energies

Review

Grid Integration of Offshore Wind Energy

: A Review on Fault

Ride Through Techniques for MMC-HVDC Systems

Dileep Kumar, Wajiha Shireen * and Nanik Ram

check for
updates

Citation: Kumar, D.; Shireen, W.; Ram,
N. Grid Integration of Offshore Wind
Energy: A Review on Fault Ride
Through Techniques for MMC-HVDC
Systems. Energies 2024, 17, 5308.
https:/ /doi.org/10.3390/en17215308

Academic Editor: Davide Astolfi

Received: 22 August 2024
Revised: 9 October 2024
Accepted: 23 October 2024
Published: 25 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical and Computer Engineering, University of Houston, Houston, TX 77204, USA;
dkumar20@cougarnet.uh.edu (D.K.); nram@cougarnet.uh.edu (N.R.)
* Correspondence: tech139@central.uh.edu

Abstract: Over the past few decades, wind energy has expanded to become a widespread, clean,
and sustainable energy source. However, integrating offshore wind energy with the onshore AC
grids presents many stability and control challenges that hinder the reliability and resilience of AC
grids, particularly during faults. To address this issue, current grid codes require offshore wind
farms (OWFs) to remain connected during and after faults. This requirement is challenging because,
depending on the fault location and power flow direction, DC link over- or under-voltage can occur,
potentially leading to the shutdown of converter stations. Therefore, this necessitates the proper
understanding of key technical concepts associated with the integration of OWFs. To help fill the
gap, this article performs an in-depth investigation of existing alternating current fault ride through
(ACFRT) techniques of modular multilevel converter-based high-voltage direct current (MMC-HVDC)
for OWFs. These techniques include the use of AC/DC choppers, flywheel energy storage devices
(FESDs), power reduction strategies for OWFs, and energy optimization of the MMC. This article
covers both scenarios of onshore and offshore AC faults. Given the importance of wind turbines
(WTs) in transforming wind energy into mechanical energy, this article also presents an overview of
four WT topologies. In addition, this article explores the advanced converter topologies employed in
HVDC systems to transform three-phase AC voltages to DC voltages and vice versa at each terminal
of the DC link. Finally, this article explores the key stability and control concepts, such as small signal
stability and large disturbance stability, followed by future research trends in the development of
converter topologies for HVDC transmission such as hybrid HVDC systems, which combine current
source converters (CSCs) and voltage source converters (VSCs) and diode rectifier-based HVDC
(DR-HVDC) system:s.

Keywords: offshore wind energy; VSC-HVDC; fault ride through; grid integration; renewable energy
sources; control; stability

1. Introduction

Due to rising global warming issues, the exhaustion of existing fossil fuel resources,
and the need to support the Paris Climate Agreement’s goal of limiting the global tempera-
ture increase to 1.5 degrees Celsius, countries around the world are shifting their focus from
fossil fuels to renewable energy sources (RESs) [1]. For instance, China hopes that by 2030,
RESs will make up about 35% of its total energy consumption. India has set an ambitious
target of 175 GW for RESs [2]. Similarly, both the United States (US) and the European
Union (EU) have also set certain goals regarding RESs [2]. According to the International
Energy Agency (IEA), the renewable energy capacity additions reached an estimated value
of 507 GW in 2023 alone, which is nearly 50% higher than in 2022. Over the next five years,
further additions to renewable energy capacity are expected, with solar photovoltaic (PV)
and wind energy accounting for a record 96% of this growth [3].

Wind power has become a widespread, affordable, and carbon-neutral RES. It can
be produced at both onshore and offshore locations. However, modern wind farms are
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situated farther away from onshore electrical networks as they are built deeper into the sea,
i.e., offshore. This shift has occurred for several reasons. First, the wind at offshore locations
tends to be stronger and more consistent. Second, the onshore sites with substantial wind
energy capabilities have already been used. Finally, the offshore wind farms (OWFs) have
greater and more reliable wind energy potential [4]. In 1991, the Vindeby offshore wind
power plant in Denmark served as a 5 MW demonstration project for 2200 households. At
that time, the offshore wind market was confined to a smaller number of European countries.
By 2024, Hornsea 11, the world’s largest AC-connected OWE, will power 1.3 million homes
with a total capacity of 1.386 GW, highlighting the global expansion of offshore wind [5]. The
offshore wind market expanded by 27.8% per year on average from 2011 to 2020 [4]. Figure 1
depicts new offshore wind plants and their estimated market share from 2023-2032 [6].
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Figure 1. Status of Global OWF Market [7,8].

As the global focus on OWFs increases, the question of safe and dependable power
transmission becomes critical. Since most RESs, including OWFs, are located far from the load
center, this is driving up demand for asynchronous and long-distance transmission systems.

The most effective and substantial option for sending large amounts of power across
long distances is high-voltage direct current (HVDC) transmission technology. As the OWFs
are at longer distances than the onshore sites, therefore, HVDC transmission is favored
over a high-voltage alternating current (HVAC) transmission system for the integration of
OWFs due to various advantages [4,8]:

1. Reduced capacitance/km as opposed to very high capacitance/km in HVAC and thus
lower power losses.

2. The interconnection of asynchronous systems, i.e., systems with different frequencies
and voltage levels, is possible.

3.  Unlike HVAC, there is no technical limit for HVDC transmission; therefore, it is a
preferred choice for the underwater transmission of electrical power from offshore
wind power systems to onshore AC networks.

4. Aneconomically viable solution for transmitting power for distances above 50-70 km.

5. Itinvolves a lesser number of conductors as compared to a three-phase HVAC sys-
tem, which requires three conductors for the transmission of electrical power in the
electrical power system.

6.  Incontrast to AC cables, DC wires have neither the skin effect nor proximity impact.

The current offshore wind HVDC operating projects are mentioned in Table 1.
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Table 1. Global offshore wind HVDC transmission projects [9].

Project Name Distance (km) Capacity (MW)  Voltage (kV) Country

In Operation

BorWinl 125 +75 400 £150 Germany
BorWin2 125+ 75 800 £300 Germany
BorWin3 130 + 30 900 £320 Germany
DolWinl 75+ 90 800 +320 Germany
Dolwin2 45 +90 916 +320 Germany
Dolwin3 80 + 80 900 £320 Germany
HelWin1 85 +45 576 £250 Germany
HelWin2 85 +45 690 £320 Germany
SylWin1 160 + 45 864 £320 Germany
Rudong 70 1100 +400 China

In Construction

BorWin5 120 + 110 900 £320 Germany

Sofia 195 1400 +£320 United Kingdom
Sunrise Wind 160 1086 £320 United States
DolWin5 100 + 30 900 £320 Germany
DolWin6 45 +45 900 £320 Germany
BalWinl - 2000 +525 Germany
BalWin2 - 2000 +£525 Germany
BalWin3 - 2000 +£525 Germany
ljmuiden Ver Alpha 120 + 60 2000 +525 The Netherlands
Ijmuiden Ver Beta 120 + 60 2000 +525 The Netherlands

