid- anld high-
frequemcy resonance, a nonlinear filter or a low-pass filter is usually added to the volta%e feed
forwarq of MMC to improve the impedance characteristics. In addition, a suppression method
called fvirtual arm resistance” to stabilize the\sub/super-synchronous oscillations was prpposed,
whose [control diagram is shown in Figure*19. In the diagram, I.omape @N9d Ieomabe #7€ the
commgn-mode currents and their referénces, R, is the proportional gain that can be regarded
as a viftual arm resistance, and the output Vs oxir5 iS @dded to the original modulation vpltages.

In this way, a virtual resistance js(connected in series to each arm of the MMC, and cirqulating
currenfs is restrained so that the resonance peaks on the impedance curves is suppresged.

*

i e /0
comabc :; >< \J R, Kﬁff_e:rrwx
\ Y, >
~

Ir‘o mabc

Figure 19 — Control diagram of virtual arm resistance method

9.3.4 Passive filters

From the perspective of system stability, the controller parameter design methods of offshore
wind generator and VSC-HVDC is possible. However, experience shows that if there is
improvement on one side, this is bought by deterioration on another side. Often, damping is
achieved on a certain harmonic range, but other range is deteriorated. Since the fact that the
actual system often has a narrow range of adjustable controller parameters and unsatisfactory
adjustment effects, parameter optimization is especially difficult when the control delay is long.
There is no guarantee that such oscillation can be damped by software optimization.
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Consequently, it is possible to consider the use of additional hardware oscillation suppression
equipment to improve the damping effect of the offshore wind VSC-HVDC connected system
without changing the control parameters and control structure of the original system equipment.
This can suppress the oscillation if properly designed at the price of adding extra economic cost
land occupation. The passive damping filters can be connected in parallel or in series with the
VSC or offshore wind converters.

Figure 20 shows three possible parallel-connected damping filters. These damping filters can
greatly reform the impedance characteristic of the converters in mid- and high-frequencies as
it is equivalent to a small resistor in these frequencies. Such AC filter has been widely used in
LCC-HVDC and has a successful industrial application. As these filters are connected to the
high AC voltage, e.9.66 kV, 155 kV, 220 kV or even 380 kV, the land occupation and cost can't
be igngred.

IEC IEC

a) Sefond-order high pass filter b) Third-order high-pass filter c) C-type filter

Figure 20 — Potential parallel-connected.damping harmonic filters for VSC
Figure|21 shows a typical serial-connected 'second-order damping filters circuits based on
single-funed filters. The single-tuned filter jsformed by L, and C,, and is a series resonanf circuit

connedted in parallel with the damping-tésistor. The L, and C, is designed to resonatgq at the

fundamental frequency, the series resonant circuit bypasses the fundamental current. Fpr mid-
and high-frequencies, the additional-damping R is inserted.

Ry

IEC

Figure 21 — A typical serial-connected damping filters

There are many different options to achieve similar damping effects, and they can differ
significantly from each other in terms of size and power loss. Therefore, design for a specific
application includes a trade study to compare different options and their performances. The
added single-tuned or broadband filter inductor and capacitor also form new resonance with
other components in the system, which is carefully evaluated.

9.3.5 Operational scenarios

In the project operation stage, the above suppression measures all have certain limitations.
Changing operational scenarios can be very effective solution in the operational phase of a
project. Oscillation is caused by the interaction of VSC-HVDC and AC system. By changing
operating scenarios, the AC system impedance can be adjusted to suppress oscillations.
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9.4 Summary

As explained in 9.2, there are multiple methods to analyze and estimate the potential oscillatory
behaviour. The common methods include impedance-based stability analysis method,
impedance scanning analysis method, modal analysis method and time-domain stability
analysis method.

The advantages and disadvantages of each method are shown in the Table 6.

Table 6 — Comparison of different analysis methods

Methods Advantages Disadvantages
1 Injpedance- (1) It can accurately reveal the resonance Accurate frequency dependeént
gdsed stability mechanism impedance of subsystem isyused.
arjalysis

(2) Itrequires less information about the
system and is easy to understand and
used.

(3) The frequency dependent impedance can
be calculated with an analytic model, an
EMT-tool or measured at a real
generation unit.

