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Abstract: This study presents an improved, communication-free Fault Ride-Through (FRT) strategy
for type-3 and type-4 wind turbine integrated modular multilevel converter-based high-voltage direct
current (MMC-HVDC) systems in offshore wind power plants (OWPPs). The research aims to enhance
the reliability and resilience of OWPPs by ensuring their connection with AC grids remains intact
during and after faults. Simulation results conducted on a 580 kV, 850 MW MMC-HVDC system using
PSCAD/EMTDC software v.4.6.2 demonstrate quick post-fault recovery operation and the ability to
effectively manage DC link and capacitor voltages within safe limits. Furthermore, the circulating
current (CC) and capacitor voltage ripple (CVR) remain within acceptable limits, ensuring safe and
reliable operation. The study’s major conclusion is that the proposed FRT strategy effectively mitigates
the adverse effects of short circuit faults, such as a rapid rise in DC-link voltage, on the performance of
the MMC-HVDC system. By promptly suppressing DC-link overvoltage, the proposed FRT scheme
prevents compromising the safe operation of various power electronics equipment. These findings
highlight the significance of FRT capability in OWPPs and emphasize the practical applicability of the
proposed strategy in enhancing the reliability of offshore wind power generation.

Keywords: offshore wind integration; modular multilevel converters; capacitor voltage ripples;
circulating current; MMC-HVDC; fault ride through

1. Introduction

In recent decades, the world has abruptly shifted its focus from fossil fuels to renewable
energy sources (RESs) due to increased environmental concerns, limitations of existing energy
sources, and growing global demand for electricity. Wind electric power is emerged as a
typical source of clean and cost-effective energy in recent years. The offshore wind market
grew by 27.8% annually between 2011 and 2020 [1]. Europe is projected to have 300 GW of
wind energy installed by 2030, with 120 GW from offshore wind power projects [2]. In the
U.S., 40% of total electricity is expected to come from RESs by 2030, with half generated by
wind turbine generators [3]. Both onshore and offshore wind farms (OWFs) can provide wind
energy. As most areas with high wind power generation capacity have already been utilized
globally, modern OWFs are located further from onshore grids have been developed. OWFs
are favored due to their higher and more consistent wind energy potential.

For the integration and transmission of electrical power from OWFs to onshore AC
grids, a HVDC transmission system is preferred over a high voltage alternating current
(HVAC) system. HVDC is considered a promising technology due to its numerous advan-
tages, including:
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1.  Lower per-km capacitance compared to the high per-km capacitance in HVAC, result-

ing in fewer power losses,

Ability to interconnect asynchronous systems with different frequencies and voltage ratings,

Ability to transmit power over long distances,

4.  Preference for underwater transmission of electrical power from OWFs to onshore
AC networks.

® N

While HVDC transmission systems offer several advantages such as efficient long-
distance transmission and interconnection of asynchronous grids, they also have certain
disadvantages. First, HVDC systems require complex and expensive converter stations at
both ends of the transmission line, contributing to high initial costs. These converter stations
also demand specialized technical expertise for operation and maintenance. Second, the
conversion process from AC to DC and vice versa leads to power losses, although these are
typically lower than in AC systems. Third, HVDC systems are less flexible in terms of routing
power to intermediate points (tap-changing), which is more easily achieved with AC systems.
Fourth, under fault conditions, HVDC can be challenging to protect due to the lack of natural
current zero-crossings found in AC systems. Lastly, the technology for HVDC circuit breakers
is still in the developmental phase, which could pose reliability concerns.

HVDC transmission system can be categorized in two types [4-7]. The first makes
use of current source converters (CSCs), such as line-commutated converters (LCC), but
LCC technology is not favored for the future power system due to its limitations, including
limited reactive power control, the need for a fast communication network, and the need
for external circuitry to turn on and off the semiconductor devices. The second type
uses voltage source converters (VSCs), and MMC-HVDC systems are currently employed
in modern OWFs due to advantages such as independent control of active and reactive
power, instantaneous power reversal, DC fault current limiting, lower harmonics levels,
and reduced size or no need for filter circuits [8,9]. For the integration of large-scale
wind power, a four-terminal Zhangbei MMC-based DC grid pilot project was launched
in northern China, in 2020 [10]. Combining the benefits of LCC and MMC technologies,
various hybrid HVDC schemes and converters have been proposed, including a hybrid
LCC-MMC converter suggested in reference [11]. In this hybrid converter, the LCC and
MMC are connected in series on the DC side, with the MMC responsible for maintaining
the WF’s AC voltage and supply commutation voltage for the LCC.