As the integration of OWFs increases, their resilience remains a major challenge,
particularly when a fault occurs anywhere in the system. For AC faults, there are two
possible scenarios: an onshore AC fault or an offshore AC fault. Depending on the power
flow direction (from OWFs to onshore AC grid or vice versa), DC link over- or under-
voltage may result. If a fault happens at the onshore AC side of the MMC-HVDC system,
the onshore converter station cannot exchange power with the faulty grid. Since the
power supplied by the OWFs is uninterrupted, this creates an imbalance of power between
two converter stations. This power imbalance causes the DC link voltages to rise to an
undesirable level. If it is not appropriately managed, this situation may result in a complete
shutdown of the system, and several stability and control issues may arise. Conversely,
if the fault happens on the offshore AC side, DC under-voltage occurs, which may affect
the modulation of converter stations. As a result, current grid codes require that OWFs
remain connected to the onshore AC grid during and after a short circuit fault. To mitigate
the issues of the DC link over- or under-voltage problem, the OWF MMC-HVDC must
have fault ride through (FRT) capability. The FRT requirements of OWF MMC-HVDC
systems have drawn great attention from researchers. Recently published review papers
have briefly outlined the FRT as one of the grid code requirements, but they lack in-depth
discussion on various modern FRT techniques in both scenarios, i.e., the onshore AC side
and offshore AC side. Therefore, this review paper aims to describe current FRT techniques
for the OWF MMC-HVDC system in detail. The rest of this paper is organized as follows:
Section 2 discusses HVDC converter topologies. Section 3 briefly defines wind turbine
(WT) technologies for the integration of OWFs. A detailed discussion on FRT strategies for
the OWF MMC-HVDC system is given in Section 4. Control techniques such as master-
slave, droop control, voltage margin, and grid-forming and grid-following are described in
Section 5. In Section 6, stability analysis is given. Finally, Sections 7 and 8 present future
trends, discussion, and conclusion.

2. HVDC Converter Topologies

Connecting OWFs to the onshore AC grid requires HVDC transmission systems. It
provides a stable, economical, and controllable way to transfer power from the offshore
wind farm to the mainland AC grid through submerged cables, underground wires, and
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overhead lines [10]. The increasing need to connect isolated asynchronous systems, along
with the development of remote wind power technologies, has made HVDC transmission
increasingly common [11-13]. However, it is important to note that HVDC systems have
certain limitations. For instance, they require power conversion equipment at both the
sending and receiving ends, and they cannot change voltage levels using transformers.
Additionally, HVDC systems introduce complexities in control, necessitate reactive power,
and can produce harmonics [14]. Due to these drawbacks, HVDC was initially less favored
for electrical power transmission.

In the realm of HVDC applications, two main converter topologies are commonly
used: current source converters (CSCs) and voltage source converters (VSCs). Recently,
however, MMC has gained preference in HVDC systems. All of these are described below.

2.1. Current Source Converter (CSC)

The current source converter-based high-voltage direct current (CSC-HVDC) trans-
mission or line-commutated converter-based high-voltage direct current (LCC-HVDC)
transmission, also known as traditional or classical HVDC transmission, is an example of
today’s mature technology. Since the first commercial HVDC transmission link in between
the islands of Gotland and Sweden in 1954 [14,15], CSC-HVDC has been well developed.
Thyristor valves are used in this well-proven technology for high power applications [16].
CSC-HVDC transmission has operated with excellent reliability, simple structure, enor-
mous power capacity with less maintenance, low cost, and low power dissipation in the
last century [17-19]. Currently, its power rating reaches as high as 10 GW [20]. How-
ever, recently, CSC technology is not being given priority for the future power system
because of its several limitations [17]. These include large reactive power consumptions in
transmitting active power, the requirement for fast communication, commutation failure
during AC faults, and the necessity of an external circuit to turn on/off the semiconductor
devices. In recent years, the second converter technology, known as VSC technology, is
replacing CSC technology, as it overcomes many of the disadvantages introduced by the
CSC technology [21].

2.2. Voltage Source Converter (VSC)

In the late 1990s, voltage source converter-based high-voltage direct current (VSC-
HVDC) transmission began to be implemented, particularly in interconnected AC networks
with low short-circuit levels. This development was driven by a substantial increase in the
voltage and power ratings of semiconductor devices [22,23]. A VSC consists of insulated
gate bipolar transistor (IGBT) switches for power conversion, DC link capacitors to mitigate
ripple components in the DC link voltages, a coupling transformer, and a phasor reactor.
Due to the IGBT’s ability to be turned on and off via an electronic gate signal, the VSC
offers several advantages over the CSC, such as the following [24]: it is insensitive to the
strength of the AC network; it offers a black-start capability in the system, as well as fast and
decoupled control of bi-directional active and reactive power flow; and it can be operated
in an isolated system. Moreover, power flow reversal is possible by changing the direction
of the DC current without changing the polarity of the DC voltage [25]. This technology has
become a popular choice for integrating large-scale wind farms, as it effectively mitigates
the negative impacts of wind power fluctuations and interruptions on the electrical grid.
Due to these advantages, VSCs are the preferred choice in HVDC transmission. However,
in most cases, the VSC-HVDC has more losses, a higher installation cost, and a low power
rating [26].

2.3. Modular Multilevel Converter (MMC)

The modular multilevel converter (MMC), a type of VSC, was first created in 2003 by
Professor Rainer Marquardt [27]. Because of its numerous advantages, such as modularity,
scalability, increased reliability, transformer-less operation, and improved sine wave at the
output [27-29], the MMC is a favored choice for HVDC applications. Moreover, inherently
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improved sine wave output allows the MMC to be operated without an output filter.
Figure 2 shows the basic diagram of an MMC. One phase of an MMC consists of two
arms: upper and lower arms. Therefore, in a three-phase MMC, there are six arms (both
upper and lower) in total. All arms are identical in nature. The arm of an MMC has ‘N’
series-connected submodules (SMs), also known as cells, with an inductor Ly. The main
motivation for the use of the inductor L is to reduce the short circuit and circulating current
(CC) in the MMC. The SMs or cells are identical. Each of them can be either a half-bridge
submodule (HB-SM) or a full-bridge submodule (FB-SM). The HB-SM is given preference
in MMC-HVDC projects due to its higher reliability and efficiency. The Trans Bay Cable
project (200 kV /400 MW), which connects Pittsburgh, Pennsylvania, and San Francisco,
California, is the first MMC-HVDC link in history to use an HB-MMC [28].
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Figure 2. Schematic diagram of MMC [4].

2.4. Challenges and Future Trends in Offshore Converter Stations

Despite the growing popularity of MMC-HVDC transmission, there are certain dis-
advantages associated with the implementation of this technology. A key difficulty for
existing MMC-HVDC transmission for OWF integration is the increasing mass and weight
of offshore MMC converter stations, particularly with deeper water depths and higher
transmission capacities. This poses significant economic and technical challenges in the
construction process of the OWF platform. For example, the 30,000-ton BorWin3-Offshore
Platform came with significant costs during development and shipping [30]. Consequently,
reducing the mass and weight of the offshore converter stations has become a priority.