2 | Inpedance (1) It has a wide range of applications and (TNt is difficult to analyze the
sdanning can analyze the impedance mechanism of oscillation ar|d
arjalysis characteristics and stability of various the nonlinear characteristicg of

complex power electronic converter the system.

systems in a wide frequency band.
y g y (2) The accuracy of the frequency

(2) It can be used as an auxiliary means to scanning results is easily
verify the correctness of the thearetical affected by the simulation sjtep
derivation of the impedance model. size.
3 | Passivity (1) Itis an intuitive and relatively simple (1) It has limitations and constraints
arlalysis method method that is easy to‘understand and when applied to nonlinear
apply. systems.
(2) It can be applied.to various types of (2) It relies on accurate physical
linear and nonlinear systems. models of the system.
(3) It provides.a'detailed description and (3) Itis highly sensitive to charjges
analysis of the passive properties of a in system structure and
system: parameters.
4 | Mpdal analysis (1) _It-can accurately judge the stability of the | (1) For high-order systems,
system and determine the dominant modelling is difficult and
factors of oscillation. computationally expensive.
(2) This method is rigorous, accurate and (2) It is only suitable for studyimg
can provide rich information. the stability near the equilirium

point of the system, and capnot
characterize the nonlinear
characteristics of the oscillgtion.

5 | Timre=dommaim tH—ttisaccurate;imtuitive; camand-provides s diffrcutttoamatyzethe
stability analysis abundant waveform information. occurrence mechanism, influencing
factors and suppression measures

(2) It can describe the dynamic of oscillation

characteristics of the system at different
time scales, and comprehensively reflect
the influence of the nonlinear
characteristics of the system on the
oscillation.

Accurate modelling of RE VSC-HVDC integration is the key to analyze the multi-frequency
oscillations of this interconnected system. The system stability can be analyzed by applying the
Nyquist Stability Criterion to the ratio of HVDC impedance and offshore wind turbine impedance.
The negative damping of the VSC-HVDC and/or offshore wind turbine is the essential reason
for multi-frequency oscillations. From system perspective, the oscillation can be damped by
optimizing the control strategy or parameters or adding extra passive damping.
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10 Control and protection function verification

10.1 Problem statement

The control and protection (C&P) system is the vital equipment for the safety operation of
VSC-HVDC connection of offshore wind farm. Compared with the conventional VSC-HVDC
project or wind power projects connected to the grid via AC transmission mode, the C&P system
of wind power projects connected to the grid via VSC-HVDC has different functions and dynamic
performance requirements, such as different charging modes of offshore converter station (DC
charging mode from onshore converter station, or AC charging mode from offshore diesel
generator), different control modes of VSC-HVDC converter (AC voltage and frequency control),
different AC fault ride through characteristics of onshore converter station, different reactive
power control and coordinate active power control, open line test mode, etc. In order tp verify
the C&P system functions and dynamic performance and meet VSC-HVDC connectéed-offshore
wind fgrms project design requirements, it is the mainstream practice to build the-Hardware-in-
the-Loop system with simulator and the C&P cubicles before on-site commissioning. As
Figure |22 shows, the off-site C&P system verification is the link between“the design and
manufdcture of C&P system and the on-site testing. It is useful to illustraterthe simulation of the
C&P system of VSC-HVDC connected offshore wind farms project.

Hardware
design
Technical _| Equipment N Off-site On-site fest
specification " manufacturin 7| verification (commissipning)
_| Software
- design
IEC

Figure 22 — Control and .protection system life cycle diagram

10.2 The key issues
10.2.1| The C&P verification-system

The C8P verification system.includes C&P system and simulation models. The simulatior] model
simulafes the main circuit of offshore wind farm system, AC system of receiving epd and
VSC-HVDC transmission system. As shown in Figure 23, the C&P Hardware-in-the-Loop
verificgtion system_mainly includes three parts.
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Figure 23 — The schematic diagram of simulationsystem

The firgt part is the simulator which is used to simulate the primary main circuits. The
part is the simulation interface devices. The third part is the control and protection sys
the VSC-HVDC connection of offshore wind farm project. The verification system inclugles the
C&P regal-time simulator, simulation interface devices and the C&P devices of VSC-
offshore wind power and onshore braking chopper. The’simulator is used to simulat
circuit [components of VSC-HVDC, wind power and onshore braking chopper, adjac
system|, and/or adjacent HVDC transmissions. Simulation interface devices are used
connedtion and communication between simulatos and C&P devices.

10.2.2| Functions of C&P verification system

IEC

second
em for

HVDC,
E main
ent AC
for the

In ordgr to ensure the safe and stable operation of the VSC-HVDC system conneg

offshore wind farm, it is of great significance to test the control and protection system. In
the control and protection functions of the VSC-HVDC system connection of offshore wi
mainly[include the following Categories as shown in Table 7, which can be tested

verificgtion system.

tion of

eneral,
*d farm

n C&P
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Table 7 — C&P system Functions

