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Abstract—Offshore wind is expected to be a major player in
the global efforts toward decarbonization, leading to exceptional
changes in modern power systems. Understanding the impacts
and capabilities of the relatively new and uniquely positioned
assets in grids with high integration levels of inverter-based
resources, however, is lacking, raising concerns about grid relia-
bility, stability, power quality, and resilience, with the absence of
updated grid codes to guide the massive deployment of offshore
wind. To help fill the gap, this paper presents an overview of
the state-of-the-art technologies of offshore wind power grid
integration. First, the paper investigates the most current grid
requirements for wind power plant integration, based on a har-
monized European Network of Transmission System Operators
(ENTSO-E) framework and notable international standards, and
it illuminates future directions. The paper discusses the wind
turbine and wind power plant control strategies, and new control
approaches, such as grid-forming control, are presented in detail.
The paper reviews recent research on the ancillary services
that offshore wind power plants can potentially provide, which,
when harmonized, will not only comply with regulations but also
improve the value of the asset. The paper explores topics of
wind power plant harmonics, reviewing the latest standards in
detail and outlining mitigation methods. The paper also presents
stability analysis methods for wind power plants, with discussions
centered on validity and computational efficiency. Finally, the
paper discusses wind power plant transmission solutions, with a
focus on high-voltage direct-current topologies and controls.

Index Terms—Offshore wind power, inverter-based resources,
grid-forming inverter, inverter ancillary service, power quality,
stability analysis.

I. INTRODUCTION

W IND energy integration plays a vital role in achieving
the net-zero emissions goals. Although land-based

wind turbines still dominate the total cumulative wind power
capacity in the wind energy market, the offshore wind industry
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has dramatically grown during the last 30 years. Starting with
the Vindeby offshore wind power plant, which was commis-
sioned in Denmark in 1991, the world’s first offshore wind
power plant was mostly considered a demonstration project
of 5 MW total, supplying electricity to 2,200 households, and
the early-stage offshore wind market was limited to only a few
scattered European countries. As of 2023, the world’s largest
AC-connected offshore wind power plant, Hornsea II, is fully
in operational in the United Kingdom, with 1.386 GW total,
powering 1.3 million homes, and the offshore wind market is
becoming global [1]. Fig. 1 shows the new global offshore
wind installations during the past decades and their market
share from 2022 to 2032 (expected) [2]. Besides political
reasons for a more worldwide focus on decarbonization to
mitigate climate change, one technical incentive behind this
fast growth is that offshore wind generation more efficiently
uses wind energy and has fewer environmental impacts than
its land-based counterpart, and thus the wind turbine generator
(WTG) can be designed with a larger rotor size and power
capacity. As WTG manufacturers and offshore wind power
plant (OWPP) developers are competing for the larger wind
turbine and wind power plant capacity, how to ensure good
grid connection performance is a critical topic. For example,
reference [3] discusses various instability incidents found in
the industry, including the German North Sea OWPP oscilla-
tion connected with the HVDC link and other incidents found
in the application of Type 3 and Type 4 turbines.

In [4], the authors point out that grid integration ranks
as one of the most challenging topics the wind industry
faces in both the short (next 5 years) and long term (10
years and beyond). On the one hand, regional grid codes
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Fig. 1. Offshore global market status [2].
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and international standards are subject to continuous changes,
making it challenging for manufacturers and developers to
timely adapt to the diverse and strict grid requirements during
the development of WTGs in commercial projects. In addi-
tion, grid operators require OWPPs to not only fulfill grid
codes but also contribute to improving grid resilience and
provide ancillary services. On the other hand, the increased
capacity and the location of OWPPs farther from shore bring
challenges in terms of i) weaker grid connections and ii)
power transmission over longer distances. The former issue
urges WTG manufacturers to improve converter controller
design to ensure stable operation, and performing stability
analysis of the OWPP integration with the main grid tends
to be a mandatory step for developers during the wind power
plant design. The latter issue makes the high-voltage direct-
current (HVDC) connection a popular and more efficient
solution in modern, large OWPP projects than the traditional
counterpart, high-voltage alternating-current (HVAC), which
takes up higher reactive power along transmission cables.

The challenges of grid integration with the fast-paced de-
velopment of offshore wind have drawn significant attention
from academia and industry. Recently published review papers
outlined the wind power technology, focusing on WTG topol-
ogy and wind power plant infrastructure, briefly summarizing
grid integration in [5], [6], respectively, and OWPP grid inte-
gration in [7]. Nevertheless, some critical emerging topics that
have drawn tremendous attention from industry and academia
are missing, such as the black-start capability of WTGs or
OWPPs, grid-forming (GFM) inverter technology, and recent
cutting-edge HVDC developments. Thus, the motivation of
this paper is to go a step further in overviewing the state
of the art of grid integration technology from both academic
and industry perspectives, starting with a screening of grid
codes, in particular, using the European harmonized grid code
framework as an example, and highlighting the power quality
requirements in standards. We explore WTG and wind power
plant control strategies by investigating the currently domi-
nant grid-following (GFL) control and the future promising
GFM control. We also discuss ancillary services, such as
black start and virtual inertia, which have been taken as
technology enablers to realize and improve grid resilience and
are closely influenced by controller design. In addition, this
paper distinctively explains the harmonics and stability aspects
because they remain some of the most challenging aspects
when evaluating OWPP grid connection performance. Finally,
we present an overview of the HVDC topology and control
since they are shown to be the most promising transmission
solutions for the future long-distance, large-scale deployment
of OWPPs.

II. GRID CODES AND STANDARDS TO SUPPORT WIND
POWER PLANT GRID INTEGRATION

Grid codes outline the technical requirements and responsi-
bilities for both generators and loads that are connected to the
transmission or distribution systems. The requirements differ
from one country to another, and in some countries, such as
the United States and Japan, there can be several entities that
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regulate the respective regional codes. In Europe, the European
Network of Transmission System Operators for Electricity
(ENTSO-E), which comprises 39 transmission system opera-
tors (TSOs) (as of 2023), has made good progress toward har-
monizing the grid codes that outline the requirements across
five synchronous regions with the ENTSO-E Requirements
for Generators (ENTSO-E RfG) [8]. In this section, we use
the framework of ENTSO-E RfG to illustrate the grid codes
in Europe together with examples of representative TSOs of
countries with high wind integration levels. In addition, we
discuss the requirements in select countries with emerging
offshore wind markets, including the United States, Taiwan,
and Japan. The overview of the grid code examples presented
in this paper is shown in Table I. Power quality requirements
are not normally found in grid codes but rather originate from
IEC and IEEE standards. These are also discussed in detail.

A. Frequency and Voltage Tolerance

The frequency and voltage operating ranges are the most
basic requirements for OWPPs to remain connected to the
grid. Fig. 2 shows the requirements of the ENTSO-E RfG.
A more detailed comparison can be found in [16], [17]. In
the emerging wind energy market, Taiwan recently amended
the frequency operating range requirement in 2021 [13],
compared to the 2009 precedent, which specified only the
voltage tolerance range requirement of 0.9 pu to 1.1 pu. In the
United States, there is no unified grid code that is applied to
all regions, although the North American Electric Reliability
Corporation (NERC), an organization similar to ENTSO-E,
has summarized the requirements in its standard [15].

In addition to the static frequency limit, some grid codes
also require that the OWPP should withstand up to a certain
rate of change of frequency (RoCoF). Although ENTSO-E has
not included unified requirements for synchronous regions,
such requirements can be found in individual grid codes,
e.g., Denmark [9] and Germany [10] require 2.5 Hz/s, and
Great Britain requires 2.5 Hz/s and 1 Hz/s for DC- and AC-
connected OWPPs, respectively [11].

B. Active Power and Frequency Control

Both active power and frequency control contribute to the
frequency stability of wind power plants. Active power control
requires OWPPs to be able to regulate their active power
injection at the maximum power available or at a set point with
a predefined ramping rate. This can be achieved by either a
direct external set point or a percentage of the available power
as spinning reserve.