Nowadays, it is widely recognized that large WFs with ratings equivalent to those of
conventional power plants cannot just trip immediately following a fault. Current grid
codes require WFs to have a FRT capability, even for fault durations of up to 150 ms at
zero voltage [12]. Thus, offshore WFs must be connected to the mainland AC grids by
means of MMC based HVDC transmission systems [13]. This grid code requirement poses
a challenge, as a short circuit fault at the AC side of receiving end converter station for the
offshore wind MMC-HVDC system unbalances the power produced by the WF and the
power transmitted by the sending end converter, leading to an excess of power that contin-
ues to charge the system’s capacitor and causing a rapid rise in DC-link voltage [14,15]. If
no actions are taken immediately to suppress the DC-link overvoltage, it can compromise
the safe and reliable operation of various power electronics equipment. Consequently,
it is crucial to develop a communication-free, robust AC FRT technique that addresses
both overvoltage and under voltage scenarios and can be validated through testing under
various faults across the system.

Increased CC within MMCs can lead to various adverse consequences, including
elevated power losses, component overheating, voltage instability, harmonic distortion,
and reduced system reliability. A review of the literature highlights the necessity for control
strategies that effectively address circulating currents and CVR simultaneously. In addition
to proposing a communication-free enhanced FRT technique, this research work focuses on
suppressing CC and addressing CVR issues.
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2. Comparison with Previous Research

A large body of research is carried out to address the issue of DC link overvoltage
during faults in offshore wind farms (OWFs). Four main solutions have been proposed in
the literature:

1. Dissipation of excess power through energy diverting converters (EDCs) or dynamic
braking resistors (DBRs), as discussed in [16]. The integrated energy dissipation
equipment (IEDE-MMC) combining the benefits of MMC and chopper has been
proposed in [17], and a low-priced DC chopper with a coupling transformer has been
proposed in [18].

2. Matching the surplus WF power with the onshore AC grid power through direct com-
munication between converter stations, as proposed in [19-23]. This is done through
power curtailment, reducing wind farm AC voltage, and increasing frequency, leading
to power reduction, as discussed in [24]. An optimized AC FRT strategy combining
voltage margin control and indirect DC voltage control has also been proposed.

3.  Storing excess power in flywheel storage devices such as batteries, capacitors, or
super-capacitors.

4. Coordinating between converter stations by taking HVDC link voltages as the refer-
ence voltage level, as proposed in [25-29].

It's important to note that the solutions previously discussed primarily focus on
managing DC link overvoltage, assuming that the fault originates from the receiving
end converter station. However, these investigations do not attend to the issue of DC
link undervoltage, in scenarios where the fault is presumed to occur at the sending end
converter station. Additionally, these studies fail to consider control over internal dynamics,
such as CC and CVR.

Numerous methods to suppress CC and alleviate CVR issues have been proposed
by researchers. However, many of these studies focus solely on unit-level MMC without
considering the broader MMC-HVDC system. For example, Reduced Switching Frequency
(RSF) for capacitor voltage balancing and CC suppression in Pulse Width Modulation (PWM)
modulation was proposed in [30]. Voltage sag mitigation in MMC using a Dual Synchronous
Reference Frame (SRF) was analyzed in [31]. A Sliding Mode Control (SMC) approach for
CC suppression using a second-order switching law-based super-twisting algorithm was
proposed in [32], demonstrating that SMC is faster than the Proportional Resonant (PR)
controller. Ref. [33] employed a backstepping controller to regulate CC and maintain leg
voltages. Despite these advances, the research exhibits significant limitations. Notably, the
lack of a comprehensive MMC-HVDC system perspective and an in-depth evaluation of
the proposed control strategies” robustness under diverse AC fault conditions may limit the
applicability and effectiveness of these solutions in practical, unpredictable scenarios.

If the grid is unbalanced, sub-module (SM) CVR and CC reduction will be significantly
more challenging. In case of an unbalanced AC fault, CVR and CC can be substantial and
exceed set safety limits, causing the converter to trip and resulting in stability problems.
Studies [34-41] have presented methods for internal dynamic control of MMC models such
as CVR and CC in unbalanced grid scenarios to ensure they operate within acceptable limits.
While the existing studies have primarily concentrated on mitigating CC and reducing
CVR issues under unbalanced AC (asymmetrical) faults, they fall short in a crucial area
of AC FRT capabilities. Specifically, these investigations have not thoroughly examined
the robustness of their proposed control strategies under a range of AC fault scenarios,
including both symmetrical and asymmetrical faults. This gap in research could limit the
applicability of these strategies in diverse real-world circumstances.

