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Abstract—With the development of onshore power grid
projects in desert, Gobi and desertified regions as well as
offshore wind power projects, electric energy requires long-
distance transmission due to insufficient local consumption.
Modular multilevel converter based high-voltage direct current
(MMC-HVDC) has become the mainstream transmission
technology for large-scale remote wind farm integration.
However, MMC-HVDC electrically decouples wind farms from
the main grid, and its interaction with wind farms can trigger
various oscillations. In addition, the MMC-HVDC connected
wind farm system differs from single-converter grid-connected
systems in structure, equipment complexity, and fault evolution,
leading to problems such as low inertia, wideband oscillations
and poor fault ride-through. To address these issues, coordinated
control strategies considering dynamic interactions between
wind farms and MMC-HVDC have been widely studied. This
paper thus reviews such coordinated control strategies from
three aspects: first, introducing common engineering
symmetrical monopole/bipolar MMC-HVDC system structures;
second, summarizing grid frequency sensing methods and inertia
support control strategies for MMC-HVDC and wind farms;
third, discussing coordinated oscillation suppression and fault
ride-through control strategies, considering direct current (DC)-
side faults, alternating current (AC)-side grid faults, and wind
farm area faults. Finally, it summarizes deficiencies of existing
studies for each challenge and prospects future research
directions for MMC-HVDC connected wind farm systems..

Index Terms—Wind farm, Modular multilevel converter
based high-voltage direct current (MMC-HVDC), Coordinated
control, Dynamic interactions.
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l. INTRODUCTION

n recent years, the new energy generation technology has

been developing rapidly. Among them, wind power
generation technology has been widely used due to its low
cost, large storage capacity, mature technology, etc. As wind
farm scale and transmission distance increase, the
transmission technology of wind power has also changed.
High-voltage alternating current (HVAC) systems exist with
high cost, limited transmission capacity, high loss, and other
issues. Line commutated converter based high voltage direct
current (LCC-HVDC) system is prone to commutation failure,
and successive commutation failures can affect the safe and
stable operation of the system. In contrast, the modular
multilevel converter based high-voltage direct current (MMC-
HVDC) system has become an ideal way for wind power
long-distance transmission due to its strong controllability,
fast response speed, and more economical long-distance
transmission [1]-[3].

With conventional control schemes, wind turbines and the
MMC-HVDC cannot respond to the grid’s frequency
deviations by releasing or absorbing energy [4]. Moreover, the
MMC-HVDC system isolates the wind farm from the grid,
which makes the wind farm also unable to sense the frequency
change. The above reasons make the inertia of the MMC-
HVDC connected wind farm system low, so that the
frequency stability problem of the system is serious. The
importance of inertia and damping to maintain the system’s
frequency stability was demonstrated by the blackout in the
UK on August 9, 2019 [5]. Therefore, there is an urgent need
to utilize the frequency regulation capability of the wind farm
and the MMC-HVDC system and change the existing control
methods to realize the frequency support of the MMC-HVDC
connecting the wind farm system to the power grid. To
improve the frequency stability of the system, there is an
urgent need to change the existing control strategy to
coordinate the frequency regulation capability of the wind
farm and the MMC-HVDC system. Frequency regulation
control strategies that consider coordinating the wind farm
and MMC-HVDC must be proposed.

Current research also focuses on the oscillation suppression
and fault ride-through problem for the MMC-HVDC
connected wind farm. The interaction between the wind farm
and MMC-HVDC causes multiform oscillation problems, so
it is necessary to clarify this interaction. The corresponding
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coordinated oscillation suppression methods are investigated
according to the oscillation mechanism. As for transient
analysis, the system structure, equipment complexity, and
fault development characteristics of MMC-HVDC connected
wind farms differ from those of a single converter grid-
connected system. Failure in any position will affect the
operation of the whole system and the safety of the
equipment. So, it is necessary to develop a new type of fault
ride-through scheme. However, most literature only studies
grid-connected wind farms or the MMC-HVDC system
connected to active networks [6]-[11]. For the MMC-HVDC
connected wind farm system, one party only responds when
the other sends a command. If the response is not made in
time or the command is sent too late, the system’s operation
will be affected. Therefore, it is necessary to coordinate the
wind farm and MMC-HVDC, reasonably arrange their control
timing, and study the coordinated control strategy for the
MMC-HVDC connected wind farm.