The frequency control, according to the ENTSO-E RfG,
has three operation modes: limited frequency sensitive mode
— overfrequency (LFSM-O), limited frequency sensitive mode
— underfrequency (LFSM-U), and frequency sensitive mode
(FSM), as shown in Fig. 3. Whereas LFSM-O only requires
the OWPP to curtail power in an overfrequency event, LESM-
U and FSM need the OWPP to increase power during under-
frequency events, meaning the OWPP should derate the power
generation from the maximum available power at nominal
frequency so that some headroom is reserved for the power
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TABLE I
OVERVIEW OF GRID CODE EXAMPLES
Market Country/Region Area TSO/Association Grid Code
Denmark Nordic Energinet 9]
Germany Central Europe Tennet [10]
EU Market United Kingdom UK. National Grid [11]
Ireland Ireland and Northern Ireland EirGrid [12]
EU EU ENSTO-E [8]
Taiwan APAC Taipower [13]
Emerging Market Japan APAC Japan Electric Association [14]
North America North America FERC, NERC* [15]

*There are nine independent system operators/Regional Transmission Organizations (ISO/RTOs) regulated under FERC and with the consensus of NERC.
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Fig. 2. Frequency and voltage tolerance requirements in ENTSO-E. To be
specified by each TSO but not less than the period for 47.5 Hz—48.5 Hz).

boost in case of a frequency contingency. Long-term power
derating can lead to an increase in the levelized cost of energy,
and therefore whether to activate this function is a question
of balancing economic aspects and system stability for wind
power plant developers [17]. Depending on the combination
of on/off active power control and frequency control, OWPPs
can be operated with different control responses, for example,
as per Ireland’s grid code [12]. In Fig. 3, the 100% available
active power (AAP) curve means that the OWPP operates at
100% AAP at nominal frequency, which can be analogous to
LFSM-O when there is an overfrequency event. To perform
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the FSM response, the OWPP needs to derate to a 95% AAP
curve (with the default 5% spinning reserve) or be controlled
at an external active power set point that is lower than the
maximum power of 50 Hz.

C. Reactive Power and Voltage Regulation

Similar to active power and frequency regulation contribut-
ing to frequency stability, the reactive power regulation of
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OWPPs contributes to the voltage stability of the grid. There
are two major topics of voltage stability in grid codes: 1)
reactive power capability and ii) reactive power controllability.
U-Q and P-Q diagrams are typically used to present reactive
power capability, as shown in Fig. 4 for Germany, Denmark,
and the United Kingdom, and Ireland. Note that the curves
represent the selective cases of the requirements. For instance,
the U.K. plot represents a more restrictive case for the meshed
grid connection for OWPPs (Configuration 2 in the grid code).
In Configuration 1 (OWPP connected to only one onshore
substation), the current U.K. grid code (Issue 5 at the time of
writing) states only the minimum capability of zero reactive
power transfer to the grid. In Fig. 4, the outer boundary
is set by the ENTSO-E RfG, which defines the maximum
capability, and individual national/regional TSOs reshape the
envelope according to their specific grid conditions. To meet
the reactive power capability and ensure the reliable operation
of OWPPs, the developers need to consider holistic wind
power plant design, such as WTG reactive power capability,
equipment voltage and current limitation, and cable charging
reactive power during the energizing process. Reactive power
compensation is usually achieved by various types of reactive
power compensation equipment, such as (fixed/variable) shunt
reactors and STATCOM, together with WTG-inherent PQ
capability. With respect to reactive power controllability, three
control modes are defined in most grid codes: i) reactive power
control mode, ii) power factor control mode, and iii) voltage
control mode. Reactive power controllability requires that the
OWPP be able to control the reactive power in a direct manner
by receiving external set points in reactive power and power
factor control modes or in an indirect way with a voltage
reference and predefined V-Q slope in voltage control mode.

D. Fault Ride-Through Capability

Fault ride-through (FRT) capability includes two parts: low-
voltage ride-through (LVRT) and high-voltage ride-through
(HVRT). The LVRT capability is one of the most basic and
oldest requirements included in most grid codes. It requires
OWPPs to stay grid-connected for a minimum period of time
when a nearby system experiences a short circuit. Similarly,
the HVRT function is required for OWPPs to ride through
temporary overvoltage situations, which can be caused by
switching events, lightning strikes, or voltage volatility due to
insufficient grid strength. Currently, there is not yet a specific
requirement in the ENTSO-E RfG, leaving this for individual
TSOs to complement, if needed. Fig. 5 summarizes the FRT
requirements of the ENTSO-E RfG and emerging markets.

In addition to the FRT curve, there are further require-
ments in grid codes for the performance of OWPPs during
and after a fault, including reactive current injection, active
power or reactive power prioritization during a fault, active
power recovery, and sequential fault handling. Some of these
requirements are briefly mentioned in the ENTSO-E RfG,
but detailed specifications differ among national/regional grid
codes. The most typical is the reactive current injection, which
can facilitate voltage support. An in-depth understanding of
these additional requirements should be treated on a case-
by-case basis in grid codes. For example, a grid code could
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Fig. 4. U-Q and P-Q capability requirement comparison.

determine whether the voltage dip should use the minimum
voltage or positive-sequence voltage when detecting a fault
or whether the reactive current injection should be solely
dependent on a voltage dip or another current in addition to
the pre-fault one.

E. Power Quality Requirements

The most concerning power quality requirements of OW-
PPs are flicker and harmonics. Flicker refers to the rapid
voltage change (higher than six times per hour) that can
cause incandescent lamps to illuminate unsteadily. Flicker
emissions of OWPPs are evaluated for continuous operation
and switching operation during the WTG startup or when
switching between generators; the process is shown in Fig. 6.
The total OWPP flicker evaluation starts from individual
WTG flicker calculations. For continuous operation, the flicker
coefficient, ¢; (¥, v,), for each turbine can be identified based
on the WTG type test report, where Uy, is the grid impedance
phase angle, and v, is the annual wind speed. Considering
multiple WTGs connected to the point of connection (PoC),
the continuous flicker emissions from the sum of the turbines
can be estimated according to IEC 61400-21-1 [18]:

1
Pus = Pus = 5o\ SE (e(va) x 5,02 ()

where Py and P are the short-term and long-term flicker
emissions, respectively; Sy, ; is the rated apparent power of the
individual wind turbine; S, is the short-circuit apparent power
at the PoC; and N,,; is the number of WTGs connected to the
PoC.
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TABLE 11
INDICATIVE PLANNING LEVELS DEFINED IN IEC 61000 - 3 - 6: 2008 FOR HARMONIC VOLTAGES IN POWER SYSTEMS (>35 KV).

Odd harmonics non-multiples of 3

Odd harmonics multiples of 3

Even harmonics

Harmonic order h  Harmonic voltage %  Harmonic order h

Harmonic voltage %

Harmonic order h  Harmonic voltage %

5 2 3 2 2 !
7 2 9 1 4 0.8
11 L5 15 0.3 6 0.4
13 15 21 0.2 8 0.4
17 < h < 49 1217 21 <h <45 0.2 10 < h < 50 0.19- 10 4 0.16

The indicative planning levels for the total harmonic distortion are THD = 3%.

TABLE III
CURRENT DISTORTION LIMITS DEFINED IN IEEE 519 FOR SYSTEMS RATED ABOVE 69 KV THROUGH 161 KV.

Maximum harmonic current distortion in percentage of I,

Individual harmonic order (odd harmonics)®-®

System rated voltage Is./Ig, 3<h<1l 11<h<17 17<h<23 23<h<35 35 < h <50 TDD
< 20°¢ 2.0 1.0 0.75 0.3 0.15 2.5

20 ~ 50 35 1.75 1.25 0.5 0.25 4.0

> 69kV, < 161kV 50 ~ 100 5.0 2.25 2.0 0.75 0.35 6.0
100 ~ 1000 6.0 2.75 2.5 1.0 0.5 7.5

> 1000 7.5 35 3.0 1.25 0.7 10.0

< 25¢ 1.0 0.5 0.38 0.15 0.1 1.5

> 161kV 25 ~ 50 2.0 1.0 0.75 0.3 0.15 2.5
<50 3.0 1.5 1.15 0.45 0.22 3.75

@ Even harmonics are limited to 25% of the odd harmonic limits noted here.
b Current distortions that result in a DC offset, e.g., half-wave converters, are not allowed.
¢ All power generation equipment is limited to these values of current distortion, regardless of actual Is./Ir,,

where:
Isc = maximum short-circuit current at PCC

I7, = maximum demand load current (fundamental frequency component at the PCC under normal load operating conditions).

TABLE IV
VOLTAGE DISTORTION LIMITS DEFINED IN IEEE 519.

Bus voltage (V) at PCC haI:n(::)‘;:;lcu?‘l% )
69kV <V < 161kV 1.5 .
161kV <V 1.0 1.5¢
@ High-voltage systems can have up to 2.0% THD where the cause
is an HVDC terminal whose effects will have attenuated at points in
the network where future users may be connected.