Function Sub-function Content
Sequences control @ -
Converter transformer energizing Transformer with Saturation characteristic
Black start control @ Transformer with Saturation characteristic;
Valve control equipment and its simulation
interface devices are equipped.
Open line test @ -
Deblock-block -
Control mode transfer -
Steady state performance -
Coordinated active power control @ The offshore wind power farm model-as defailed
as possible
Reactive power control 2 Adjacent AC system(s), and/qr'adjacent HVDC
(if any)
Step response E
Contfol Abnormal measuring performance 2 Measurement system_loop as consistent{as
functions possible with the field
an . Multi-frequency oscillation control 2 The offshore wind power farm model with
ynamic precisé.impedance characteristics;
performance
adjacent AC system(s), and/or adjacent HVDC
(if any) on onshore converter station
AC fault ride through control @ Efergy-consuming device models based|on
- - FPGA hardware
Energy-consuming device control 2 . .
Energy-consuming device control and
protection system and its simulation interface
devices are equipped;
adjacent AC system(s), and/or adjacent HVDC
(if any) on onshore converter station
Valve control @ MMC models based on FPGA hardwarg;
Valve control equipment and its simulatjon
interface devices are equipped.
Accessory control(function (if any) -
Coordinated control for VSC-HVDC and -
offshore ‘wind farm (if any) 2
Othercontrol functions (if any) -
Trip circuit and action -
Converter/pole protection selectivity -
DC line area protection @ The common way is to use the distributpd
parameter frequency-dependent model for
cables and transmission line.
Valve protection
Profection Emergy-constming-deviceprotection? ERergy-consuming-devicerrodelsbased on
function FPGA hardware
Energy-consuming device control and
protection system and its simulation interface
devices are equipped
Other protection (if any) Control system, protection system,
measurement system, monitoring system, and
fault recording system are equipped.
Redundant control system Redundant control and protection devices are
Redundant protection system equipped.
Evaluation of C&P system delay @ Valve control equipment, energy-consuming
device control and simulation interface devices,
submodule control board are equipped.
28 means the special characteristics for VSC-HVDC system connection of offshore wind farm.
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10.3 The key verification and evaluation items

10.3.1 General

The C&P system functions are verified in the simulation system, to verify whether these
functions meet the requirements of the design specifications or not. The control function and
protection areas depend on projects. If the following function and protection area(s) don’t exist
for a specified project, the related verification is unnecessary. The test methods of several
functions closely related to the VSC-HVDC system connection of offshore wind farm are
presented below.

10.3.2 Verification for multi-frequency oscillation control

1)
2)

3)

4)

10.3.3| Verification for AC fault ride through control

1)

2)

3)

4)

10.3.4| Verification for energy-consuming control and protection device

1)

2)

3)

4)

Function: the multi-frequency oscillation control function mainly includes the multi-frefuency
osdillation suppression function on the AC side and VSC-HVDC side.

Tedt items design: the common way is to consider different AC grid connectioprr modes and
active wind turbines capacity and power.

Special requirement for verification system: The offshore wind powet farm modfl with
precise impedance characteristics. Adjacent AC system, and/or adjacent HVDC (if any) on
onghore converter station are suggested to be included in the simulation model. The|feeder
lings from wind turbines and offshore station are suggested to-be 'modelled as detdiled as
possible. The Wind turbine converter controller devices or detaildigital controller model are
suggested to be equipped.

Ev3luation method: the multi-frequency oscillation suppression function can work effectively
in different operation modes.

Function: AC fault ride through coordination function with energy consuming deyice for
onghore station AC side fault, AC fault ridethrough coordination function with wind farm for
offghore station AC side fault.

Tedt items design: the common way is-to consider different AC fault modes, fault duration
and active wind turbines capacity and transmission power.

Spegcial requirement for verification system: Energy-consuming device models baged on
FPGA hardware, and energy-consuming device control and protection system and its
simlulation interface devices.are equipped. The adjacent AC system, and/or adjaceni HVDC
(if any) on onshore converter station.

Evgluation method: the' HVDC system and wind farm can recover smoothly when the fault
disappears, and thepower recovery time meets the design requirements.

Functioni—=eénergy-consuming device includes power electronic switch and e¢nergy-
corfsuming resistor with different topologies. The main verification of energy-confuming
deyices’ involves the following functions: switching strategy control, over Yyoltage
suppression effect, power electronic switch control and essential protection functions of
power electronic switch, the protection and supervision for energy-consuming device in
different work states. The work states mainly include: startup, charge, block and deblock
control functions.

Test items design: the common way is to consider different fault types, locations and work
stage for energy-consuming device. And consider the test for supervision, overvoltage
protection for the energy consumption, and overload protection of the dynamic braking
resistor device, etc.

Special performance for verification system: Energy-consuming device models based on
FPGA hardware, and energy-consuming device control and protection system and its
simulation interface devices are equipped.

Evaluation method: the control and protection function can work normally in different work
stages. The energy-consuming device control acts properly in coordination with the rest of
the HVDC system control when AC fault occurs in the onshore grid.
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10.3.5 Verification for black start control

1) Function: the offshore wind farm with VSC-HVDC system black start control is one of key
functions. The following function performances require special attention and test: AC side
charging strategy for onshore converter station, DC side charging strategy for offshore
converter station, DC voltage control strategy for onshore station, VF control strategy for
offshore station, protection and protective monitoring function in case of fault in black start
process, and the energization control of the offshore wind farm.