There have been a number of overviews of the wind farm
or the MMC-HVDC. Although [12]-[14] detail the oscillation
analysis methods and suppression strategies for wind turbines
and the MMC-HVDC system, respectively, the analysis of the
interaction between them is missing. Ref. [15] focuses on the
aspects of frequency regulation, oscillation suppression, and
fault protection of the MMC-HVDC connected wind farm, but
lacks a detailed description of the coordinated control.

Based on the preceding analysis, it is clear that while
several excellent reviews have explored the system of MMC-
HVDC connecting with wind farm, and others have provided
in-depth analysis on specific issues like subsynchronous
oscillation or frequency regulation, a critical gap in the
literature remains. There is a lack of a systematic review
centered on coordinated control strategies as a framework for
managing the complex “dynamic interactions” between wind
farm and MMC-HVDC systems. Furthermore, many
emerging methods and new insights from the rapid
technological advancements in recent years have yet to be
systematically summarized. We argue that the fundamental
challenge in this domain lies not in controlling each
subsystem in isolation, but in coordinating them to achieve
system-level stability and efficiency. The key issues of
frequency regulation, oscillation suppression, and fault ride-
through are not independent challenges; rather, they are
physically coupled phenomena rooted in the same dynamic
interaction process.

To fill this gap, this paper presents a comprehensive review
from a unified perspective of coordinated control. We
uniquely structure our analytical framework around the three
key challenges, and systematically summarize the state-of-
the-art coordinated control strategies for each challenge.
Meanwhile, based on in-depth discussion, we identify the
limitations of existing studies and point out future research
directions for each field. This paper aims to provide a clear
and logical framework for researchers and engineers to
understand and address the core issues of MMC-HVDC
connected wind farm systems, as well as to present the

deficiencies of current research and future development
trends.

Il. SYSTEM STRUCTURE AND BASIC CONTROL STRATEGY
FOR MMC-HVDC CONNECTED WIND FARM

A. Structure of MMC-HVDC connected wind farm System

The basic structure of the MMC-HVDC connected wind
farm is shown in Fig. 1. According to the connection mode of
the converter in the system, the MMC-HVDC connected wind
farm projects are mainly divided into symmetrical monopole
structure (pseudo-bipolar structure) and symmetrical bipolar
structure (true bipolar structure) [16]. The two systems’
internal structure is the same: Each phase of the bridge arm
adopts the structure of cascaded modular multilevel converter
(MMC) with bridge arm inductance. Symmetrical monopole
systems typically employ cables as direct current (DC)
transmission lines, whereas symmetrical bipolar systems
typically employ overhead lines as DC transmission lines. In
addition, the symmetrical monopole system has no real
ground loop, and only one MMC for one side exists. The
symmetrical bipolar system has a real ground loop at the
neutral point and two MMCs on the same side. If one pole is
blocked due to a fault, the other pole still can provide half of
the transmission capacity, enhancing the system’s reliability
and flexibility [17]. The overall MMC-HVDC connected wind
farm projects are given in Table 1.
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Fig. 1. The system structure of the MMC-HVDC connected wind farms.
(a) Schematic of symmetrical monopole MMC-HVDC connected wind farm.
(b) Schematic of symmetrical bipolar MMC-HVDC connected wind farms

B. The Basic Control Strategy for MMC-HVDC connected
wind farm

The basic control for the MMC-HVDC connected wind
farm system can be divided into two parts: the control for the
MMC-HVDC and the control of the wind farm. The MMC-
HVDC system includes the wind farm side MMC (WFMMC)
and grid side MMC (GSMMC). Since the wind farm is a
passive system, the control goal of WFMMC is to provide a
stable AC voltage and frequency for the wind farm to connect
to the grid. Therefore, the WFMMC generally adopts a
voltage-frequency (V/f) control strategy to control the voltage
and frequency of the AC collection line of the wind farm [4].
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TABLEI
MMC-HVDC CONNECTED WIND FARM PROJECTS [15]-[16]

Project Investment time Wiring method Cables/overhead lines Voltage level (kV) Capacity (MW)
Rudong MMC-HVDC System 2021 Symmetrical monopole structure Submarine cables +400 1100
German BorWinl 2010 Symmetrical monopole structure DC cable +150 400
Yangjiang Qingzhgu foshor_e Ex_pef:ted to be Symmetrical monopole structure Submarine cables +500 2000
Wind Power Transmission Project commissioned in 2024 -
German BorWin6 Ex_pe_cted to be Symmetrical monopole structure DC cable +320 1030
commissioned in 2027
Xiamen MMC-HVDC Project 2015 Symmetrical bipolar structure DC cable +320 1000
Zhangbei MMC-HVDC Project 2020 Symmetrical bipolar structure Overhead line +500 3000