Total harmonic
distortion (THD) (%)
2.5

For switching operations, the flicker emissions from the sum
of the turbines can be estimated as [18]:

18
P‘Stz = Sik x (Eiv:wltNlom,i X (kf,i(\pk) X Sn,i)S.Q)O.Sl (2)

Pps = X (EivﬁllitN1207rL,i X (kf,z(\I]k) X Sn7i)3'2)0'31 3)

8
Sk
where Nigpm,; and Niggm; are the number of switching
operations of individual wind turbines within a 10-minute and
2-hour period, respectively; and ky;(¥y) is the flicker step
factor of the individual wind turbines, abstracted from the
individual WTG type test report.

Finally, the total OWPP flicker emissions of both continuous
and switching operations should be compared and should
be below the planning level limits determined by the TSO;
according to IEC 61000-3-7 [19], such indicative limits are
Ps; = 0.8 and Pz = 0.6, respectively, for voltage levels higher
than 35 kV.

Harmonics are voltages and currents that have frequencies
that are integer (typical harmonics) or noninteger (interhar-
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monics) multiples of the fundamental. They can be problem-
atic because of, but not limited to, the following reasons:
i) The harmonic current injected into the grid can induce
harmonic voltages in the grid; ii) the harmonic current can
interfere with the communication systems; and/or iii) the
harmonic current can damage or speed up the aging of the
components in the grid infrastructure [20]. Thus, an OWPP,
as any other grid-connected source or load, must fulfill the
harmonic requirements.

When an OWPP requests connection to the grid, the grid
operator will give permission only if the harmonics level at
the PoC is kept below the level regulated upon connection of
the OWPP. Indicative planning levels for harmonic voltages
per order are defined in IEC 61000-3-6, as shown in Table
II. IEEE 519 gives the harmonic current limits and the limits
of the voltage total harmonic distortion (THD) per order, as
shown in Table III and IV.

For the harmonic emissions evaluation, the traditional
method is to abstract the WTG output harmonic volt-
age/current from the WTG measurement campaign, as pre-
sented in the previous version of IEC 61400-21-3, before its
revision in 2019; however, this method does not consider the
impact of grid conditions on the WTG terminal voltage. The
2019 version of IEC 61400-21-3 [21] recommends that the
harmonic model establish WTG harmonic emissions to sepa-
rate the harmonics produced by the WTGs and the harmonics
from the distorted grid, as shown in Fig. 7, where Up_out
and Ip,_o,: are the WTG measured terminal harmonic output
voltage and current, respectively, and U, wrg and Zn_ wra
are the WTG harmonic voltage source and impedance, which
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Fig. 6. Flicker evaluation according to IEC 61400-21-1 [18].
are independent from the grid conditions.

III. WIND TURBINE AND WIND POWER PLANT CONTROL
FOR GRID INTEGRATION

The power converter of offshore wind turbines usually has
a back-to-back structure, as shown in Fig. 8, to perform an
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Fig. 8. Offshore wind power converter topologies: (a) two-level back-to-
back converter, (b) parallel-connected two-level back-to-back converter, and
(c) three-level NPC back-to-back converter.

AC-DC-AC power conversion [22] [23]. Although AC-AC
power converters are discussed in the literature and exist in
some applications, a DC link is still retained to isolate the
generator from the grid fault and enhance its grid fault ride-
through capability. For small wind turbines, the front-end
AC-DC converter can be a diode rectifier or a diode-bridge-
based power factor correction circuit. For large-scale offshore
wind turbines, active bridges are the mainstream for higher
controllability. Current source inverters have advantages such
as short-circuit protection. Nonetheless, their performance
significantly degrades when the load is light. Voltage source
inverters are, therefore, still dominant in large-scale wind
turbines. The two-level converter, as depicted in Fig. 8(a), is
adequate when the DC-link voltage is around 1200 V and the
grid side is 690 V. It also takes advantage of the technology
maturity and relatively low cost of the low-voltage power
electronics. Despite this, the power rating of offshore wind
turbines keeps increasing, e.g., GE Haliade-X rated at 14
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MW and Siemens Gamesa SG 14-222 DD rated at 14 MW.
Multi-two-level back-to-back converters can be paralleled to
handle the increased power, as indicated in Fig. 8(b), to retain
the advantage of the low-voltage power electronics. Medium-
voltage power electronics that can withstand higher input and
output voltages will be necessary when the power rating is
further increased; otherwise, the cable and connector will be
too weighty to handle the current. Cascaded H-bridge (CHB)
and modular multilevel converters (MMCs) are discussed in
the literature for offshore wind turbines [24]. Neutral point
clamped (NPC) converters, illustrated in Fig. 8(c), however,
will be much more feasible since they are a more compact
and cost-effective solution when the voltage level is around
5 kV, whereas CHB-based converters and MMCs are more
suitable for higher-voltage applications. Note that, although
not shown in the figure, doubly fed induction generators (Type
3) with partially load power converters have been used in some
offshore wind turbines when the power electronics were still
costly. Recently installed offshore wind turbines have switched
to full-scale power conversion (Type 4) for their enhanced
grid fault ride-through capability, and this development is
also driven by the cost reduction of power electronics. This
paper focuses on Type 4 wind turbines since they are the
mainstream offshore wind turbines now and will be in the
future. The reconfiguration in the converter topology is mainly
to handle the increasing power and voltage levels. Regarding
the converter control for grid integration, Type 3 and Type 4
are not different from each other. More details are elaborated
as follows.

A. Overall Control Strategies of WTGs and Wind Power Plants

OWPP grid integration control can be generally classified
into two strategies: the WTG level and the wind power
plant level, as shown in Fig. 9 with a Type 4 WTG as an
example. The WTG control includes the most fundamental
control strategies that determine whether the OWPP fulfills
the most key requirements of grid codes and the stability
of the OWPP, and therefore it has a faster control response
to handle FRT, current injection, and even recently harmonic
mitigation, to name a few. Meanwhile, the power plant con-
troller has a lower control bandwidth that regulates the active
power and the reactive power at the PoC and targets the
grid requirements of frequency and voltage regulation. The
reference signals, Pr.r wre and Q. wrg, sent by the
power plant controller to the WTGs should be incorporated
with the WTG-level local active power and reactive power
regulation to commonly regulate the wind power plant’s total
output power. For example, in normal operation, a WTG would
generate the maximum available power based on its maximum
power point tracking (MPPT); however, when the frequency
controller is enabled in the power plant controller and it detects
an overfrequency or underfrequency event, to comply with
the grid frequency regulation, the power reference, Prcr_wra,
will be sent to the WTG to limit/curtail the power. Based on
the minimum value driven by comparing P, wra with the
local available power, the WTG converter control regulates
the output power. In an ideal case, the individual WTGs in an
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OWPP can directly receive external control commands like in
some of the small-scale onshore applications, allowing the grid
requirements to be achieved in a decentralized way without
requiring investment in a power plant controller; however,
this means that the f-P and V-Q at the PoC are regulated
based on an open-loop control structure. The power plant-level
controller is therefore preferred in a modern OWPP to achieve
an accurate closed-loop regulation at the PoC to comply with
grid codes. The literature review of the WTG-level and wind
power plant-level control strategies is summarized as follows.

At the WTG level, many papers have been published dis-
cussing the converter control strategies, e.g., [25]-[27]. They
are relatively mature technologies used in modern WTG sys-
tems. In addition, specifically with respect to grid integration,
[28] and [29] discuss flexible active power and reactive power
control based on fast current regulation during grid faults.
The authors of [30] present a direct power control for a Type
3 WTG. The method controls voltage vectors based on the
power errors and stator flux position with hysteresis control.
It only requires stator resistance information, which improves
its robustness against parameter variations. References [31]
and [32] present the positive- and negative-sequence current
support of WTG systems during asymmetrical faults. A review
of FRT control strategies that summarizes the power injection
characteristic, voltage support, and peak converter current
limitation is given in [33]. In terms of harmonic mitigation, a
more comprehensive discussion of harmonics will be presented
in Section V of this paper.