2) Test items design: It is useful to consider the charging progress from offshore station to
feeder and wind farm transform step by step after the black start of the offshore station; and
consider not only the normal black start process, but also the ground fault in the black start
test.

3) Special performance for verification system: transformer with saturation charadteristic
modlel is included; MMC valve control equipment and its simulation interface deviges are
eqyipped.

4) Ev3gluation method: onshore/offshore stations and wind farm can deblock and block
smoothly without trip in black start progress. If any fault occurs in blagk start prpgress,
profection can act to protect equipment.

10.4 PBummary

Hardware-in-the-loop simulation verification is an effective methdd;and mainstream pragtice for
C&P system before on-site testing. It is able to verify whetherithe requirements of functijon and
design|specifications of control and protection systems can.be achieved to provide pfactical
guidange for the functional performance verification for th&.offshore wind power integration via
VSC-H|VDC projects, and to minimize the possibility of centrol and protection systems flefects
on-site|and the risk of failure, to improve and ensurethe high reliability and availability|for the
project

2

11 Tejsting and commissioning

11.1 General

Commissioning happens during (the last stages of connecting offshore wind farmg using
VSC-HVDC transmission. It assesses the functionality of all system elements and subsystems,
including DC control and protection, converter valves and valve controls, transformers|, water
cooling systems, AC and-DC field equipment, etc. The entire system is tested and [certain
performance parameters _are measured. The purpose of commissioning is to verify whether the
variouq subsystems_ are/coordinated and whether they meet the requirements of relevant|design
specifitations anduithe performance indicators guaranteed by the equipment tefghnical
specifitations. An{the commissioning process, the performance of the entire systegm and

VSC-HNMDC transmission. In addition, some necessary data and parameters are collegted to
ensure ““G‘G“‘;‘G‘GG‘GG‘;G‘G he-system—inthe tHtare—A E ‘G“““G‘
trial operation, the grid-connection scheme of offshore wind farms using VSC-HVDC
transmission is capable of being put into operation.

11.2 Special scheme of testing and commissioning

11.2.1 Process of testing and commissioning

For the grid-connection scheme of offshore wind farms using VSC-HVDC transmission, the
factory tests, pre-commissioning, and subsystem tests of VSC-HVDC and wind farms are
implemented independently. Eventually, the commissioning of the two systems is conducted
together as the last step of the test process.
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Testing and commissioning of the grid-connection scheme of offshore wind farms using

VSC-HVDC transmission have to go through a long process, including a factory test sta

ge and

a site test stage. The former examines the separate primary and secondary devices in their
factories, consisting of type test, routine test, and delivery test. The latter verifies the devices
themselves and the systems formed by them in the field, consisting of pre-commissioning,

subsystem test and commissioning.

1) Type test — the equipment test that verifies whether the equipment meets the relevant
industrial standards and meets the requirements of the operation environment. The test
cycle is carried out in accordance with the relevant national standards. Type tests are
performed once for each type of equipment. Type tests can be omitted if corresponding type

tests had been performed before for the same type of equipment.

2) Roltine test — test required for each device leaving the factory. The test mainly
whether the electrical performance of the equipment meets the relevant industrial'st

and the operation environment. All types of equipment used in the project aretested.

3) Deljvery test — equipment test that is conducted in detail before leaving the'factory t

erifies
ndards

D verify

the| function, performance, and correctness of parameters. Before |the equipment is

delivered to the field, the function and performance of any single device’are verified
4) Prelcommissioning — the equipment commissioning and tests whieh-are the electri

cal and

meg¢hanical commissioning and simple functional tests performed-on all installed items of

eqyipment or plant.

5) Subsystem commissioning — the proving of interconnection_and functioning of all ing
items of equipment within a functional group (or subsystem) and that these items g
and interact correctly. Generally, subsystem commissioning relies on the local

source
6) Joith commissioning — the start-up and testingybegin with the initial energization
eqyipment, while ending with the total system in operation and at full power transfe

ividual
perate
power

of the
. Once

islahded offshore wind farm operation is npt*available, the energization of the complete HV

system happens step-wise from the onshore side using some AC power from the o
griqd.

Also ag elaborated in Figure 24, the {ést of an offshore wind farm includes factory test 3
test. The site tests are implemented-in the sea where lack of necessary power source. A
with ellectricity generators cansbe utilized to supply power. Test of every wind tur
condudted in this stage, after which the commissioning is carried out for the whole wir
with V$C-HVDC.