Generally, in defining the overall mass of an offshore converter station, the sizing
of the SM capacitor in an MMC plays a crucial role, with SM capacitors accounting for
approximately 60% of the total mass [30]. Therefore, efforts to reduce the size of these
capacitors could significantly decrease the weight of offshore installations. However, this
reduction brings a significant challenge: it leads to increased voltage ripples in the capaci-
tors, which can compromise the operational safety and reliability of the MMC. To manage
this issue, various topologies have been proposed in the literature to mitigate capacitor
voltage ripples. Prominent configurations include the clamped single SM, clamped double
SM, modified active neutral point clamped SM, and cross-connected SM. A comprehensive
discussion of converter topologies specifically designed for OWFs can be found in [9].

In addition to exploring new topologies, optimizing control methods presents another
promising approach to minimizing SM capacitance. Recent studies have also introduced
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innovative hybrid HVDC systems [31] and diode rectifier-based HVDC (DR-HVDC) so-
lutions [32]. These methods leverage the advantages of both CSCs and VSCs to achieve
reductions in weight and cost for offshore converter stations. A notable example of the
hybrid HVDC technology in action is the multi-terminal UHVDC project currently under
construction in China. This project facilitates power transmission from the Wudongde
Hydropower Station to the Guangdong and Guangxi Grid. It employs a unique setup in
which the transmitting end utilizes &+ 800 kV /8000 MW LCC-UHVDC technology, while
the receiving end incorporates = 800 kV VSC-UHVDC technology [26].

3. Wind Turbine (WT) Technologies

Wind turbines (WTs) play a crucial role in converting wind energy to mechanical
energy. A WT captures the kinetic energy of the wind and transforms it into mechanical
energy, which is then converted into electrical energy by a generator. The WTs are mounted
on a tower to capture the maximum energy from wind. The major components of a WT can
be broken down into four groups [33,34]:

e  Rotor components: include the blades for converting the kinetic energy of wind to
low-speed rotational energy.

e  Drivetrain components: usually include a gearbox or adjustable speed drive to increase
the rotational speed from the low-speed rotor shaft to the high-speed generator shaft.

e  Generator components: consist of a generator and the associated power electronic
control systems.

e  Structural support components: consist of a yaw system that orients the WT’s rotor
towards the wind direction and a tower.

Four basic types of modern WT technologies have been identified in the literature.
They are classified according to the types of wind generators and power electronics con-
verters that are employed [32].

3.1. Type I WT Technology

Type I WT technology is the simplest technology based on a squirrel-cage induction
generator (SCIG) with a fixed rotor resistance. It consists of an aerodynamic rotor that
drives the low-speed shaft, a gearbox with a fixed ratio that couples the WT rotor with the
generator, a capacitor bank, a step-up transformer, and a soft starter [35]. This type of WT
usually functions at a constant speed, which is generally linked with the grid frequency.
The gearbox is connected to the grid via a step-up transformer. The soft starter controls
the inrush current, and a capacitor bank supplies compensating reactive power [36]. The
fundamental advantage of this technology is its simplicity in control and inexpensiveness.
Since this WT technology operates at a fixed single rotation speed, the wind speed needs to
be high enough to rotate it around the synchronous speed. There are various disadvantages
of this technology, such as its inability to operate at variable wind speed, which limits
the maximum power extraction from the wind energy, noisy operation, high mechanical
stress, and it being prone to grid disturbances [32]. Because Type I WTs do not possess the
ability to absorb wind gusts, they are therefore primarily used in small to medium-sized
utility-based applications and are less effective to operate in harsh wind environments [37].

3.2. Type I WT Technology

Another form of WT technology is Type II, which is a modification of Type I WT
technology. It consists of the same components as the Type I WTs, including an aerodynamic
rotor that drives the low-speed shaft, a gearbox with a fixed ratio that couples the WT
rotor with the generator, a capacitor bank, a step-up transformer, and a soft starter [35].
The key difference is that a wound-rotor induction generator (WRIG) is used instead of
an SCIG, and a variable resistor is implemented in the rotor circuit using power electronic
devices. The purpose of this rapid rotor current controlling is possible through this variable
resistance, which in turn contributes to maintaining consistent power under challenging
wind conditions [38]. The main advantage of this technology as compared to Type I is
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the possibility of the limited variable speed operation by changing the slip. However,
this causes increased power losses in rotor resistance and higher costs associated with
the power electronic devices [32]. Due to their limited variable speed operation, Type
II WTs are primarily used in small industrial applications, remote/isolated areas, and
utility-based applications.

3.3. Type 111 WT Technology

In this WT technology, a WRIG is used that is directly connected to the grid via
the stator, while a back-to-back (B2B) converter powered by power electronics is used to
connect the rotor to the grid. It is also referred to as a doubly fed induction generator (DFIG)
in some literary works. The main components of Type IIl WT technology include a rotor,
a partial-scale converter (which allows for a 30% variation in speed around synchronous
speed), a gearbox, and a transformer [39]. The power converter consists of a grid-side
converter (GSC), a rotor-side converter (RSC), and a DC link. The function of the B2B
converter is to inject active power from the rotor to the grid in the event that the rotor
speed exceeds the synchronous speed (super-synchronous speed) in order to run the WT
at variable wind speeds. Conversely, the reactive power from the grid is absorbed and
fed back into the grid in the event that the rotor speed falls below the synchronous speed
(sub-synchronous speed) [40]. The speed control is aided by the rotor-connected RSC, while
the GSC at the grid connection point can make up for the DFIG’s reactive power need. A
key advantage of this technology is that the need for capacitor banks for reactive power
compensation and soft starters is eliminated. Additionally, because of the flexibility to
operate at variable speeds, high reliability, and resilience, they are widely used in harsh
environments such as offshore wind installations [32], where they can handle gusty winds
and extreme weather conditions.

3.4. Type IV WT Technology

This technology utilizes either a WRIG or SCIG. Additionally, permanent magnet
synchronous generators (PMSGs) are also increasingly being used in offshore wind ap-
plications. The main components of Type IV WT technology include a rotor, a full-scale
converter (which allows the WT to operate at a wide range of speeds), a gearbox, and a
transformer [39]. The full-scale converter includes a GSC, an RSC, and a DC link [41]. The
stator is connected to the grid through this full-scale power converter. This method has
an advantage of completely and effectively separating the generator’s characteristics from
the grid, which enhances the fault response. Thanks to the full-scale converter, this WT
technology enables operation over a broad speed range, improving the wind power plant’s
ability to extract more electricity. Type 4 WTs handle the entire power output, in contrast
to DFIG turbines, which only handle 30-40% of the total power. Because there is no rotor
winding (in the case of PMSG), this WT technology has lower losses, higher efficiency, and
an overall smaller generating unit size. Among the current WT technologies, this is the
only one that offers islanding operation [32], allowing OWFs to function independently
when they are not connected to the power grid. Because of their maximum flexibility, high
resilience, and fault ride through capabilities, they are preferred for operation in extreme
weather conditions such as offshore wind applications [37]. A more detailed review on
these WT technologies has been presented in [42]. Figure 3 shows the WT technologies.
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Figure 3. Wind turbine technologies: (a) Type I Fixed Speed Wind Turbine, (b) Type II Variable Speed
Wind Turbine, (c¢) Type III Wind Turbine, (d) Type IV Wind Turbine [32].