At the wind power plant level, frequency control based on
conventional droop control and spinning reserve regulation that
targets grid code compliance (e.g., EirGrid) is explored in [34],
whereas [35] discusses fast frequency response and presents
the potential inertia response provided by frequency and active
power control of OWPPs. For total wind power plant reactive
power regulation, an overview of reactive power and voltage
control of OWPPs is given in [36], with depictions of three
fundamental reactive power control modes required by grid
codes. In [37], an interesting variable-droop voltage controller
for wind power plants is proposed. It considers the reactive
power capacity of each WTG when automatically selecting the
voltage droop gains to mitigate the PoC voltage fluctuation.
Reference [38] proposes a model predictive control-based
voltage control to enhance the voltage regulation and minimize
the system loss in voltage source converter (VSC)-HVDC-
connected wind power plants. Considering the effect of WTG
active power, it can smoothen the voltage and reactive power
profile of individual generators. In [39], a two-stage control
scheme is proposed to mitigate the DC-link overvoltage during
a fault and to facilitate the recovery. Through the DC voltage
recovery trajectory designed using an adaptive voltage rise
control, uninterrupted WTG operation can be achieved.

B. Grid-Following and Grid-Forming Control of WIGs

Inverter-based resources (IBRs) can be divided into two cat-
egories based on their control characteristics: GFL and GFM.
GFL inverters, in general, synchronize their internal reference
to the grid voltage using a phase-locked loop (PLL) [40].
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Fig. 9. Control strategies of wind turbine plants.

While remaining synchronized, they inject power into the grid,
e.g., controlled by a DC-link voltage controller of the grid-
side converter in a WTG, balancing the power input from
the turbine (e.g., rotor-side converter injecting the maximum
power) and output to the grid. As a result, they require a
stiff voltage source to warrant stable operation. GFL control
is common in wind turbine power plants and other variable
generations because legacy power grids have been maintained
with synchronous generators as the foundation to form a stiff
grid upon which GFL resources can rely [41].

As the deployment of renewable generation is rapidly in-
creasing in power systems across the globe, GFM control has
been given attention [42], and it is expected to stabilize the grid
in the absence or low level of synchronous generators. GFM
inverters control their terminal voltage and frequency. Because
they can operate without a voltage source, e.g., formed by
synchronous generators, to maintain a grid, they are considered
essential to stabilize future power grids with high integration
levels of IBRs [43]. Based on their voltage control strategy, so-
called primary control, GFM control methods can be largely
classified into four different types: i) droop control [44], ii)
virtual synchronous machine to mimic the machine dynamic
behavior [45], iii) nonlinear virtual oscillator control to achieve
improved dynamic behavior over the droop control [46], and
iv) matching control [47].

Though GFM control methods feature different dynamics,
especially in small timescales, they share common steady-state
features, including droop characteristics, that are critical to
achieving compatibility with legacy assets and power sharing
among generators [48]. GFM resources can provide additional
functionalities by having supplementary controls that modulate
inverter dynamics under certain conditions, such as synthetic
inertia to mimic the inertial response of synchronous machines
[49] or virtual impedance to improve voltage regulation or
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stabilization [50]. These are further discussed in Section IV.

Similar to other IBRs connected to a power system, wind
turbines can be controlled as either GFL or GFM sources if
they are equipped with power electronics inverters to control
the power flow, i.e., Type 3 or Type 4 turbines. The control
type conversion requires minimum or no hardware modifi-
cation because the inverter control behavior can be mostly
determined by the control software. It indicates that inverters
can have a mode transition during operation, e.g., between
island and grid-connected modes, which is likely useful for
flexible operation and resilience. Hardware redesign might be
needed, however, to improve certain aspects, such as increased
fault current capability for protection [51].

GFM control for OWPPs is under active research and
demonstration. It is motivated by the unique aspects of off-
shore wind, such as long distances from the onshore grid
causing a weak grid condition that makes it prone to oscillation
and instability. Using GFM control, it is expected that OWPPs
can stabilize the grid while being far from the grid by forming
a reliable voltage profile and mitigating oscillations [52].
The active exploration of using GFM for offshore wind is
also attributed to their potential to provide grid services to
enhance their value proposition, such as bottom-up black start
to recover a local grid for resilience and support for bulk power
system restoration, which are discussed in detail in Section I'V.

As the deployment of IBRs increase, already exceeding
100% in some areas, it would be instrumental to engineer
reliable inverter control methods to stabilize inverter-heavy
grids. GFM control for offshore wind would be beneficial for
grid stabilization and grid resilience enhancement by allowing
the wind power plants to have more active and dynamic
roles in power system operations. The technical merits of
and trade-offs between GFL and GFM inverters, however,
should be clearly understood and thoroughly evaluated through
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Fig. 10. Ancillary services that wind power plants can provide in different timescales (green) overlaid with inverter and turbine dynamics (blue) and other

grid components (orange).

research, development, and field demonstrations, including
power curtailment for GFM control by controlling the blade
pitch, revenue for ancillary services, and potential systematic
solutions to overcome disadvantages in a control scheme.

IV. ANCILLARY SERVICES FROM WIND POWER PLANTS

When equipped with proper control coordination and hard-
ware design, IBRs can provide a variety of ancillary services
to contribute to reliably operating a power system and/or to
shorten the time of return on investment through increased and
diversified revenue. Some services provide support that are
inherent in synchronous machines, such as inertial response,
and some services are additional, such as service restoration.
Fig. 10 provides a graphical overview of the ancillary services
that wind power plants can provide in different timescales
overlaid with other dynamics. In the following, we discuss
a few ancillary services that offshore winds have the potential
to provide.

A. Primary and Secondary Frequency Response

Primary frequency response is used to balance instantaneous
supply and demand, reacting to imbalances within a few
seconds in a legacy grid, which is critical to stabilize the grid.
Not all generators need to provide primary frequency response
(e.g., baseline generators such as nuclear power plants do not.),
but a fraction should do to limit the system frequency deviation
from the nominal against an imbalance. Droop control is
ubiquitously used in modern power systems for this purpose,
allowing multiple generators to collectively sustain a change.
Droop control can also be used in IBRs, including wind
power plants [44]. Programming a droop characteristic in a
storage device such as a battery is straightforward [51], but
it can reduce cost-effectiveness when it is applied in variable
generation because it requires curtailment or additional control
coordination, discussed later. To mitigate the revenue reduction
due to the forgiven energy, renewable energy plants can have a
deadband in the droop to prevent overreaction within a certain
frequency band or to harmonize the generators’ responses
with different control priorities [53], which is widely accepted
today.

After a generation and load imbalance, automatic generation
control (AGC) recovers the system frequency to the nominal
value by automatically dispatching a new asset(s) that has
been reserved and/or updating generator set points. Similar
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to the primary response, variable generation, including wind
turbines, can provide the secondary response with headroom
or curtailment [54]. For the primary and secondary response,
GFM control is not required in a legacy grid, but it can
be beneficial in stabilizing an inverter-heavy grid over GFL
control [43].

B. Inertial and Fast Frequency Response

The availability of a natural inertial response of a wind
turbine depends on the generator type and power electronics
control. Type 1 wind turbines that are directly connected to
the grid can provide a natural inertial response because the
turbine rotor is directly coupled to the grid [55]. On the other
hand, a natural inertial response is limited in Type 3 wind
turbines and unavailable in Type 4 turbines because the power
electronics converters decouple the turbine and the grid.

Synthetic inertia has been studied to explore solutions to
compensate for the decreasing inertia in the modern grid [56].
It has been demonstrated that Type 3 and Type 4 turbines
can emulate the inertial response of synchronous machines,
and therefore this is called synthetic inertia. By exploiting
the hidden inertia in the rotor, a wind turbine can provide
inertial response. As shown in [57], the emulated inertia is
programmable by control parameters. The amount of inertial
response realizable, however, depends on the inverter operating
point due to the inverter current limit, which is a distinguishing
aspect from the natural rotational inertia [49]. For instance, if
the current reference commanded to fully emulate the synthetic
inertia exceeds the current limit, the inertial response would be
saturated to the limit. To relieve the hard limit, inverters can
be oversized or designed to sustain a momentary overcurrent,
which can also be used to improve other ancillary services,
including black start to sustain a higher inrush current and
fault current to facilitate system protection [51].

Synthetic inertia can be realized in different ways. For
VSC-HVDC-interfaced OWPPs, it is not straightforward to
involve the wind turbines with the onshore grid for the inertial
response because they are not synchronous. In this case,
synthetic inertia can be realized by feeding the onshore grid
frequency deviation to the offshore wind power plants through
communications [58]. Further, to improve the response, the
energy stored in the HVDC link can also be used for the
synthetic inertial response without a significant delay.

The synthetic inertia can be defined as a subset of fast
frequency response that includes responses to counteract a
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TABLE V
OVERVIEW OF ANCILLARY SERVICES AVAILABLE FROM WIND POWER PLANTS.