Clause| 11 focuses onlthe commissioning part, which is marked in bold in Figure 24.

nshore

nd site
vessel
bine is
d farm

VSC-HVDC WIND FARM
Factory test Factory test
T\J/pn test . Tylnn test
Routine test * Routine test
Delivery test + Delivery test
I [
Site test Site test

| Pre-commissioning | | Pre-commissioning |

| Subsystem test | | Subsystem test |

| Joint commissioning |
IEC

Figure 24 — Test process for the grid-connection scheme


https://iecnorm.com/api/?name=f5258bde0302334264eb6dce401a8f7e

IEC TR 63411:2025 © IEC 2025 - 51—

11.2.2

Joint commissioning

Compared with the commissioning of conventional VSC-HVDC projects, the commissioning
procedure, method and requirement of the VSC-HVDC project with integration of offshore wind
farm are different, because of the special operating condition and the existence of onshore DC
braking chopper, the offshore wind farm and converter station, as well as special transmission

test ite

ms.

1) The system characteristics are different between the VSC-HVDC project with integration of
offshore wind farms and conventional VSC-HVDC. In order to realize fault ride-through, a
DC braking chopper is applied to the VSC-HVDC project with integration of offshore wind
farms, WhICh Ieads to the addltlon of commlssmnlng steps related to the DC brakmg

2) The
ab
co
are
VS
co
co

3) Thg
int

onshore grid is prepared to provide active and reactive power for energization
orb the active power from the offshore wind farm during transmission tests
verters of conventional VSC-HVDC can be energized at the sametime since th
connected to the AC power grid. In addition, the control modes- are different.
-HVDC project with integration of offshore wind farms, no.converter actually
trol the active power itself. It can transfer all the power generated from the wind
trast, at least one converter works to control the power in*¢onventional VSC-HVIDC.

work, pre-commissioning and tests are done on {and before transportation. Thes

incl
the

farm can provide corresponding power.

4) Thg grid connection requirements are.\different between the VSC-HVDC proje
intdgration of offshore wind farm andZeconventional VSC-HVDC. Close coordinatio

am

usegd during the joint commission«The items include, but are not limited to coordinat

bet

ween VSC-HVDC and onshere braking chopper, coordination test between VSCt

=rHVDC
hore to
the AC

and to
While
y both
or the
rks to
rm. In

offshore converter station is usually built on land and‘then transported to the fingl place
ne sea far away from the mainland. In order to reduce costly and inconvenient offshore

items

ude auxiliary system tests as well as transformer and converter energization. Hqwever,
power transmission test is only done with’the offshore station in place, while tHe wind

ct with
h tests

bng offshore wind farms, onshore: grid, and HVDC transmission system are commonly

on test
HVDC

and offshore wind farm, coordination test between VSC-HVDC and automatic genferation
trol (AGC). In addition,~in order to examine the fault ride-through performanceg of the

co
wh

le system, an artificial ‘'short-circuit test is usually done.

In sum, commissioning,-is a significant step for the VSC-HVDC project with integrgtion of

offshor

VSC-H|VDC project'with integration of offshore wind farm and conventional VSC-HVDC,
items and methods are considered during the commissioning for grid-connection of offshore

wind farms using VSC-HVDC transmission.
11.3 w

11.3.1

e wind farm before it is put into operation. Since there are some differences betwg¢en the

Special

The process and sequence of commissioning

The commissioning process and sequence of grid-connection of offshore wind farms using
VSC-HVDC transmission has a number of differences from that of conventional VSC-HVDC,
which is shown in Figure 25 (some special items are marked in bold) and discussed in detail.


https://iecnorm.com/api/?name=f5258bde0302334264eb6dce401a8f7e

- 52—

IEC TR 63411:2025 © IEC 2025

Onshore converter station
test

Auxiliary systems
Energization of the HV
system

Other converter test

DC braking chopper test
HMI and other tests of the
C&P and measuring System
Other equipment test

+ Auxiliary systems

Offshore converter
station test

Energization of the HV
system (onshore/offshore)
HMI and other tests of the
C&P and measuring
System

Other equipment test

Commi
mainly
test.

v v

Transmission test
Initial operation test
Control system switching test
Disturbance test
Protection system test
Steady state performance test
Dynamic performance test
High power test

y

Interaction test

J

Trial operatiomtest

IEC

Figure 25 — Commissioning. process of the VSC-HVDC project

ssioning for grid-connection of offshore wind farms using VSC-HVDC transH
comprises converter station test, transmission test, interaction test and trial op

hission
eration

1) The¢ converter station testaims to get ready for the following interconnection of d
ions by examining.the ‘'station separately. In this step, all the primary equipmen
station is enerdgized and some related functions are tested. The onshore co

sta
the

stafi

tes
all

pov
itern]
cor

are

fferent
inside
verter

mstalled After the station is transported into the sea, the primary equipment can be tested
again in the real situation during the transmission test period.