This study addresses the aforementioned issues by effectively managing the DC
voltage of the HVDC link while successfully reducing CC and CVR. A robust HVDC
system requires two crucial attributes: the ability to implement AC FRT and the capacity to
control internal dynamics by reducing CC and CVR. This paper introduces an improved AC
FRT strategy for offshore wind-based MMC-HVDC systems, which effectively minimizes
CC and CVR. The MMC-HVDC system’s conceptual design is depicted in Figure 1, and a
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model of the MMC using Nearest Level Modulation (NLM) with its associated decoupled
control strategy is developed and assessed using the EMTDC/PSCAD simulation tool.
The proposed technique’s effectiveness is verified through testing under various fault
conditions at different locations. The key contributions of this paper include:

1.  Integration of two type 4 offshore wind generators and one type 3 generator with the
onshore AC grid.

2. Proposal of a communication-free FRT strategy that ensures stable operation dur-
ing balanced and unbalanced AC faults, effectively regulating system voltages and
enabling safe post-fault recovery in various fault scenarios.

3. Demonstration of the proposed control algorithm’s robustness in suppressing CC and
regulating capacitor voltages through testing in AC fault scenarios.
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Figure 1. Conceptual Single Line Diagram of OWFs Integrated with AC Grids through MMC—HVDC
System.

3. Wind Electric Generator Technologies

Wind generators (WGs) can be categorized into four types based on their type and the
power electronics-based converters used.

1.  Fixed-Speed Wind Generators (Type 1)

2. Limited Variable-speed Wind Generators (Type 2)

3.  Variable-speed Wind Generators with Partial-Scale Converter (Type 3/DFIG)
4. Variable-speed Wind Generators with Full-Scale Converter (Type 4/FSC)

This paper focuses on Type 3 and Type 4 wind generators. Type 3 WGs consist of a
wound rotor induction generator (WRIG) coupled to the grid through a stator, with the
rotor coupled to the grid via a back-to-back (B2B) power electronics-based converter, as
shown in Figure 2a. Such generator type is also known as a doubly-fed induction generator
(DFIG). To allow WGs to operate at a variable speed, the B2B converter injects active power
into the grid from the rotor when the speed of rotor is over the synchronous speed and
absorbs reactive power from the grid and feeds it back to the grid when the rotor speed
is below the synchronous speed. The rotor-side converter (RSC) connected to the rotor
helps with speed control, while the grid-side converter (GSC) compensates for the DFIG’s
reactive power demand at the grid connection point [42].

SGIAG MSC Gsc Transformer

Turbine

Turbine

(b)

Figure 2. (a) Type 3 Variable-speed WGs with Partial-scale Converter (b) Type 4 Variable-speed WGs
with Full Scale Converter [42].
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Type 4 WG employs either a squirrel-cage induction generator (SCIG), a WRIG, or
a permanent magnet synchronous generator (PMSG) in offshore wind applications. This
technology fully decouples the generator from the grid, improving fault response and
allowing for operation over a wide speed range for improved power extraction. Unlike the
DFIG turbine, which only handles 30—40% of the total power, type 4 handles the complete
power output. PMGS have no rotor winding, reducing losses, improving efficiency, and
decreasing the overall size of the generating unit. Figure 2b shows a type 4 WG.

4. MMC Modeling and Energy Control

Capacitor voltage and its stored energy need to be established because this study uses
DC voltage as energy storage.

Depending upon the states of the switches, the output voltage waveform is achieved
and causes the capacitor to either be inserted or bypassed from the circuit.

Figure 3a shows the three-phase equivalent circuit of MMC. The single phase equivalent
circuit shown in Figure 3b serves as the foundation for the mathematical model of MMC. The
results of applying Kirchhoff’s voltage law to the upper and lower loop are (1) and (2):

1 CR_L diyj _ 1
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Figure 3. (a) Three Phase Equivalent Structure of an MMC (b) Single-Phase Equivalent Circuit

Diagram of MMC.