Service Type Description

Availability in WTG

Primary frequency response

lize the grid.

Balances instantaneous supply and demand by reacting
to imbalances within a few seconds. Critical to stabi-

Available but requires curtailment or additional control coordination, which could
reduce the revenue from energy generation but can be monetized for the service.

Secondary frequency response, fre-
quency recovery through dispatch
coordination with AGC

nominal value with set point dispatch.

Contributes to recovering the system frequency to the

Available by updating the power set points of wind turbines but could yield
suboptimal energy generation from wind power plants at the cost of ancillary
service provision. The degree of involvement of wind power plants for this would
be a trade-off between the grid service and the energy generation.

Inertial response, a subset of fast
frequency response

coupling with the prime mover.

Suppresses a frequency change against an imbalance
of supply and demand. Synchronous generators pro-
vide rotational inertia through their electromechanical

Depends on the generator type and power electronics control. Natural inertial
response is limited in Type 3 or unavailable in Type 4 due to decoupling. Synthetic
inertia is available by power electronics control reacting to a system frequency
change. Amount of synthetic inertia realizable depends on inverter operating point.

Black start, system restoration

fuel/storage reserved for restoration.

Establishes a grid from a blackout. Synchronous gen-
erators have served as black start resources with

Embedding black-start capability in OWPPs would unlock the path to extreme
grid resilience and facilitate bulk power system restoration.

frequency change [59]. Both synthetic inertial and other fast
frequency responses would be beneficial for improving the
frequency nadir by promptly providing the deficient power. On
the other hand, because it emulates the voltage source behavior
of a machine, by slowing down the rotational frequency
change, i.e., a virtual synchronous machine type of GFM, the
synthetic inertial response could outperform other types of fast
frequency response without an inertial mechanism suppressing
the RoCoF [59]; however, more study should be done to
explore novel approaches that can excel in zero-inertia grids.

C. Black Start

A black start is a critical step in power system restoration
to establish a grid after a blackout using a generator that can
start without having an external voltage already formed. It
requires a generator designed to sustain significant transients
occurring during the process, providing a reliable voltage
source to energize critical loads and a cranking path for the
other generators. Because black starts have been exclusively
provided by synchronous generators, such as hydropower or
thermal power plants [60], concerns about reliance on the
machines and thus system resilience in inverter-heavy grid
scenarios, along with increasing natural disasters causing fre-
quent power outages, have been raised. The transformational
change naturally motivates studying the technical feasibility
of inverter-driven black starts [61]. Embedding black-start
capability in OWPPs has brought significant attention due to
its potential to enhance the OWPPs’ self-survivability during
blackouts and grid resilience. Being able to form a local grid
based on offshore wind would not only unlock the path for
extreme grid resilience but also facilitate bulk power system
restoration, i.e., a bottom-up approach.

The concept of the inverter black start poses technical
challenges resulting from the fundamental differences between
power electronics inverters and synchronous machines. First,
the inverter’s limited short-circuit current (in general, 1.1 p.u.—
1.5 p.u. compared to 6 p.u.—8 p.u. of synchronous machines)
should be given careful attention because it affects system
behavior under transformer energization or motor startup,
which causes a heavy inrush current, potentially exceeding
the inverter rating [62]. On the other hand, soft-start tech-
niques, such as inverter voltage ramp-up, can suppress the
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inrush current during the initial energization, though the black-
starting inverters could encounter a significant inrush as they
sequentially energize segments of a grid, such as an HVAC
step-up transformer, until they obtain enough total generation
capacity [63].

In a multiple inverter-driven black start, e.g., an offshore
wind power plant where a large number of wind turbines
are involved in the task, parallel inverter operation is critical.
Leader-follower coordination requiring reliable communica-
tions can degrade the robustness of the black start and/or might
not be economic or feasible in case the generators are distant,
such as in the case of OWPPs, so reliance on communications
should be avoided or minimized. Involving multiple inverters
in a decentralized manner would be beneficial to resolve these
issues and for system resilience, avoiding the single point of
failure [64].

Deploying a black-start service using an OWPP, which
is not yet used in today’s grid operations, would require
significant efforts in research, development, and demonstration
at scale together with grid code updates based on consensus
among stakeholders. To elucidate the pathways, the following
summarizes the state of the art of these technologies found in
the literature.

Black start using a 1.2-MW Type 3 wind turbine for a
low-voltage island and resynchronization has been simulated
in [65]. The configuration adds storage in the DC link of
the turbine inverter to form a local grid. The system’s op-
eration is similar to a DC-coupled photovoltaic system with
a battery; it allows for retaining the MPPT operation of the
variable generation with power flow injected into the DC link
decoupled from the grid, thus mitigating its intermittency at
the cost of added complexity. An AC-coupled configuration
is also possible, such as using synchronous generators (like
diesel generators) or operating GFM inverters to form the
grid in parallel with wind turbines and to kick-start the
OWPP, keeping the wind turbines’ grid-side converter in GFL
mode with MPPT or a normal (non-black-start-capable) GFM
mode. This configuration, however, might not be preferred
or economic because the system performance and reliability
depend on the supplementary device, exposing the single point
of failure. To unlock the full potential of the offshore wind,
built-in black-start and GFM capability in the wind turbine
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should be pursued.

Reference [66] simulated a black start using multiple wind
turbine synchronization in a 1-GW offshore wind power plant
using a distributed PLL-based frequency control, a type of
GFM. Notably, the method uses a frequency-reactive power
droop, the opposite of the conventional droop, w — P, to
improve the reactive power sharing among turbines without
inter-turbine power circulation. It is beneficial because the
reactive loading is dominant during the initial black-start
process resulting from submarine lines and transformers that
vary from one turbine to another. This work details the system
dynamics of a sequential black start by including the inverter
filter and grid-interface transformer dynamics and turbine-
by-turbine energization using breakers, which demonstrates
the potential challenges and solutions in the inverter-driven
restoration process. Following the dynamic recombination of
the GFM wind turbines, they sequentially energize the grid,
including the HVDC lines and the VSC-HVDC-based, onshore
load. It assumes individual wind turbines are equipped with a
small local storage to self-start, such as uninterruptible power
supply, which is common in wind turbines. Similar to other
works, [66] assumes well-regulated DC-link voltage; it does
not model generator side dynamics, which would be necessary
to fully confirm the technical feasibility of offshore wind for
black-start service, followed by hardware demonstrations in
the field.

As discussed, offshore wind is promising to provide multi-
ple ancillary services to meet the needs in future grids with
large amounts of renewable generation. Because they require
additional controls superimposed on the primary turbine con-
trol and also likely plant-level control, however, the dynamic
interactions among different function blocks should be ana-
lyzed, and they should be harmonized to collectively maintain
the grid in parallel with other assets. Table V summarizes this
discussion with key takeaways.

V. HARMONICS

Harmonics is another crucial topic regarding the grid in-
tegration of offshore wind power plants [67]. The harmonic
requirements for OWPPs have been elaborated in Section II
E. This section further discusses the industry practice on how
to perform harmonic studies and evaluate whether OWPP
emissions meet the requirements.
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A. Harmonic Propagation

In industry practice, usually only the harmonic voltage limit
at the PoC (sometimes the busbar inside the wind power
plant) is provided by the wind power plant developer to the
wind turbine manufacturer. The harmonic level at the PoC is
a joint effect of the emissions of each wind turbine in the
OWPP and the grid background noise; however, they are not
simply added up at the PoC because the cable impedance
and the grid impedance affect the harmonic propagation. To
properly consider the propagation, a harmonic model of the
wind power plant needs to be built up, and a harmonic study
of the OWPP needs to be performed. The OWPP harmonic
assessment procedure using a WTG harmonic model with
relevant IEC standards in each step is shown in Fig. 11.
The harmonic model of the WTG should be presented in a
frequency domain among various power bins, and hence the
aggregation according to IEC 61400-21-1 [18] and spectral
component grouping according to IEC 61000-4-7 [68] is
needed. After obtaining the harmonic model of a single WTG,
the power system study with harmonic power flow can be
executed to study the total harmonic emissions of the OWPP.
Note that the harmonic, Up,_wrq, is a phasor value, with a
magnitude and angle, and the randomness of the phase angles
of individual WTGs should be included in the model in the
summation process.