2) In the transmission test period, different converter stations are connected and examined
under the condition that power flows in the system. The transmission test is conducted after
the converter station tests are completed, including the initial operation test, control system
switching test, disturbance test, auxiliary system test, human-machine interface (HMI) test,
protection system test, steady state performance test, dynamic performance test, high
power test and coordination function test. The special power flow mode and converter
control strategy result in the differences in the test process between offshore wind farm
VSC-HVDC and conventional VSC-HVDC.
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3)

4)

11.3.2| Offshore converter station test

The interaction tests can verify the correct functionality and/or response of the VSC-HVDC
system due to AC network and/or remote generation interactions. Each HVYDC system has
its own unique characteristics associated with the AC network to which it is being connected
and the location of the connection on that AC network. These unique characteristics, as well
as regulations and contractual requirements, drive the commissioning requirements and
acceptance criteria of the AC network and remote generation interaction commissioning
tests and these are developed uniquely for each HVDC system. The interaction test of the
VSC-HVDC project with integration of offshore wind farms mainly includes the AGC function
test and artificial short-circuit fault test.

The final step of the commissioning is the trial operation test. In this part, the VSC-HVDC
runs in actual conditions for a certain time period. After this step, the system is capable of
being put into commercial operation. Compared to conventional HVDC, the trial operation
of the grid-connection scheme of offshore wind farms using VSC-HVDC transmissign|cannot
be planned for the reason that the available wind power varies randomly. The purpdse and
profpess of the trial operation test of the VSC-HVDC project with integration ofreffshofe wind
farm are nearly the same as that of conventional VSC-HVDC.

The offshore converter station is built on land and then transported into-the sea. Thereflore, its
test cap be divided into two test stages. One is the onshore tesf.stage, and the othef is the

offshorge test stage.

The dgckyard test can include the tests on the correct installation and basic functionalities of
switchgear, auxiliary, and C&P systems. An energization~0f the high-voltage system as|part of

the dogkyard tests is not used. If it is used, then the fallowing is considered.

During|the onshore test stage, there is no original high-voltage power supply that is negessary
for the energization of the primary equipment. Thus, an additional power source is the kqy point
in this stage. Figure 26 illustrates a possible test method. The temporary testing power|source
is a mg¢dium voltage source with a small gapacity, which is easier to obtain compared with a
high vgltage source with a large capacity. A regulating transformer is utilized to connpct the
source|and the original transformer inthe station. It can increase the output voltage slow|ly from
zero il order to avoid a currentssurge on the temporary source. According to the [testing
equipmrent, the energization test'of transformers and converters can be performed, efpsuring

that th¢ equipment and installation problems can be identified in time.

In the qffshore test stage,\the offshore converter station is installed in the sea, and is connected
to the jonshore converter station via submarine cable. Hence the onshore converter |station
works @s a power source to energize the offshore converter station. It is the regular operating
mode qf the VSC-HVDC project with integration of offshore wind farm. The complete copverter
station|test can be conducted such as equipment energization, converter deblocking, and AC

breakef swjtching.
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Figure 26 — Offshore converter station test'on land

11.3.3| Dynamic braking system test

The wind farm and its grid-connected system have a ceptain fault ride-through capability} When
different types of faults occur in the connected AC grid, the wind farm ensures that it dpes not
separate from the grid within the pre-defined time ‘and voltage fluctuation range, and coptinues
to opefate after the fault is cleared. For offshoré wind farm grid-connected with VSC{HVDC,
when the voltage of the connected AC system*drops due to faults and other reasons, the output
power pf the entire DC system decreases .instantaneously, while the power generated|by the
wind fgrm remains unchanged for a shaort“period of time. This power surplus causes the DC
voltagqd to rise, which triggers the ogperation of protection system and the blocking|of the
converfer. Then the wind farm separated from the grid. In order to avoid this situation, a dynamic
braking system is usually equipped;on either DC side or AC side to consume surplus power and
keep the stability of the DC vgltage. Since a dynamic braking system on DC side is the most
commdnly used, the following text of this 11.3.3 focuses on this one named of DC braking
choppqgr.

The wqgrking principle jof the DC braking chopper can be explained according to Figurg 27. A
numbef of DC braking chopper structures have been presented, which can be equivalent to the
series fonnectionvof a control switch K and an energy consuming resistor R, as shown in the
dashed box in-Eigure 27. Note that Figure 27 only illustrates the working principle and it[cannot
represent, the specific system structure. For example, a distributed resistor system [is also
utilized.~Fhe switch K is composed of a large number of power electronic modules| which
withstand the high DT voltage and control the on-off of the branch. The resistor R can be
configured as a centralized large resistor, which is independently connected in series in the
branch. It can also be configured as a large number of distributed small resistors which are
scattered in each power electronic module.