4. FRT Strategies for OWF MMC-HVDC System

Due to the recent grid code requirements, it is necessary for the OWFs to stay connected
to the onshore AC grid even if they face any fault. Therefore, FRT capability is required
for the OWF MMC-HVDC system. The fault can happen anywhere in the system, at the
onshore AC side or offshore AC side. At this point, it is essential to note the direction
of electrical power flow and location of the fault in the MMC-HVDC system. Usually,
electrical power is generated by OWFs placed in the ocean, and this power is transmitted
to an onshore AC grid through the MMC-HVDC transmission system. However, when
the offshore platform not only consists of OWFs but also offshore AC loads, in this case,
power can flow from the onshore AC grid to the offshore loads. Therefore, depending on
the power flow direction (from OWFs to the onshore AC grid or from the onshore AC grid
to the offshore AC load) in the MMC-HVDC system, DC link over- or under-voltage may
occur. DC link overvoltage impairs the insulation in the HVDC equipment and converters,
whereas DC under-voltage may result in modulation issues [43]. Therefore, it is necessary
for the OWF MMC-HVDC system to sustain the faults by riding through them. In addition
to the faults on the onshore AC side or offshore AC side, the fault can also happen at the DC
transmission line connecting the OWFs to the onshore AC grid. However, in this section,
we will restrict our discussion to AC faults only.

4.1. Fault at Onshore Side

Depending on the location of faults, onshore AC faults may be categorized into
the following:

e  Grid-side faults: This type of fault often happens closer to the converter transformer’s
grid side and is outside the onshore converter station [44];

e  Valve-side faults: This type of fault occurs inside the converter station in between the
converter station and converter transformer [45]. This section describes grid-side faults.

When a fault happens at the onshore AC side and the power flow direction is from the
onshore AC grid side to the offshore load side, a voltage dip at the onshore AC side can
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result in a power shortage in the HVDC system [46]. However, when a fault happens at the
onshore AC grid side and assuming that the power flow direction is from the OWF side
to the onshore AC grid side, there is a considerable voltage dip at the point of common
connection (PCC) that connects the onshore MMC to the onshore faulty AC grid. The
result of this abrupt drop in AC voltage is a substantial reduction in the onshore MMC’s
output power. Due to this drop in power, an imbalance in power occurs in the HVDC
link; this is because the onshore MMC cannot exchange power with the faulty AC grid
while the offshore MMC, which is on the other side of the HVDC link, is still able to do
so [47]. This leads to excessive power being developed in the HVDC system. If this is
not properly controlled, it can result in a rise in the HVDC link voltage to an undesirable
level. This puts excessive stress on the HVDC equipment and raises the possibility that
protection devices may activate early, leading to the disconnection of the converter station
from the AC grid [48]. There is also a risk to the onshore power system’s safety because
the offshore power has a direct connection to the load center [49]. On the other hand,
the utilization rate of offshore wind power is significantly reduced [50]. To guarantee
the best possible grid support, recent grid codes require that HVDC converter stations
maintain a steady operational connection to the grid during such PCC voltage situations.
The FRT characteristics of the HVDC converter station enable the realization of this goal.
This section specifically focuses on AC FRT schemes for OWFs connected to an onshore
AC grid through the MMC-HVDC system. An extensive amount of research has been
carried out to overcome the DC link overvoltage problem in the OWF MMC-HVDC system.
The literature review suggests five main solutions for the fault ride through, which are
described below.

4.1.1. Dissipation of Excessive Power

One of the techniques to solve the issue of the power imbalance between two converter
stations and thus the DC link overvoltage problem is the dissipation of the excessive power
through a dedicated circuit called an energy-diverting converter (EDC) or dynamic braking
resistor (DBR), which is popularly known as a chopper. This FRT technique for the OWF
MMC-HVDC system is based on a simple control strategy that is activated when the DC
link voltage exceeds the setpoint. The chopper can be either a DC chopper or an AC chopper.
The FRT scheme based on the implementation of a chopper has been well described in [51].
Figure 4 shows an OWF MMC-HVDC system with a DC chopper installed at the onshore

DC side.
—o—{( (—— >
T

I “x e N :
2 8 s Chopper 5 || < .9
— : P N

SEC HVDC Transmission REC  ° 8

1)

g

Figure 4. MMC-HVDC system with a DC chopper [52].

The primary benefit of this technique is that it can maintain a steady DC voltage
quickly. For example, a study performed on a £580 kV, 850 MW MMC-HVDC system
in [4] shows that when a fault at the onshore AC side occurs at t = 6.5 s, the active power at
the onshore MMC1 converter station side becomes zero as shown in Figure 5b [4], while
the active power supplied from the OWF through MMC2 remains unaffected. This active
power from the OWF is dissipated in the DC chopper as shown in Figure 6 to avoid
a power imbalance between the sending and receiving sides, thus keeping the DC link
voltage within the safe limit quickly without affecting the WT output power. After the fault
is cleared at t = 6.8 s, the DC link voltages return to the pre-fault value of 580 kV.
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Figure 5. (a) DC link voltages at MMC converter stations 1 and 2. (b) Active power at MMC converter
stations 1 and 2 [4].
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Another benefit of this scheme is that the wind output power is uninterrupted; there-
fore, the mechanical stress on the wind turbines is reduced. However, it has certain
disadvantages; the EDCs/DBRs are designed for the worst-case scenario, making it bulky
and costly equipment; additionally, heat is produced when energy is lost through resistance.
To mitigate these issues, the operation needs to be minimized because installing cooling
devices comes with higher expenditures [53].

Due to the limited space on offshore platforms, an EDC/DBR at the offshore side
is not installed; therefore, its installation at the onshore DC side is a viable solution for
the OWF HVDC [9]. Since extra capital cost and the weight of the chopper have been
considered the major drawbacks of this scheme. Therefore, some literary works suggest
different modifications of DC choppers to make them cost-effective, such as integrated
energy dissipation equipment (IEDE-MMC) combining the advantages of the MMC and
chopper, which has been proposed in [54]. In reference [55], a low-cost DC chopper with
a coupling transformer (CT-DCC) has been proposed. A detailed discussion of various
topologies of DC choppers can be studied in [56].