Various currents circulating through MMC are given as:

. , io.j
luj = laiff, j+ - (©)

. . Z‘0.'
ILj = laiff,j— = 4)
loj =1y, j— 11, )

. 1,. .
laiffj = 5 (i, j+11, ) (6)
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where the upper arm current is represented by i, ;, and the lower arm current is represented
by i) ;. The output current is denoted by the symbol i, ;.
A DC component and many harmonic components make up the CC. A general state-
ment that expresses it is:
. Lac,j .
lgiffj = 7] +icp, | 7)
The unfavorable component I ; is made up of many harmonic components. Moreover,
the sum of SM capacitor voltages and currents is given as:

2
C Do .
N di = g ®
do> . ‘
CBonj_ i )
N dt I

where C is the SM capacitance, the number of SM is denoted by N. It should be noted that
the individual SM capacitor voltage of each upper SM will be denoted by V,,, as shown

in Figure 3a. However, v> y and v%, y indicates SM capacitor voltages in both upper and

lower arms respectively. Finally, n!_ j and n’, j are insertion index for upper and lower arms
respectively. Now, the reference for arm voltages is found as:

U, . Larm did' pi

o, _ref = % = € = Vuigyj + Rawaigy -+~ (10)
U, . Larmdid‘ B

Un,j_ref = Td “+eoj = Vaiffj + Ramlaifpj + ———= I (11)

where e, ; and v;¢f ; are taken from the inner current control loop and CCSC respectively.

Sum of an equivalent capacitor and measured capacitor voltages are needed to deter-
mine the amount of energy stored in a DC capacitor. It is possible to express the typical
voltage of arm capacitors as:

1

Ucxy = 3

Ucxui+Ucxli
Yi12s 2 (12)

The aggregate equivalent capacitance is then derived to determine the total stored
energy in the MMC:

C
N

Assuming no losses in the converter stations, then the total energy of the MMC can be
expressed as:

1
Wy = Eceqvg): = 3Ctotvgz, Crot = (13)

dW;
2 = P Pout (14)
Active and reactive power from DFIG:
3L .
Ps = —EL—]\SAws?\qur (15)
3 wsA .
Q= 577" 0 — Luiay) (16)

5. Proposed System Structure

The detailed control strategy for the offshore wind-integrated MMC-HVDC system is
shown in Figure 4. The submodule topology used in this study is a half-bridge because of
its simple construction and low cost. MMC 1 (grid-side converter) acts as the master station,
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which means it controls the DC link voltage and AC voltage. On the other hand, MMC 2
(wind-side converter) acts as the slave station in islanded mode control and controls the
AC voltages and frequency of the system. To control the DC voltage, the DC link voltages
are continuously monitored through a control block.

Outer Control Loop

DC Voltage Control

AC Grid

Inner Current Control Loop Fault é Vpeer™

MMC 1

Pulse Generation NLM ‘

3]
b

=

B——

Circulating
current
controller

Outer Control Loop

N
—
DC Link Cable

land

Active Power Control

Islanded Mode Control )
R

Ppu
- = p,de
= A
Vac_ma - z
— = |y [ — ~
DC S [ ]
* Limiter b= =
Vac_pu 5 [ ~no | =
< S | w
: ab
AC Voltage Control (g i
2
= p,be
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Current Fault be
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» E
A £s
-
= .E
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Figure 4. Detailed Single Line Diagram of Proposed System.

Basically, the control system has two main loops: outer loops and inner loops. The
outer loop can control either active power/DC voltage or AC voltage/reactive power. The
output of the outer loop, idref and iqref, is fed to the inner current control loop, which
acts as the reference signal for the inner loop. The actual values of id and iq are compared
with the reference signals, and the error is fed to a PI controller, which minimizes the
error. Vector current control is used for the MMC. The outer loop gives udref, which is
transformed from dqO to abc0 through inverse Park and Clarke’s Transformation and is
used for PWM signal generation for the MMC. A circulating current suppression controller
(CCSC) is employed to minimize CC. If left uncontrolled, it can cause major reliability
issues in the converter stations. The CCSC used in this research work is based on the
technique mentioned in [43], in which even-order harmonics are added to the reference
signal to reduce CC and CVR simultaneously.

The choice between islanded and non-islanded control modes, defined by the linked
AC source type, is a fundamental component in constructing the DC system shown in
Figure 5. The WF interconnection has chosen the islanded option. In this scenario, the
inner current controller can be bypassed, and voltage and frequency control (islanded) is
used [44]. Since the frequency and phase of the AC voltage are directly controlled by the
controller, the phase-locked loop (PLL) is eliminated which is an additional advantage of
this strategy [45].
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Figure 5. Half Bridge Modular Chopper.