The DC braking chopper is configured with VSC converters, which is connected between the
positive and negative DC pole-bus corresponding to the monopolar project, and is connected
between the DC pole-bus and the neutral bus corresponding to the bipolar project. When the
DC transmission system is operating normally, the switch K is open and no current flows through
the energy consuming resistor. Therefore, no energy is consumed. When the AC system fault
causes the DC voltage to fluctuate in a wide range, the energy consumed on the resistor R is
dynamically adjusted to maintain the stability of the DC voltage by controlling the closing and
opening of the switch K.
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Figure 27 — Schematic diagram of DC braking chopper

The D@ braking chopper test can be performed during the onshore conyerter station test [period,
including energization test, switching test, trip test, and so on. The purpose of these tegts is to
examine the equipment voltage withstanding ability and whether the chopper can work|as the
predetermined strategies. A high DC voltage source is necessary for the test. It can be|gained
from either a temporary power source or the converter in the real operation situation.

11.3.4| Transmission commissioning

As the| discussion above, the transmission test ,censists of various test items. This|11.3.4
discusges some of the special aspects.

Firstly,|the startup path and procedure for offshore wind farm VSC-HVDC is different from that
of conventional VSC-HVDC. Since there istio stable AC source in the offshore converterfstation,
the converter cannot be energized from*the AC side. Therefore, in the startup procefps, the
converfer in the onshore station opérates at first and provides power source for the offshore
converfer station, and then the converter in the offshore station starts up to generate g stable
voltagq in the AC side. Next thenAC source produced by the offshore converter energizes the
wind fgrms, which generate electricity afterwards. At last, the power flows from the wind farm
to the AC grids through VSC-HVDC.

Secon(
convern
inside
replacq
conver
backupg..Fherefore, the switch test of the internal po
carried-ott-when-the-offshore—converter-stattonis—in

Thirdly, two or more transformers are applied in parallel in the offshore converter station to
ensure the redundancy and safety. In the startup process, one transformer boots at first and
the others are charged afterwards. Thus, the energization tests of spare converter transformers
are considered to examine whether the exact energization infects other equipment or the
voltage of offshore converter station.

Fourthly, active power step test of offshore wind farm VSC-HVDC is different. For conventional
VSC-HVDC, the reference value of active power can be changed directly in the control system
to examine the dynamic performance of the system. While for offshore wind farm VSC-HVDC,
the active power is determined by the wind farms that cannot be directly controlled by
VSC-HVDC. Therefore, the test method varies. For example, the cut-off of a wind farm can
produce the step change of active power.
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Last but not least, high power transmission test is a little different for the same reason that the
active power cannot be artificially controlled. Since the wind speed varies randomly, the power
generated by the wind farm changes a lot. It usually takes a long time until the wind speed is
suitable and the power reaches rated value, when the high power transmission test can be
implemented.

11.3.5 Interaction commissioning

The interaction test aims to examine the coordination performance of the VSC-HVDC project
with integration of offshore wind farm and the power grids, including AGC function
commissioning, artificial short-circuit fault test, offshore wind farm performance test, etc.

Thg AGC provides power command values for the offshore wind farms, of which the|orders
come from power grid control centre. In the AGC function commissioning,;-the| signal
transmitting among different systems are demonstrated. Furthermore, it issconfirmged that
the|power generated from the wind farms follows the AGC orders.

1) AG’{/ fomction commissioning

2) Artificial short-circuit fault test

The artificial short-circuit fault test is optional which depends on the determination] of the
owmer, commissioning supplier and the power grid dispatching department. It ¢an be
per'[ormed at disparate location, such as the onshore AC/system and the offshpre AC
sysfem. The test can verify the fault response performance, of.all the primary equipmént and
thelfault ride-through of the whole system.

3) Offshore wind farm test
1) |Offshore-onshore joint test
For offshore-onshore joint test, the following-contents are included:

i) The adjustment of the fibre channegl protection of the cable is completed, the fibre
channel loss is measured, and the fibre channel protection function is verified;

ii) The test of five-prevention blogking between two submarine cables is compldted;

iii) According to the four-remote signal list of dispatch, the joint test from the (()JTfshore
booster station to the onshore centralized control centre is completed, including the
test of the protection’ system, automation system, remote control gystem,
communication system, and other systems;

iv) According to the four-remote signal of dispatch, the joint test from the offshore
booster station)and onshore centralized control centre to the power grid dispatching
centre at _all/levels and the monitoring centre of the power generation grdup are
completed;

v) The(test of the remote terminal unit (RTU) system, dispatching data netwofk, and
secondary security equipment of the system is completed;
vi)/The test of the dispatching communication system of the whole plant (influding
system communication and communication hetween the system and dicpnfr ing at

all levels) is completed.
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2)

Startup test of the offshore booster station
The steps for startup test of offshore booster station are as follows:
i) Supply power to the offshore booster station;

ii) Check the charging status of the new equipment, the impact on the transformer, and

the charging status of the line, all of which are normal;

iii) Check whether the voltage value, phase sequence and phase meter indication of the

busbar at all levels are correct;
iv) Check whether the test data of the primary equipment is qualified;

v) Check whether the control, protection, and signal of the electrical equipment are