A more detailed illustration of how the effect of each WTG’s
emissions is aggregated at the PoC is shown in Fig. 12.
In the model, there are n+1 independent sources, including
n harmonic voltage sources representing WTGs, and one
depicting the grid background noise. In the so-called harmonic
power flow, each time only one source is considered (others
are assumed to be zero). For instance, to evaluate the impact of
the WTG j on the harmonic level at the PoC, only Uj)_wrg,;
keeps its value, and the other sources are assumed to be
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zero. Then, after running a harmonic power flow, an emission,
Un_ow pp,j, will be obtained at the PoC. The total emissions
of the OWPP at the PoC are calculated according to the
summation law as defined in IEC 61000-3-6 [20]:

Uowpr = 2| > U wre, 4)
j=1

where indicative values of o are shown in Table VI.

TABLE VI
INDICATIVE SUMMATION EXPONENTS FOR HARMONICS IN [EC
61000-3-6:2008.

Harmonic order @

h<5 I
5<h<10 14
h> 10 2

If the phase angles of Uj,_wrg,; are quite certain (usually
for low-frequency harmonics), the &« = 1 can be applied no
matter the frequency order. Note that the model shown in Fig.
12 should include all the components in the OWPP as long
as it has an influence on the harmonic level at the PoC, e.g.,
a filter, a STATCOM. The PoC is not a technical definition
but an agreement of liability between the wind power plant
developer and the grid operator, so it might be another node
instead of the one shown in Fig. 12. Because an OWPP may
need to be reconfigured in case of a component failure in the
system, the harmonic study needs to be done in all possible
cases.

B. Harmonic Mitigation

Mitigation measures must be taken if the harmonic emis-
sions of the OWPP exceed the limit at the PoC. A straightfor-
ward way is to put a band-pass or high-pass passive filter
at or near the PoC [69] to provide a low-impedance path
for the harmonics and thereby mitigate them. In OWPPs,
however, the passive filter can only be put in either the
nacelle of the wind turbine or the offshore platform, both of
which have a high cost per square meter. Further, [70] shows
that the harmonic issues in the bandwidth of the converter
controller are usually matters of impedance matching, while
an active power filter (APF) does not necessarily achieve
impedance matching. Alternatively, an active filter (also named
virtual impedance), if tuned properly, can achieve impedance
matching, and it also introduces flexibility, which means that
the filter can still be tuned after deployment if the configuration
of the OWPP changes and thereby the harmonic issue changes
[71]1, [72].

An example application of active filters is shown in Fig. 13,
where only the current control loop is considered because
the harmonic issue usually happens in the bandwidth of the
current control loop. In the figure, I,..s is the reference of
the current control. G;(s) is a compensator. e ~*7¢ is the total
delay caused by the control and the Pulse Width Modulation
(PWM) converter. L is the power filter of the WTG. G s(s) is
the active filter. The impedance model of the WTG is derived
in (5) and shown in Fig. 14, where Z,,.(s) is the impedance
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Fig. 14. WTG harmonic model with an active filter.

of the WTG without active filters, and Z,¢(s) is the extra
impedance introduced by the active filter.

Zwre = sL+e*TG(s) +e T 1Gap(s).  (5)

Zpre(s)

Zay(s)

The voltage harmonic distortion on the 66-kV bus (in some
OWPP, there are 33-kV buses instead), as shown in Fig. 12,
usually has to fulfil an upper limit and, therefore, needs to be
checked by harmonic study. According to the harmonic model
depicted in Fig. 14, the harmonic voltage on the bus can be
expressed by (6). It shows that the bus voltage distortion can be
affected by the active filter or virtual impedance, Z,;. It is not
straightforward to derive the design of the virtual impedance
from (6) to reduce the bus voltage distortion. In fact, the typical
reason for harmonic voltage issues on the bus is that the WTG
impedance Z,.(s) and the grid impedance Z,(s) together
form an LC resonant circuit with underdamping. Thereby, the
denominator of (6) without the active filter Z,(s) will be
close to zero and induces a peak voltage Uj,_p,,s at the resonant
frequency. It can be effectively mitigated by adding a resistive
virtual impedance at the harmonic or resonant frequency. This
approach has been demonstrated and verified in an offshore
wind power plant, and the details are reported in [73].

U U _ UnwraZy — Un_cridi(Zpre + Zag)
h_bus — Yh_out — 7 7 7 .
pre + af + g
(6)

VI. WIND POWER PLANT STABILITY ANALYSIS

Ideally, the stability analysis of an OWPP should use the
detailed OWPP model and check the stability in all operating
conditions, but this approach is usually not feasible due to
the huge amount of calculations; thus, a crucial matter in
stability analysis is model simplification. A typical approach is
to first perform a small-signal model based stability analysis.
Once any stability issues are observed, a detailed model-based
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electromagnetic transient (EMT) simulation is carried out to
verify the stability issues.

A. Small-Signal Stability

State-space models are usually used for stability analysis
at the system level. Compared with other black box models
(transfer functions), state-space models also consider the states
inside the system, which reduces the errors in the stability
analysis. Nonetheless, the computational effort can make the
analysis unfeasible when considering the state space of all
the WTGs in an OWPP. To solve this, aggregation is usually
needed in building the state-space model of the OWPP. An-
other often-mentioned drawback of the state-space model is
its low scalability [74]. On the contrary, in impedance mod-
eling, each component—including cables, transformers, and
WTGs—has an independent model, which makes scaling the
model much easier. Moreover, impedance modeling considers
only the relation between the input and output of a system,
which, although it overlooks some dynamics inside the system,
simplifies the modeling and reduces the computational cost,
especially for a large system stability analysis.

Nonetheless, the impedance model of a wind turbine is
more complicated than the cables (purely passive), and it is
influenced by both the control and power components of the
wind power converter (grid side). There are two categories
of impedance modeling of the wind power converter. One is
frequency scan based, where a detailed simulation model of the
wind power converter is needed. By injecting a voltage pertur-
bation from the grid side to the wind power converter, a current
perturbation can be obtained in the grid current. The ratio
between them is the impedance, which is, of course, frequency
dependent. The frequency scan-based impedance model is
simple and effective, but it can be limited by measurement
errors. There are also analytical impedance models, which
are formulas with design parameters including control and
hardware as inputs. To build an analytical impedance model,
the wind power converter needs to be linearized; however,
the wind power converter, especially the control, is highly
nonlinear. In past years, the effort on analytical impedance
modeling was mainly to take into account the nonlinearity of
the converter step by step, including the PLL, the frequency
coupling, the imbalance, etc. [75], [76]. Various small-signal
modeling approaches of inverters for stability studies are
reviewed in [74].

Impedance-based stability analysis has limitations because
it analyzes the stability of only one connection point at a time.
Therefore, although the analysis can estimate stable operation
at a connection point, it can reveal instability at a different
point. This can be misleading because in this case the system
is unstable. To avoid this misunderstanding, when performing
an impedance-based stability analysis of a wind power plant,
the study must evaluate the stability of all buses.

B. Large-Signal Stability

The small-signal model-based stability analysis is only valid
when the system is around an equilibrium point. In reality, the
system can move from one equilibrium point to another due
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to, e.g., wind speed variation, energizing of the OWPP, the
kick-in of a WTG after maintenance, or a cutoff of a cable
with failure. Then, the assumption that the system has only
small perturbations is no longer valid, and thereby the small-
signal model-based stability analysis is no longer valid. In
this case, a detailed model-based EMT simulation is usually
performed to check the stability. Time domain simulation can
only indicate the stability for one initial condition at a time,
and it does not provide a closed-form solution to the transient
stability problem. Moreover, time domain simulations with
stiff differential equations can be computationally intensive
[77]. To make the computational effort affordable for an EMT
simulation, a string with multiple WTGs in an OWPP is
sometimes aggregated to one WTG in the model, which will
then increase the error of the stability analysis.

Lyapunov-based techniques provide another possibility
for large-signal stability analysis. The main advantage of
Lyapunov-based approaches is in the fact that a Lyapunov
function allows the estimation of the region of attraction of
a stable operating point instead of a single operating point
(small signal-based approaches), which can help identify the
acceptable size of the disturbance for stability [78]. A proper
Lyapunov function is usually difficult to define, however,
which makes its application limited.