4.1.2. Reduction of Offshore Wind Power

Apart from the surplus power dissipation method in DC/AC chopper resistance, the
second method is the reduction of the surplus OWF power (Pyinq) to match it with the
onshore AC grid power (Pgriq) through direct communication between the onshore and
offshore MMC converter stations by an optical fiber or wireless communication as shown
in Figure 7. This method of FRT has been proposed in [57-61]. In this, the maximum
transferable power at the receiving-end converter (REC) is calculated in the event of
fault detection, and the result is communicated to the sending-end converter (SEC) via a
communication link. The reduction factor may be computed using this result and the OWF
output power. The WT receives this result and adjusts its output accordingly [40]. There
are two major drawbacks of this communication-based power reduction method: First, if
by any chance the communication cable fails to transfer the signal, it may cause a problem
in riding through the fault. Second, it has inherent communication delays. Other power
reduction methods in which communication can be avoided are (a) OWF’s AC voltage
control or (b) OWF’s frequency control. Both are described below:
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e  OWF’s Power Reduction through AC Voltage Control: In this method, the DC link
voltage is taken as a reference rather than taking the maximum transferrable power
of the REC (as was the case for the communication-based power reduction method).
In the occurrence of a fault at the onshore AC side, the DC link voltage exceeds the
threshold value. This reduces the offshore AC grid’s voltage, which in turn causes a
reduction in the active power. A local controller needs to be added at the MMC-HVDC
converter station that proportionally decreases the AC voltage in response to the rise
in the DC link voltage [62]:

Vac = Vucyef - kdc/ac X (Vdcn,f - Vdc) (1)

where V) is the magnitude of the OWF’s AC voltage, V,, y is the AC voltage magni-
tude reference, k; ;. is the droop gain, V. p is the DC voltage reference, and finally,
V. is the actual DC voltage. Although the AC voltage reduction obviates the commu-
nication link and power reduction can quickly be achieved [62], this method causes
mechanical stress on the WTG drivetrain and electrical stress on the IGBTs of converter
stations [56].

e  OWF’s Power Reduction through Frequency Control: Similar to the AC voltage control
method, the DC link voltage is taken as a reference in this method. When a fault occurs
on the onshore side, the offshore frequency is increased, which results in the power
reduction. To achieve that, a local controller is added at the offshore MMC-HVDC
converter station that proportionally increases the AC grid frequency in response to
the rise in the DC link voltage [62]:

foffshore = fref + kdc/f X <Vdc,ef - Vdc) 2)

where f ¢ fshore is the actual OWF’s frequency, f,.r is the reference value of the offshore
frequency, and k., is the droop gain. For type I WTs, this is a natural response
output power that is directly linked to the slip. However, for converter-based WTs,
fast frequency control needs to be implemented, which reduces the output power with
increased frequency [63].
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Figure 7. MMC-HVDC system with communication links [63].

Several studies have been performed based on these concepts. For example, achieving
AC fault ride through in the case of bidirectional power flow in the OWF MMC-HVDC
system with an offshore AC load has been proposed in [41,55]. The methods rely on the
curtailment of the AC voltage of the offshore converter based on the DC current and voltage
of the converter. In reference [64], an optimized AC fault ride through strategy merging
the features of voltage margin control (discussed in Section 5.2) and indirect DC voltage
control is proposed.

4.1.3. Storage of Excessive Power in a Flywheel

In addition to the above FRT techniques, the literature review suggests another tech-
nique of storing excessive power in case of fault occurrence. In such cases, excessive power
is stored in energy storage devices (ESDs). Although there are several energy storage



Energies 2024, 17, 5308

12 of 25

devices such as battery energy storage systems (BESS), capacitors, and super-capacitors,
the flywheel energy storage devices (FESDs) are preferred. FESDs are identified as a crucial
technology because of their good performance such as increased power density and high
efficiency, and they can be employed in the correction of power conditioning, frequency
regulations, and voltage sag. FESDs are used for two main purposes, which are power lev-
eling and the storage of excessive power. They also have a higher energy density, charging
and discharging cycles, and lifetime [65].

To control the DC link voltage under faults, and to deal with the issue of power
fluctuations, ref. [66] proposes an energy control scheme based on a permanent magnet
synchronous motor (PMSM)-based FESD for the PV-wind-MMC-HVDC. The energy control
scheme serves three purposes: (a) control the DC link voltage in the occurrence of AC
faults; (b) handle intermittency brought on by fluctuations in the generation of RESs;
and (c) absorb excess energy during abrupt changes in load. The authors claim that
the recommended approach removes the need for an EDC/DBR from the HVDC link
without actively lowering the power of RESs during low-voltage faults. The effectiveness
of the proposed FESD’s controller is tested for different faults. A scenario is considered in
which line-line (L-L) fault occurs, causing PCC voltages to drop by 40% to 70%, and the
transferred active power is reduced, which in turn causes DC link overvoltage in the HVDC
transmission link. When the DC link voltage exceeds 1.1 P.U., a reference power command
in power tracking mode for GSC is generated according to the proposed control scheme to
keep the DC link voltage within the desired limit. It can be seen in Figure 8 [66] that the
actual power transferred to the PMSM follows the reference power. Furthermore, the DC
link voltage controller of the PMSM sends the DC link voltage error into the controlling
current that causes an increase in the speed of the FESD from 0.562 P.U. to 0.568 P.U. as
shown in Figure 8 [66].
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Figure 8. Power injected to PMSM and flywheel speed during L-L fault [66].

4.1.4. Coordination Between Converter Stations

Coordination between two converter stations is another technique to resolve the issue
of the HVDC link overvoltage problem. In this method, the HVDC link voltages are
continuously monitored and compared against the reference voltage level. Under normal
conditions, the DC link voltages must be within the defined range. However, if any fault
occurs, it causes the DC link voltages to rise, and converter stations become active to
take further action. This has been proposed and implemented by taking the HVDC link
voltages as the reference voltage level in [67-70]. A coordinated FRT control strategy for
MMC-HVDC connected offshore wind farms based on the wind farm side MMC’s injection
of sequence harmonics is proposed in [71]. A two-mechanism strategy is described to
ride through the fault based on master and slave converter stations regulating the DC
voltage and active power, respectively. The method is communication-free, uses local
measurements for fault detection, and has been tested on 28 possible fault scenarios [72].
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4.1.5. Storage of Excessive Energy in SM Capacitance

Apart from the aforementioned FRT techniques for onshore-side AC faults, the current
research trend is to utilize the internal capacitance of MMC SMs to solve the DC link
overvoltage issue by absorbing excessive energy when any fault occurs on the onshore side.
Using this concept, a communication-free, additional-device-free energy optimization con-
trol scheme is proposed in [73], in which the MMC-HVDC system’s energy storage capacity
has been utilized to store the excessive energy during the fault, taking into account the
grid-forming and grid-following controls on the onshore MMC. The proposed FRT scheme
has been tested on the RTDS simulation platform. Reference [18] proposes a multistage
sequential network energy control strategy to ride through offshore AC asymmetrical faults.
By using the parameters of the Shantou-Zhongpeng II (China) OWF project, active energy
control (AEC) based on the decoupling of the sub-module capacitor voltage and DC voltage
is proposed in [74] for AC FRT without any additional device such as a DC/AC chopper.
Figure 9 [74] shows how AEC implementation affects the energy variation characteristics
of the grid-side MMC (GSMMC) and wind farm-side MMC (WFMMC). Without AEC, the
energy of the GSMMC rises rapidly when AC fault occurs. The converter station will be
blocked when the sub-module (SM) voltage exceeds the threshold. However, with AEC,
the grid-side MMC (GSMMC) receives the fault signal within 5 ms and thus starts the AEC
process. With the fault duration of 100 ms, both the GSMMC and WFMMC energy reach
a maximum value of 2.25 P.U. Therefore, the AEC scheme can aim for a time of around
100 ms under severe fault while suppressing the surplus power.
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Figure 9. (a) Three-phase to ground fault with AEC off. (b) Three-phase to ground fault with AEC
on [74].