To dissipate the excessive power supplied from the OWFs and to avoid the DC link
overvoltage scenario, a Half-Bridge Modular Chopper is used in the proposed system,
as shown in Figure 5. Modular DC chopper topologies, which are identical to the half-
bridge submodule (HBSM) or full-bridge submodule (FBSM) in the MMC, are proposed to
reduce the rate of change of current (di/dt) and voltage (dv/dt) [46]. The parameters for
proposed system are mentioned in Table 1. The detailed control strategy for the offshore
wind-integrated MMC-HVDC system is shown in Figure 5.

Table 1. Parameters for the Proposed System.

Parameter Value
MMC rated MVA 950
MMC Rated AC Voltage 370 kV
Reference Active Power 850 MW
Reference DC Voltage 580 kV
Arm Inductor 50 mH
Sub modules per arm 76
MMC transformer 370 kV /230 kV
Nominal Frequency 50 Hz
Maximum DC Voltage 1.1PU
Minimum DC Voltage 0.7 PU

6. Results Discussion

An efficient FRT scheme must handle various fault scenarios. To assess the robustness
of the proposed scheme, a range of fault types, including three-phase faults (LLL-G), single-
line-to-ground (SLG) faults, line-to-line (LL), and double-line-to-ground (LLG) faults, are
considered. However, due to paper length, this paper cannot address all possible scenarios.
As aresult, this section provides a comprehensive analysis of the two selected fault scenarios
and the impact of CCSC on MMC and overall system parameters:

Scenario 1: The LLL-G fault occurs at the REC at t = 6.5 s and is cleared at t = 6.8 s.
Scenario 2: The SL-G fault occurs at the wind bus at t = 6.5 s and is cleared at t = 6.8 s.
Scenario 3: The effect of CC on MMC reliability and overall stability is studied. The
key aim of this scenario is to validate, through appropriate results, how the CVR will
increase beyond acceptable levels and cause the MMC converter station and the entire
system to fail if the CC suppression mechanism fails.

6.1. Simulation Results for Scenario 1 at AC Grid Connected to MMC 1

To assess the effectiveness of the proposed AC FRT techniques, a simulated LLL-G
symmetrical fault is performed on the AC side of the REC station. The simulation results
for both converter stations are discussed in this section. The fault lasts for a total of 0.3 s
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(300 ms) and is expected to occur at time t = 6.5 s and be cleared at time t = 6.8 s. Figure 6a
shows the simulation results for the DC link voltages at the receiving end converter (MMC 1)
and sending end converter (MMC 2) stations. The proposed CC suppression scheme ensures
smoother DC link voltages at terminals 1 and 2. Figure 6b shows that on occurrence of fault,
the active power at the REC becomes zero as soon as the maximum DC voltage (Ulim_H) is
detected, while the active power supplied from the offshore wind plant is dissipated in the
DC chopper as shown in Figure 7c to avoid power imbalances between the sending and
receiving sides. Figure 6c shows that the phase and RMS voltages at terminal 1 (connected
to MMC 1) drop to zero during the fault period, however, no significant impact is observed
on the phase and RMS voltages of terminal 2 (connected to MMC 2), as shown in Figure 6d.
Since the phase voltages (connected to MMC 1) drop to zero during the entire fault duration
and MMC 1 station contributes limited fault current as shown in Figure 7a, the proposed
AC FRT reduces the di/dt stress on power semiconductor devices. Moreover, Figure 7b
shows that there is no significant impact on AC side currents of MMC 2 during the entire
fault. In addition to ensuring AC FRT in the offshore wind-integrated MMC-HVDC system,
the proposed system also effectively handles the CC and CVR issues in the converter
stations. Figure 8a,b shows the differential current (IZ) and sum of capacitor voltages,
respectively. As indicated the proposed FRT tecnhique has effectively managed the CC and
CVR issues in the MMC.

DC Link Voltages at MMC 1 and MMC 2
I
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-200 — ! ! -
6. 6.6 6.8 7 7.2 7.4 7.6
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Figure 6. (a) DC Link Voltages at converter station 1 and 2 (b) Active Power at converter station 1
and 2 (c) Phase and RMS Voltages at Terminal 1 (d) Phase and RMS Voltages at Terminal 2.
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Figure 7. (a) AC Side Currents of MMC 1 (b) AC Side Currents of MMC 2 (c) Power Disspiation
across Chopper.
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Differential Currents (I1Z) of MMC 1
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Figure 8. (a) Differential Currents (IZ) of MMC 1 (b) Sum of the SM-Capacitor voltages of MMC 1.