VII. WIND POWER PLANT TRANSMISSION SOLUTIONS

Depending on how the OWPP is connected to the onshore
substations, one can classify its transmission solutions into two
approaches: HVAC and HVDC. Intensive research has been
carried out to compare the trade-offs between them [79]-[81].
From the design perspective, HVAC has the advantage of cost
(cheaper, due to the lack of converter stations) and schedule
(shorter, typically 3—4 years) compared with HVDC (typically
5-6 years) for distances to shore between 80-100km. The
typical tipping point from a cost perspective between HVAC
and HVDC is around 120 km, where the HVAC mid-point
compensation is considered; however, HVAC technology is
more dependent on the stiffness of the power grid. It requires
a system integration approach for the primary equipment
selection and integrated system design studies (e.g., reactive
power compensation, steady-state harmonics, and stability),
whereas HVDC is typically a point-to-point approach with
one original equipment manufacturer handling both interfaces
at offshore (between the offshore converter station and the
WTG) and onshore (between the onshore converter station and
the power grid). The HVAC-connected OWPP is traditional
and still massively applied in ongoing projects due to its
advantage of low station cost, for example, in Hornsea I and
Hornsea II [82]. Some recent research indicates that HVAC
configurations could be reconsidered for long-distance OWPP
applications, including mid-cable reactive power compensation
and newly developed AC cables of higher voltage ratings [83],
[84]. Another alternative approach to increase the HVAC
transmission capacity is to use a relatively low frequency
or fractional frequency that reduces the skin effect in the
conductors [85], [86], though it brings disadvantages such as
additional investment in the onshore converter station.
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Fig. 15. Typical point-to-point HVDC link for OWPP connection.

HVDC has risen in recent years as the most viable technol-
ogy to transfer power from large OWPPs to onshore grids over
distances of more than 100 km mainly due to the significantly
lower transmission losses. The 400-MW BorWinl plant is
the first OWPP that is connected to the power grid using
HVDC technology—at +/-150 kV over a transmission distance
of 200 km [87]. The 3.6-GW Dogger Bank A, B, and C
schemes, which will be connected to onshore grids through
three 1.2-GW HVDC connections, and 2.852-GW Hornsea 3,
which will be connected with two 320-kV HVDC connections,
are the largest offshore wind power plants currently under
construction [88], [89]. Although all HVDC systems installed
or currently under construction to connect OWPPs are based
on the VSC technology using point-to-point links, significant
research and development have been carried out to explore
other design options. The following discusses different system
and converter configurations and outlines the main control and
operational challenges for HVDC-connected OWPPs.

A. HVDC Converter Technology and System Structure for
OWPP Grid Integration

1) VSC-HVDC systems: The main features of VSC-HVDC
systems using MMCs [90] include modular design, high-
quality AC voltage generation, low power loss, independent
control of active and reactive power, and the capability of
establishing an AC network. These features make VSC-HVDC
more attractive for connecting OWPPs than other HVDC tech-
nologies. Different systems have been proposed and studied.

i) Point-to-point systems. Point-to-point HVDC systems, as
shown in Fig. 15, have the simplest structure. They consist of
an offshore rectifier station, which establishes the OWPP AC
network and converts the offshore AC power into DC, and an
onshore inverter, which converts the DC power back to AC to
be exported to the onshore AC network.

ii) Parallel configurations. For a large OWPP that requires
multiple converters, a parallel connection of the OWPP, as
illustrated in Fig. 16, can be adopted [91], [92]. In this config-
uration, the OWPP is connected to the offshore AC collectors
through AC cables and transformers, and two parallel HVDC
links are used to transmit the generated wind power to the
onshore sites. With this configuration, the availability of the
system can be improved. For example, when one HVDC link
is out of service due to faults, the majority of the generated
power can still be exported to the onshore grid through the
other link [4]. In such a parallel arrangement, extra controls
need to be allocated to the offshore HVDC stations to allow
proper power sharing [91], [92].
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Fig. 17. A four-terminal MTDC system for connecting two large OWPPs.

iii) Multiterminal HVDC configurations. Significant re-
search and development on the use of a multiterminal HVDC
(MTDC) network for connecting multiple OWPPs to dif-
ferent onshore network connection points has been carried
out [93], [94]. In 1988, the Sardinia-Mainland Italy HVDC
link, 200 MW at 200 kV, added a third converter station,
rated at 50 MW, at Lucciana on Corsica to allow flexible
power flow, forming the first MTDC system [95]. The new
converter station used thyristor valves instead of mercury-arc
valves, which had been used for the other stations; they were
replaced with thyristor-based technology in 1992. A VSC-
HVDC technology-based MTDC system was developed in
2013 in Nan’ao, China [96]. The three-terminal pilot project
with transmission capacities of 200 MW/100 MW/50 MW at
+160 kV interconnects the wind power plants in Nan’ao Island
to the onshore grid. In 2014, a five-terminal MTDC system
was commissioned in Zhoushan, China, with converters rated
at 400 MW/ 300 MW/ and 100 MW with a transmission DC
voltage of £200 kV [97]. The most notable MTDC installation
so far is the 4-terminal +500-kV Zhangbei MTDC system
commissioned in 2019 [98]. It has two converters rated at 3000
MW, and the other two are rated at 1500 MW. In Europe, the
first three-terminal MTDC system using VSC-HVDC technol-
ogy will be commissioned in 2024 in the United Kingdom
[99]; it is rated at £320 kV and contains three stations rated
at 1,200 MW/ 800 MW/ and 600 MW, respectively. Fig. 17
illustrates a four-terminal, meshed MTDC network connecting
two large OWPPs. Various studies have shown that MTDC
links improve power exchange flexibility between multiple
areas and provide better system redundancy [100], [101]. To
ensure stable operation and proper power sharing, coordinated
controls—such as droop control and leader/follower control—
have been investigated in the literature [102]-[104].

2) DR-HVDC configurations: A diode rectifier (DR)-based
HVDC is another potentially promising topology for OWPP
integration [105], [106]. As illustrated in Fig. 18, in this
configuration, the offshore station uses a number of DRs
connected in series on the DC side and in parallel on the AC
side of the OWPP network. Offshore capacitor filter banks
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are also connected to provide reactive power compensation
and harmonic filtering. An MMC-based, onshore converter
is used to convert the DC power to the onshore AC grid.
Compared with the VSC-HVDC transmission system, DR-
HVDC has the potential benefits of reduced offshore sta-
tion volume and weight, higher conversion efficiency, and
shorter plant delivery time, thus leading to a lower overall
investment. For example, it has been shown that compared
with VSC-HVDC connections for offshore wind power plants,
the volume and transmission losses can be reduced by 30%
and 20%, respectively, and the total cost can be potentially
reduced by 30% [107], [108]. DRs, however, cannot establish
the offshore power network like the MMC counterpart does,
and therefore WTGs must perform frequency and voltage
control for the offshore collection AC network. Starting up the
offshore system is also a challenge due to the unidirectional
power flow of the DR-HVDC system. Having GFM control
capability in WTGs could benefit this configuration.

3) Hybrid configurations: 1) Hybrid configurations for off-
shore converters. The series connection of different converter
configurations on the DC side for the offshore station has been
considered to take advantage of different technologies. For ex-
ample, [109] investigates the operation of a series-connected,
line-commutated converter and VSC, whereas [110], [111]
study the series connection of a DR and VSC/MMC, as shown
in Fig. 19. The offshore MMC establishes the offshore AC
voltage while it also regulates the DC voltage of the HVDC
link by controlling the active power exchange between its
AC and DC sides. Moreover, the offshore VSC can also
be controlled to operate as an active filter for the 11th-
and 13th-order harmonic currents to reduce the requirement
for the passive filters needed by the DR [110]. Under this
arrangement, offshore WTGs can be implemented similar to
wind power plants with HVAC or VSC-HVDC connections.
Harmonic suppression control of the offshore MMC is further
explored in [111] to include the elimination of the 23rd- and
25th-order harmonic currents.

ii) Hybrid converter stations. The parallel operation of DR-
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HVDC and VSC-HVDC stations for OWPP transmission is
proposed in [92], as shown in Fig. 20. This application can
be considered when a new OWPP is developed in an area
within the vicinity of an existing OWPP that is connected
to the onshore through a VSC-HVDC link [92], [112]. A
new DR-HVDC link can be installed with its offshore AC
side connected to the existing OWPP and VSC station, and
the DR-HVDC and VSC-HVDC links operate in parallel. By
connecting a DR and VSC on their AC sides, the offshore VSC
station is capable of energizing the offshore grid and WTGs.
It can also actively compensate reactive power and suppress
harmonics generated by the DR-based station, if required,
to reduce the AC filter switching during the variation of
wind speed [113]. Thus, this potentially provides a promising
solution to reduce the control complexity of WTGs associated
with DR-HVDC systems; reduce power losses, volume, and
capital cost; and increase redundancy and availability.