Similarly, by utilizing the internal energy of the MMC to control the surplus power
in the DC link, a dynamic reactive current optimization (DRO)-based ACFRT scheme in
which the GSMMC actively adjusts the active and reactive current command has been
proposed in [75]. Combining the features of DRO and AEC and improving the deficiencies
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of [74], multi-mode matching approach is used in [76], where mode-I is responsible for
active energy control consistent with [74], mode-II dynamic reactive current optimization
activates only when the fault level is reduced, and finally, mode-III is energy coordinated
synchronous (ECS), which coordinates between the GSMMC and WFMMC to absorb the

maximum energy.

4.1.6. Valve-Side Fault

As described in Section 4.1, onshore AC faults are categorized into grid-side AC faults
and valve-side AC faults. For the valve-side AC fault, ref. [44] has investigated how the
valve-side faults spread from the onshore converter stations to OWFs through the HVDC
link and offshore converter station. The authors have also proposed a strategy that is based
on zero sequence voltage modulation to suppress the DC link overvoltage. Mathematical
analysis of MMC valve-side AC faults is studied in [77,78]. The theoretical analysis of
MMC valve-side single line-to-ground (SLG) faults is given in references [79,80]. Per the
literature review, valve-side faults have not received much attention from researchers.

4.2. Fault at Offshore Side

When an offshore AC fault occurs, a sudden reduction in voltage might cause overcur-
rent in offshore HVDC converter stations. To restrict the fault current, various studies have
been performed, such as in [81], where the current-voltage droop approach is proposed to
modify the output voltage reference based on offshore three-phase current measurements.
The control and operation systems during asymmetrical offshore AC faults are problem-
atic for HVDC-connected OWFs due to MMC performance issues such as output current
distortions, DC link voltage, and oscillations in output power. Compared to onshore AC
faults, offshore AC faults have received significantly less attention from researchers. Table 2
presents a summary of the FRT strategies used for OWF MMC-HVDC systems.

Table 2. Summary of FRT strategies.

Fault Location = Challenge Method of FRT Communication Limitation/Performance References
. Extra capital cost
(i) AC/DC No Extra weight [4,52,82-85]
Chopper ;
and size
(ii) Power Reliability issues
Reduction Yes and cost [63,86,87]
Onshore Sid DC link overvoltage due (iii) Flywheel No Extra capital cost [66,88,89]
nshore side to power imbalance Energy Storage
(iv) Coordination
Between No [62,72]
Converters
(v) Energy Offshore wind
optimization of No energy waste [73]
MMC converters is avoided
Both onshore and
(i) Current-voltage
Overcurrent of offshore droop method No Offi;(ﬁe faulr’; ared [81]
Offshore Side HVDC station/Post fault scenarios compare
AC voltage recovery (ii) Modified
negative sequence - Post fault AC [72,90]

voltage controller

voltage recovered

4.3. Economic and Size Challenges of FRT

Although the use of energy storage systems (ESSs) and DC choppers does not need
any modifications in OWFs for FRT applications in offshore wind farms (OWFs), several
criticisms have emerged in the literature regarding their cost, weight, and size. Furthermore,
economic constraints pose significant challenges. The placement of ESDs and choppers at
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offshore locations can lead to bulky offshore converter stations, which complicates logistics
and design. In addition to the initial capital expenditure, ongoing costs such as installation,
operation, and maintenance—particularly for FESDs—further contribute to the overall
economic burden. For example, the cost of ESD can be categorized in ESD cost, which is
the cost per unit power output (USD/kW) and cost per unit energy stored (USD/kWh) and
some additional cost for power conditioning units (power converters), construction, and
operational maintenance costs. Overall, the cost can be calculated as follows [65]:

Cost = A x Power + B x Energy + Csc 3

A represents the cost per unit power output (USD/kW), B is the cost per unit energy
stored (USD/kWh), and C; is the additional system costs (USD). Given the logistic and
shipping challenge of choppers, the current research trend is to install the chopper on the
DC side of the onshore converter station. This strategy not only alleviates the space and
weight concerns associated with offshore installations but also streamlines the offshore
converter platform, making it more manageable and cost-effective. Furthermore, low-cost
choppers with fewer components are also being proposed.

5. Control Schemes for OWF MMC-HVDC Systems

The integration of OWFs in grids is a challenging mission that requires enhanced
control schemes to maintain the safe operation of the system that originates from offshore
site to onshore grid. There are two general approaches that have been broadly used on
the converter stations [91]: Approach 1 involves controlling the active (P) and reactive
power (Q) in the wind farm converter station, as well as the DC voltage (V) and Q in the
grid converter. On the contrary, in approach 2, the P and AC voltage (V) are controlled
in the wind farm converter, while V. and Q are controlled at the grid side converter.
Approach 2 is determined to be more appropriate, resulting in smaller oscillations of P,
Q, and V. during a fault. However, for the integration of OWFs to the onshore grid, it is
preferable to use AC voltage control rather than reactive power regulation [91]. The control
and operation of the MMC-HVDC system with OWFs has been well described in [92,93].
Regarding the control of P and V ;. in OWFs MMC-HVDC systems, typically two main
control techniques are used: master-slave control and droop control. However, there is a
third control strategy called voltage margin that is also being given much attention in the
literature. The section below describes all three control approaches.

5.1. Master-Slave Control

In this control strategy, one converter station serves as the master with constant DC
voltage control, while the other converters serve as slaves with constant active power
control, while reactive power can be regulated independently on both AC side convert-
ers [66]. The fundamental disadvantage of this control technique is that the failure of
the master converter causes an abrupt outage in the entire power network, leading to
compromised DC voltage control in this strategy [94]. Furthermore, this control approach
involves connecting the master converter to a stiff AC grid to quickly condition the DC
grids and prevent negative effects on the AC side [95].

5.2. Voltage Margin Control

This control approach is an extended form of the master-slave strategy [95]. This
control method primarily employs a DC voltage controller with an output limiter. To avoid
overcurrent in converter valves, a limiter is employed to restrict the reference d-axis current
to an upper and lower value. Thus, the converter’s active power is limited to a specific
range. It is important to note that the DC voltage controller can maintain a constant DC
voltage within predefined limits if the active power flowing through the converter is within
the defined limit [96]. Furthermore, the converter cannot control the DC voltage if the
active power exceeds its limits. Thus, if during the rectification mode, the active power
exceeds +Py;y (refer to Figure 10), the DC voltage decreases as the converter reaches its
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maximum power rating. However, if during the inversion mode, the power exceeds —P,,;;,,
the DC voltage will rise since the converter cannot remove enough energy from the system.
When the converter’s active power reaches the lower limit, the controller loses control over
the DC voltage. Even if the active power remains constant, the DC voltage rises from the
2-1 line. When the converter’s active power reaches its upper limit, it loses control of the
DC voltage, causing it to drop down the 4-5 line [97]. Therefore, choosing the right voltage
margin is crucial. A small margin can cause unwanted displacement of the main power
converter, while a large margin can result in the under-utilization of the HVDC system
capacity [98]. This control strategy has been used in [64,70,99] for fault ride through in
point-to-point HVDC systems. This control approach is unstable, as in master-slave control,
where the failure of the master converter causes fluctuations in the DC voltage.