6.2. Simulation Results for Scenario 2 at Wind Bus Connected to MMC 2

In this scenario, an L-G asymmetrical fault has been introduced at the wind bus connect-
ing three OWFs to assess the efficacy of the proposed FRT scheme. As shown in Figure 9a,
a voltage dip has been observed at terminal 1 (grid-side). DC link voltage ripple has been
observed in terminal 2 DC link voltage. These ripple components are within safe limits and do
not significantly impact the performance of the converter stations. Figures 9b and 10a show
that a dip in active power and AC side currents has been observed at the REC side. Figure 9d
shows that the dip in phase and RMS voltages is at the SEC converter, with one phase reduced
to zero and the remaining two reduced by their peak values. There is no significant impact
on phase and RMS voltages at terminal 1 (REC) as shown in Figure 9c. Figure 10b shows an
overshoot in one phase of the AC current at the SEC side during fault and it stays within safe
limits. As fault on sending end converter is considered as under-voltage fault, so there is no
excessive power loss as seen in Figure 10c. Finally, Figure 11a,b shows the impact of the L-G
fault on the internal dynamics of the SEC station. These dynamics are not disturbed to the
extent that causes the converter stations to trip, and as soon as the fault is cleared, the CC and
CVR return to normal values.
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Figure 9. (a) DC Link Voltages at converter station 1 and 2 (b) Active Power at converter station 1
and 2 (c) Phase and RMS Voltages at Terminal 1 (d) Phase and RMS Voltages at Terminal 2.
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Figure 11. (a) Differential Currents (IZ) of MMC 2 (b) Sum of the SM-Capacitor voltages of MMC 2.

6.3. Scenario 3: Effect of CC on MMC Reliability and Overall Stability (CC Disabled at
Both Terminals)

In this section, the impact of CCSC on MMC reliability and overall system stability
is discussed. The CCSC is disabled at the start of the simulation (t = 0 s). Results show
that system parameters remain within the defined range for only a few seconds. After
that, a significant impact on various parameters of the offshore wind-penetrated MMC-
HVDC system is observed, leading to its complete collapse. System parameters exceed
acceptable levels. Figures 12-16 indicate that the system in under normal state for the
first 4 s. However, after t = 4 s, ripples in the DC link voltages and active power at both
terminals (connected to MMC 1 and MMC 2) are introduced and it’s no longer smooth
as indicated in Figure 12a,b. Figure 13a,b depicts the phase and RMS voltages of MMC 1
and MMC 2. It’s clear that the phase and RMS voltages of MMC 2 are more affected than
those of MMC 1 due to the disabling of CCSC. AC side currents at both converter stations
distort and is no more sinusoidal after the CC has been disabled as depicted in Figure 14a,b.
Finally it can be seen that from Figures 15 and 16 that CC and CVR significantly detoriates
and is no more stable if CC is disabled at both terminals.
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It is clear from the above discussion that the proposed FRT scheme effectively ensures
AC FRT in various fault scenarios without causing failure or tripping of the converter stations.
Additionally, the system has the capacity to quickly return to the pre-fault state once fault is
cleared. Even during the fault period, the proposed scheme helps maintain the parameters of
the receiving end converter and sending end converter stations within safe limits.

7. Conclusions

In conclusion, this research presents an enhanced FRT strategy for offshore wind-
integrated MMC-HVDC systems, with a focus on controlling the internal dynamics of the
MMC, namely CC and CVR. A communication-free FRT scheme has been proposed and
substantiated through simulations on PSCAD/EMTDC, under various fault scenarios such
as LLL-G and L-G faults at different locations on both sending and receiving ends. The
proposed FRT scheme outperforms in diverse fault scenarios, ensuring internal parameters
such as CC, CVR, and DC link voltages remain within safe limits. Quantitative analysis
reveals smoother DC link voltages at terminals 1 and 2, signifying the effectiveness of the
proposed CC suppression scheme. Further, the proposed AC FRT technique successfully
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mitigates di/dt stress on power semiconductor devices. Moreover, it effectively handles
the CC and CVR issues. Conversely, when CCSC is disabled, significant deterioration in
system parameters occurs, leading to system collapse, highlighting the importance of CCSC
in maintaining system stability and reliability. Therefore, the proposed FRT strategy not
only guarantees robust performance during various AC faults but also effectively manages
CC and CVR issues, contributing significantly to enhancing the reliability and stability
of offshore wind-integrated MMC-HVDC systems. The results highlight the practical
applicability and added value of the proposed strategy, marking a crucial step forward in
the field of offshore wind power generation.
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