B. System Control Structure

1) VSC-HVDC: The operation of VSC-HVDC-connected
OWPPs has been well described in [114]-[116], with the
control scheme on the offshore side illustrated in Fig. 21.
The onshore converter station regulates the DC voltage of the
HVDC link according to the set point, whereas the offshore
VSC station is controlled to resemble an AC voltage source
to regulate the offshore AC voltage and frequency. Thus,
the control strategy adopted for WTGs is the same as the
AC connection, e.g., the generator-side converter controls
the active power generated by the WTG, and the line-side
converter controls the WTG DC voltage and reactive power.
The generated wind power is automatically absorbed by the
offshore HVDC converter and converted to DC power.

2) DR-HVDC: In a DR-HVDC system, similar to a VSC-
HVDC system, the onshore VSC station usually regulates the
DC voltage to the set point; thus, the amount of power that
is transmitted through the DC system is dependent on the DC
voltage at the offshore DR terminal. Considering a 12-pulse
DR arrangement, the generated DC voltage is determined by
the AC voltage amplitude, V. 77, DC current, I4., and AC
side reactance, X, given as:

3
Vier =2 (1.35Vac_off - XIdC> @)
s
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Thus, the active power transmitted from the OWPP to the
onshore HVDC can be regulated by the magnitude of the
offshore AC grid voltage V. o7 7.

Different control methods for DR-HVDC-based OWPPs are
investigated in [66], [117]-[120]. The authors of [117], [118]
propose the control strategy based on external centralized
controllers, where the WTG-level control of this solution
is similar to that of the VSC-HVDC; however, an external
centralized controller is required to regulate the offshore
frequency and voltage at the offshore point of common cou-
pling (PCC), which is shared with all the WTGs through
communications. Thus, the system performance relies on
communications, which can cause severe issues in case of a
communication delay or failure. To address the communication
issue, a distributed PLL-based P-V and Q-f control method
is proposed in [66], as illustrated in Fig. 22. As shown, the
WTG active power is controlled by regulating its terminal AC
voltage amplitude, and a Q-f droop is used to ensure reactive
power sharing among the different WTGs. This control method
enables each WTG converter to operate as a GFM source
and autonomously contribute to the overall offshore voltage
and frequency regulation, providing WTGs with plug-and-play
capability for easy synchronization to the offshore network.

An alternative control method, called FixReF control, is
proposed in [119], [120] for DR-HVDC-connected offshore
WTGs using Global Positioning Systems (GPS). In this
method, the GPS is used to provide a fixed frequency reference
and common angular reference for all the WTGs; thus, the
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remote measurements for the offshore PCC frequency and
angle required in [117] can be avoided. The FixReF control
solution differs from PLL-based controls because the rotating
reference axis provided by the GPS no longer aligns with
the voltage vector. The main drawback of this control is the
reactive power sharing issue among the WTGs, and the use of
the GPS also leads to reduced robustness.

C. System Control and Operation During Faults

HVDC-connected OWPPs are mainly constructed with
power electronics converters, which are vulnerable to over-
current and overvoltage in case of network faults [121]. Thus,
system control and protection during various faults, including
offshore and onshore AC faults and DC faults, are significantly
important and need to be carefully considered and designed.
Due to the space limit, only AC faults are briefly reviewed
here; DC faults, which are rare, are not included.

1) Offshore AC fault: In case of an offshore AC fault, the
rapid drop of offshore AC voltage could potentially lead to
overcurrent of the offshore HVDC converter stations. To limit
the fault current, the current-voltage droop method is proposed
in [122], which adjusts the output voltage reference according
to the measured offshore three-phase currents. Alternatively,
the cascaded vector control with inner current loop and outer
voltage loop has been proposed [123], which has the capability
to limit the overcurrent during offshore AC faults. System
control and operation during asymmetrical offshore AC faults
is challenging for HVDC-connected OWPP operation because
VSCs can exhibit undesirable performance, such as output
current distortions, DC-link voltage, and output power oscilla-
tions. To tackle these issues, the double-synchronous reference
frame for the control of conventional VSC systems, where
the AC voltages and currents are decomposed into positive-
and negative-sequence components, is commonly used [124],
[125]. Various control objectives, including the suppression of
negative-sequence currents (to maintain balanced AC currents)
and the nullification of oscillating active power (to prevent the
injection of double-line frequency oscillating power into the
DC side), have been considered. Reference [126] reports that
during asymmetrical faults, overvoltage can occur in nonfaulty
phases, which could lead to the disconnection of the offshore
WTGs. In addition, [127] highlights that simply suppressing
the negative-sequence current from both the offshore MMC
and WTGs to zero is inadequate. The authors propose a
modified approach to control the fault currents to enable
fault detection and discrimination to prevent overvoltage in
the offshore network and to accelerate offshore AC voltage
recovery following the clearance of AC faults.

2) Onshore AC Fault: During onshore AC network faults,
the power transmission capability of the onshore converters
is severely reduced. The continuous power export from the
OWPP to the HVDC link leads to a power imbalance and
can result in rapid rising of the DC-link voltage. To avoid
a shutdown of the entire system, the excess power must be
dissipated or the OWPP needs to reduce the power injection.
DC choppers or dynamic braking resistors connected at the
onshore HVDC terminal can be used but lead to an increase
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Fig. 23. Onshore fault ride-through Vdc-Vac droop control [131].

in capital costs [128]. Power reduction control with the aid
of a fast communication system is employed in [129], [130].
When the fault is detected by the onshore converter, the
communication system will distribute the fault signal to the
WTGs to reduce the power generation. Under such arrange-
ments, however, the system performance mainly relies on
communication reliability and speed, potentially reducing the
robustness of the system. Reference [131] proposes a method
that uses the V DC-V AC droop control, such that the offshore
MMC reduces the offshore AC voltage magnitude according to
the increased DC voltage, as shown in Fig. 23. Consequently,
the WTG grid-side control will reach the current limits im-
posed at the outer controllers, leading to the automatic power
reduction of individual WTGs. This method can effectively
reduce the onshore terminal power stress and improve the
system reliability and robustness.

VIII. CONCLUSION

This paper presented an overview of offshore wind power
grid integration from both industry and academic perspectives.
Section II provided an overview of grid codes and listed key
requirements regarding OWPP grid integration. In the future,
there will be a more pressing need for harmonizing grid codes,
like the practice of ENTSO-E, to reduce the extra burden
on manufacturers to avoid excessive WTG parameterization
and to realize the massive deployment of OWPPs in a timely
manner. Sections III and IV reviewed WTG and wind power
plant control strategies and ancillary services related to grid
compliance, grid support, and resilience. The discussion elu-
cidated the potential for offshore wind to not only overcome
the grid integration challenges but also to benefit the land-
based grid with breakthrough power electronics technologies,
including GFM inverters, black start, and synthetic inertia, to
name a few. Sections V and VI discussed harmonics and the
stability analysis of OWPPs as they relate to concerns about
the operation of modern power systems with high integration
levels of wind generation, especially because the integration of
OWPP, which is located far from the land-based grid, causes
concerns in power quality. Finally, Section VII reviewed the
transmission approaches for OWPPs, with an emphasis on
HVDC connections that show great potential in modern, large-
scale, offshore wind projects, and it discussed new approaches,
such as MTDC, to facilitate OWPP deployment by exploiting
the existing infrastructure of neighboring OWPPs for cost
reduction and improved redundancy.

Offshore wind is expected to grow exponentially to drive
decarbonization and transform the power system landscape,
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which will pose challenges, so more stringent research and
development across the globe will be paramount. In this
paper, we discussed the outstanding challenges in these re-
lated technology areas. First, more joint efforts from utilities,
developers, and manufacturers need to be enforced toward
harmonizing grid codes, standards, and guidelines. Second,
although utilities emphasize enhancing the flexibility of the
power system, the expansion of technology enablers—such
as GFM technology alongside other ancillary services with
proper technical specifications as common industry guidance
and proper utility and government incentives and tariffs—
remains a challenge. Third, harmonics and stability issues,
which are extensively investigated in academia and summa-
rized in this paper, still require screening of the proper methods
and integration of the cutting-edge analytical approaches into
the frond-end engineering of OWPPs together with proper
protection schemes to avoid instability incidents during oper-
ation. Fourth, industry adoption of cost-efficient HVDC solu-
tions while acknowledging the prevailing HVDC supply chain
challenges warrants substantial investigation. Last, additional
emerging topics—such as grid congestion management, the
optimization of grid connection capacity, and the integration of
power-to-X technology, including using hydrogen as an energy
storage buffer—represent the research and development areas
that need deeper exploration and analysis.
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