VDCbus
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1 Rectification Mode
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E Inversion Mode 5 E
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'Pmax Plower 0 Pupper +Pmax

Figure 10. DC bus voltage vs. power characteristic of the DC voltage controller [96].

5.3. Voltage Droop Control

In contrast to master-slave and voltage margin control, which are centralized, droop
control is a decentralized control approach [100]. Therefore, this approach avoids the need
for the dependency of the DC voltage control on one converter station. The basic principle
is that this control strategy enables multiple offshore wind farms (each connected to an
MMC-HVDC system) to share active power generation proportionally to their capacity.
Converter stations with higher droop contribute more to DC voltage control, therefore
resulting in a lesser power share. By using local information without quick transmission,
this technique forces every converter station to take part in the imbalanced power burden-
sharing program and reduce DC voltage variation at the same time [101]. As a result, droop
control is being used in the VSC-MTDC system more and more, especially in cases when
communication is poor [102]. Despite their widespread use nowadays in HVDC system:s,
they have two intrinsic limitations, which limit their use in actual projects. The first issue
is that this technique cannot accurately control the active power of each converter station,
which is not convenient for the dispatch department. The second is that the DC voltage will
fluctuate if it is under droop control, resulting in active power fluctuation throughout the
hybrid DC system [103]. The above-mentioned control strategies are termed as low-level
control strategies in [95].

5.4. Grid-Following (GFL) and Grid-Forming (GFM) Control

Based on the control characteristics, inverter-based resources (IBRs) can be categorized
into GFL and GFM controls. In recent literary works, GFM control strategies have been
given much attention for integration of OWFs. GFM control, traditionally known as
voltage-injecting control, is the ability of a power source such as OWFs to maintain the
voltage and frequency even if no stiff AC grid is available. In GFM control, the OWF acts
as an independent voltage source with low series impedance; thus, OWFs can operate
in islanded mode. It is expected that they will help stabilize the grid even when no
synchronous generator is available. The current grid codes require that in the case of any
fault, the power electronic-based OWFs not only ride through the fault but also support
the onshore AC grid in restoring the system to normal operating conditions [104], which
is generally known as the black-start capability of OWFs. This grid code requirement can



Energies 2024, 17, 5308

17 of 25

be fulfilled with GFM control as it does not depend on external grids. However, the GFM
control strategies are complicated to implement, and much research is needed for their
implementation in the integration of OWFs. On the other hand, GFL, traditionally known
as a current-injecting control, is the ability of power systems such as OWFs to maintain
their voltage and frequency with an onshore AC grid. This is generally represented as a
current source with a high parallel impedance. Since in this control, OWFs rely on the
onshore AC grid or external voltage source and synchronism is performed using a phase-
locked loop (PLL), the islanded mode of operation is not supported when the onshore AC
grid or external voltage source is unavailable. However, this control is less complicated
than GFM control. A dual GFM control has been proposed in [105] for both the onshore
and offshore MMC converter stations by utilizing the energy-storing capability of MMCs.
Reference [106] describes the implementation of four GFEM controls for the black-start
by HVDC-connected OWFs. A GEM control strategy that provides inertial support and
controls the DC link voltage for OWF integration in the MMC-HVDC system has been
proposed in [107] by utilizing the internal energy of SM capacitors of the MMC to replace
the swing equation required for the virtual synchronous generator (VSG) control. A more
detailed discussion of GFM and GFL controls can be studied in [104].

6. Stability Analysis of OWF Integration in MMC-HVDC Systems

As countries around the world increase their power production from OWFs, their inte-
gration into electrical power systems is also expanding. This rise has prompted researchers
in this field to raise concerns about stability issues such as voltage stability, angle stability,
frequency stability, and transient stability. These stability issues in integrating OWFs can
occur due to any uncertain events on either the OWF side or the grid side. In recent years,
several stability-related incidents have been reported in different countries. One such
recent example involving an OWF occurred in August 2019 in England where a lightning
strike caused a stability problem, which resulted in the wind farm being disconnected [108].
To understand these concepts, this section briefly conducts a stability analysis of OWFs,
covering both small signal and large disturbance stability.

The electrical power system is inherently a complex system consisting of a power
transformer, synchronous generators, switch gears, and loads, with complex stability and
control techniques. The integration of OWFs further complicates the system by introducing
additional stability issues. OWFs that utilize MMC-HVDC systems have many power
electronic converters such as wind farm converters, MMCs, and controllers. Interactions
among these converters, or any uncertainty such as fault or disturbance at the wind turbine
or grid side, can lead to system instability [109]. This instability affects the entire system
from generation to load. As more wind farms are connected, managing the dynamic
characteristics of electric grids becomes increasingly complicated [110]. This is due to the
irregular nature of wind energy, which can change rapidly and affects the stability of the
entire electric grid system.

6.1. Small Signal Stability Analysis

It refers to the state of the system when it is subject to any small disturbance and
determines if the system returns to stable operation after the small disturbance. It is also
called small disturbance stability. The small disturbance stability is of great concern because
of the growth of VSC-HVDC systems. The outer controller of the VSC-HVDC system has
a bandwidth of 1-20 Hz. As a result, these controllers would affect the host AC system’s
electromechanical behavior. Small signal instability could be caused by a point-to-point
VSC-HVDC link’s poorly tuned control parameters [111]. By performing small signal
stability analysis, the intrinsic dynamics of the system can be obtained, which can be
utilized to adjust/tune the controller in order to maintain stable system performance [112].
To evaluate the small disturbance stability of the RES integration into power grids, generally,
two approaches, namely, eigenvalue-based analysis and impedance-based analysis, are
commonly used [113].
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6.1.1. Eigenvalue-Based Analysis

A stability study at a small disturbance level typically involves state-space models
for eigenvalue-based analysis. In this analysis, the system is represented by its state space
matrix. The state matrix’s eigenvalues can further be used to examine changes in the power
system’s operation [114]. Once the eigenvalue-based small signal analysis is performed, the
control schemes can be designed accordingly to mitigate the adverse stability issues. Several
studies have been conducted to assess the state space-based small signal stability analysis of
MMC-HVDC systems integrated with OWFs. For example, in [115], a state space modeling
of an OWF MMC-HVDC system is performed for eigenvalue-based stability, and it has been
demonstrated that the internal dynamics of the MMC (such as the capacitor voltage ripple
and circulating currents) can lead to instability. Reference [109] presents a small signal
model of a PMSG-based wind farm using an MMC-HVDC system. The total system’s
eigenvalues are investigated, and it is concluded that as the wind farm output power
increases, the system exhibits sub-synchronous oscillation (SSO), low frequency oscillation,
and weak damped oscillation modes. It is also demonstrated that the implementation of
circulating current suppression control (CCSC) can efficiently reduce oscillation instability
and improve weak damping modes. The state-space model is sometimes criticized for its
limited scalability [116]. In contrast, impedance modeling makes scaling much easier.