11.4

Clause|
specia
conver
offshor
test, D

measurement circuit;

protection when the booster station is with different loads;
viii)Complete the whole set of test records and test reports for startup test.
Grid-connection test of wind turbine

The steps for grid-connection test of wind turbine are as follows:

i) Check the equipment, engine room, and tower of the.\wind turbine;

ii) Check the wiring of the control system and fibre of-the wind turbine;

iii) After the incoming line switch of the box transformer is closed and energized
on the wind turbine according to its specifications;

iv) Within the allowable working wind speedycomplete the test work in the stati

converter, and other parts;
v) Unlock the impeller and start the,idling test;

vi) After the idling test is compléted, the wind turbine enters the grid-connect
stage. Send the inverter, operation command, and check whether the wind
can be connected to the;grid by itself for power generation.

Bummary

11 discusses the)complete process of testing and commissioning, focusing

aspects of commissioning due to system characteristics, special location of the o
er station,«and grid connection requirements. There are some differences b
e wind farmmVSC-HVDC and conventional VSC-HVDC, such as offshore converter
C braking.chopper test, transmission commissioning and interaction test.

correct and mmmmmmmw&maﬁ
vi) Carry out the load test of the booster station, and check the protection and

vii) Measure the phase of the current loop and the unbalanced voltage of.the diff¢rential

power

C state,

including test of communication, safety chain, pitch, yaw, hydraulic, ge¢arbox,

ed test
turbine

on the
ffshore
btween
station
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12 Black start

12.1 General

With the increasing penetration of intermittent renewable energy, the operating environment of
the power system becomes more complex with more uncertainties. In recent years, blackouts
and power disruptions have become more frequent, and the risk of large-scale blackouts still
exists. If the normal and stable operation of the power grid can be restored quickly in a short
time, the load loss and economic loss can be minimized, which brings significant social benefits.
The overall aim of post-black-out restoration, namely power system restoration, is to restore
electric sources in the grid safely and quickly after a total or partial shutdown of the power grid
and minimize the impact of the blackout. The restoration process of the power system can be
divided into three stages: black start, power network reconfiguration, and load restorati¢n. The
black gtart electric source achieves self-start and supplies power plants to form subsystems.
The main network frame of the system is gradually restored through important substatigns and
transmjssion lines in the region. Finally, the local load is connected to restore the hormal glectric
supply [to the grid. The power system restoration process is long and complex. It takeg about
8-10 hours to complete the above three stages. As the primary operationto quickly festore
electriq supply to the grid after a black-out, black start plays an important role in thg whole
power |system restoration process. The so-called black start refers¢tothe fact that after the
whole $ystem is shut down due to a fault, the system is in a compJetely "black" state. Then the
generator set with self-start capability in the system is started todrive the generator set without
self-stgrting capability, gradually expanding the restoration range of the system, and finally
realizirg the restoration of the whole system. The restorationoperation in the black stant stage
mainly fincludes the startup of the black start electric source, the charging of transmissiop lines,
the engrgizing of large power plants, the reconnection-of.the started power generation ynits to
the grigl, and a certain amount of load connection to ensure the stability of the system. The
whole process lasts about 30 min to approximately~60 min. The goal of black start is to|realize
the safe start of the shutdown units in the shaortest time and provide power support [for the
subseduent restoration of the system.

In 1987, the System Operation Committee’ of IEEE Power and Energy Society established a
special working group on power system restoration, which defined the basic principles of
starting objects and restoration steps*of power system black start and laid a foundation|for the
resear¢h of black start technology:' The North American Reliability Council (NERC) has also
developed standards for black)'start, which are mainly contained in the 2006-03 project,
including: (1) EOP-005-2:, System Restoration from Black Start Resources-Operations. (2)
EOP-0D6-2: System Restoration from black start resource-coordination. The traditiongl black
start sgheme is an emergency plan for restoring a large power grid, where thermal pow¢r units
or hydfopower units are usually used as black start units. The black start scheme |mainly
includgs the initialSrestoration strategy of black start, the optimization of the grid restoration
path, the evaluation of the black start scheme, the division of the black start subsystem, etc.
Many pri
scheme
black s

subsystem has better frequency and voltage control capablllty, where the power matching
between generator and load is ensured within the prescribed frequency limit and each
subsystem can maintain voltage control in a suitable range, etc. In addition, there are some
other principles involved in the black start process, such as the selection principle of the started
unit, the planning principle of the black start path, the load recovery principle during the black
start process, etc. With the continuous development of offshore wind power resources, offshore
wind power development gradually enters deep and distant sea areas. Using VSC-HVDC
technology to realize the transmission of large-scale offshore wind power has become one of
the main development trends. As one of the main local power sources, large-scale offshore
wind farms also used to meet the designed capacity of the power grid for the black start power

supply.
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