6.1.2. Impedance-Based Analysis

Impedance-based analysis is another method to evaluate the small signal stability
analysis of RES-dominated electric power grids. This method breaks the system into
subsystems and models their impedance separately. Then, the interconnected system’s
stability is determined using an impedance-based Nyquist stability criterion that not only
determines the system stability but also predicts the resonant frequency and margin [117].
In this regard, an impedance model of a PMSG-based wind farm with an MMC-HVDC
link was studied in [113] including the machine-side dynamics. The AC-side small signal
impedance model of an MMC based on multi-harmonic linearization is developed in [118],
and the stability of the MMC-HVDC for DFIG-based wind farm integration under small
disturbances using an impedance model has been analyzed. It is concluded that the
intersection of the amplitudes of the MMC and WF impedances around the fundamental
frequency leads to instability. The fundamental limitation of this stability analysis is that it
only considers the stability of one single point at a time. Therefore, even if the analysis can
estimate steady operation at one point, it may find instability at another point. Therefore,
for offshore wind applications, where a large number of wind power plants are connected,
it is very necessary that the impedance-based stability analysis considers the stability of all
of the buses [7].

6.2. Large Disturbance Stability Analysis

This stability analysis determines the system’s response when a large disturbance
occurs. In other words, it determines if power grids maintain synchronism when the system
faces a large disturbance due to factors such as a change in wind speed, OWF energizing,
severe faults, reduced inertia, wind generator kick-in after repair, or cable breakdown [36].
Figure 11 shows the loss of synchronism (LOS) during a severe symmetrical fault. It is
evident that during the fault, reactive current support is given priority as seen from the
injected currents observed from the phase locked loop (PLL). Low frequency oscillations are
noticed when the injected currents are referenced to the PCC voltage’s active phase angle.
This causes the PCC voltages to be distorted and eventually collapse in voltage. From this
example, it is evident that when a system experiences large disturbances, it is necessary
to conduct a large disturbance analysis as the small signal model-based stability analysis
becomes invalid as it fails to characterize the power system’s synchronism dynamics. In
large disturbance stability analysis, a rigorous model-based electro-magnetic transient
(EMT) simulation is typically undertaken to ensure stability [7]. In this regard, an EMT
model of a 2 GW offshore network has been proposed in [119] that links four OWFs to two
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onshore systems via two MMC-HVDC transmission systems, and direct voltage control
(DVCQ) is implemented to mitigate the stability issues. The proposed model is validated on
PSCAD under different fault scenarios. The frequency control strategy has been proposed
and tested on a reduced equivalent Electric Reliability Council of Texas (ERCOT) system
under severe disturbances in [120]. The loss of synchronism (LOS) mechanism of the OWF
MMC-HVDC system has been examined in [121], and the stability index based on the
Lyapunov function is proposed to quantify the transient synchronization stability (TSS)
of the system. It is shown that an effective way to enhance transient stability is to inject
reactive current.

Time [s]

Figure 11. LOS mechanism during a severe symmetrical grid fault. (a) Unstable PLL frequency,
(b) DQ-axis currents relative to the PLL phase angle, (c) DQ-axis currents relative to the actual phase
angle of the PCC voltage, and (d) three-phase voltage at the PCC [122].

7. Future Research Trends and Recommendations

As the world is focusing more on integrating offshore wind energy using MMC-HVDC
transmission systems, the reliability and resilience of electrical power systems are the major
areas of concern. Therefore, it is of utmost importance to adopt advanced control techniques
that can help improve the system’s ability to stay connected even when a fault occurs. This
requires a thorough investigation of the FRT techniques of the MMC-HVDC system. This pa-
per has attempted to present the current AC FRT schemes being proposed by the researchers.
Per the literature review, future trends can be categorized into four major sections: First,
regarding the development of advanced control techniques, to enhance the FRT capability
of OWF MMC-HVDC systems, communication-based and communication-free control
techniques are being proposed. As mentioned earlier in Section 4.1.2, communication-based
FRT techniques come with the two major drawbacks of inherent communication delay and
reliability; therefore, there is meager attention being given to these communication-based
FRT schemes in the literature. In response, future trends are moving more towards adopting
advanced control techniques that are communication-free. However, the communication-
free algorithms are in the developing stage and are not mature enough. Therefore, this
needs a thorough investigation before their implementation in the integration of OWF
MMC-HVDC systems. Second, the integration of FESDs is another growing area to ride
through the fault in the MMC-HVDC system. They can help improve the system’s stability,
provide quick power support, and mitigate the effect of faults. However, for its imple-
mentation, a cost perspective should be considered. To effectively ride through the fault,
precise fault detection and isolation is another growing aspect in the integration of OWFs
in the MMC-HVDC system. In this regard, several works aiming to improve the sensor
technology and monitoring systems are being explored. Moreover, deep learning methods
are also being developed to separate the critical and non-critical faults and thus isolate the
faulty parts of the systems. Finally, the converter’s weight and cost are major hindrances in
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HVDC transmission. The provision of fault blocking capability by the converter is another
aspect. In this respect, there are various other converter topologies such as a combination
of LCC and VSC (hybrid HVDC) and DR-HVDC that are being explored.

8. Conclusions

In the global efforts to decarbonize the planet, resolve global warming issues, and
remove the negative effects of fossil fuel-based energy sources, world countries are shifting
their priorities from fossil-based to renewable energy sources. Wind energy, particularly
offshore wind energy, has emerged as a greener, environmentally friendly, and viable
renewable energy source. Per the literature review, HVDC transmission systems have
several advantages over HVAC transmission. Out of LCC and VSC converter topologies,
VSC, specifically MMC, is a preferred choice for HVDC transmission due to several reasons.
However, the integration of OWFs into traditional AC grids is a challenging task as any
fault, anywhere in the system, either at the onshore AC side, offshore AC side, or the HVDC
link, results in various negative consequences and may lead to reliability issues. Therefore,
it is of great importance that advanced FRT and control techniques be investigated. This
review article attempted to present an overview of recent AC FRT techniques for OWF
MMC-HVDC systems. This article first summarizes the current trend in the converter
topologies for the integration of OWFs such as hybrid HVDC and DR-HVDC. An in-depth
comparison among LCC, VSC, and MMC converter topologies has also been presented.
Furthermore, various wind turbine generator topologies have been summarized. This
paper then presents in detail the five major FRT techniques for OWF MMC-HVDC systems.
The stability analysis and control techniques for the integration of OWFs is presented,
followed by a discussion on research trends in the field.
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Abbreviations

The following abbreviations are used in this article:

MMC  Modular Multilevel Converter
HVDC High-voltage Direct Current
HVAC High-voltage Alternating Current
OWEF  Offshore Wind Farm

LCC Line-commutated Converter

VSsC Voltage Source Converter

VSG Virtual Synchronous Generator
FRT Fault Ride Through

RES Renewable Energy Source

PMSG  Permanent Magnet Synchronous Generator
WRIG  Wound Rotor Induction Generator
DFIG  Doubly-fed Induction Generator
B2B Back to Back

CSsC Current Source Converter
LOS Loss of Synchronism
IBR Inverter-based Resource

GFM  Grid Forming
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