The main control goal of GSMMC is to establish a stable
DC voltage to meet the stable access of WFMMC. GSMMC
usually utilizes the voltage and current double closed-loop
control structure to control DC voltage/reactive power (Ug/Q)
or active power/reactive power (P/Q) [4]. The symmetrical
monopole system usually uses DC voltage as the control
target because there is only one converter station at the
receiving end. In comparison, the symmetrical bipolar system
can use master-slave control mode [15]. One GSMMC is the
main grid converter station and works in constant DC voltage
mode. The other GSMMC works in constant power mode.
Assuming GSMMCL as the master station and GSMMC?2 as
the slave station, the operational characteristics of master-
slave control are shown in Fig. 2.
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Fig. 2. Operation characteristics of master-slave control mode [15].

The control objective of wind turbines is to deliver stable,
active, and reactive power to the grid. Therefore, the grid-side
converter (GVSC) of a wind turbine usually adopts the same
Uq/Q control mode as the GSMMC to provide a constant DC
voltage to the machine-side converter (WVSC). The WVSC
usually operates in maximum power point tracking (MPPT)
mode by controlling the generator torque and making the
wind turbine run at a variable speed to capture the maximum
wind energy [4].

As the existing literature [18]-[19] has provided detailed
introductions to MMC-HVDC-integrated wind farm systems
and MMC topologies, these aspects will not be repeated in
this paper.

C. Control Problems and Challenges for MMC-HVDC
connected wind farm

In the process of building a new power system dominated
by renewable energy, the coordinated operation of MMC-
HVDC systems with large-scale wind farms will encounter
problems and challenges primarily in three core areas: inertia
support, fault ride-through, and wideband oscillation.

In the inertia support domain, the MMC-HVDC system,

lacking rotating mass, needs to emulate the inertia response
characteristics of synchronous generators through power
electronic control. The core problem lies in the significant
time delay present in the virtual inertia response, primarily
originating from power command calculation, communication
transmission, and the cumulative effects of control cycles.
Simultaneously, the random fluctuations of wind power
further increase the difficulty of frequency regulation, making
traditional active power-frequency (P-f) droop control
inadequate for dynamically matching system inertia
requirements. In multi-source coordination scenarios, the
inertia support capability of the wind farm and the MMC is
constrained by operating points, and response mismatch
among units under a distributed control architecture can
trigger power counter-regulation phenomena. The key
challenge focuses on the uncertainty of dynamic stability
boundaries: In high-penetration renewable energy systems,
virtual inertia control parameters exhibit strong coupling
characteristics with grid strength, and universal design
guidelines are currently lacking. Furthermore, inertia support
requires the rapid release or absorption of substantial energy
within a short period, while the limited capacity of DC
capacitors and wind turbine DC-link capacitors constitutes an
energy storage bottleneck.

In the fault ride-through domain, during DC-side faults, the
discharge of MMC submodule capacitors causes fault current
rise rates exceeding 5 kA/ms, and traditional blocking
strategies easily induce DC overvoltage risks. Blockage of
power transfer paths during bipolar short-circuit faults can
trigger AC-side over-frequency issues. When asymmetrical
faults occur in the AC grid, phase power imbalance in the
MMC leads to conflicts between negative-sequence current
suppression  objectives and active power support
requirements. Notably, the interaction between wind turbine
converter low-voltage ride-through control and MMC fault
response strategies can excite subsynchronous oscillations,
forming a chain-fault mechanism. More severe compound
fault scenarios expose response mismatch defects in existing
hierarchical control architectures. The core challenge in this
domain lies in the dynamic maintenance of power balance
during faults, necessitating rapid power deficit compensation
under safety constraints while avoiding maloperation of
protection devices.

In the wideband oscillation domain, MMC and wind
turbine converters exhibit multiple resonance points within
the 10 Hz to 1 kHz frequency band; overlapping impedance
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characteristics readily induce subsynchronous oscillation or
high-frequency resonance. The interaction between phase-
locked loop (PLL) bandwidth and grid strength significantly
impacts system stability: Reduced PLL frequency under weak
grid conditions may excite low-frequency oscillations.
Concurrently, the distributed structure of wind farm clusters
and the MMC obscures oscillation propagation paths, making
it difficult for traditional FFT analysis methods to accurately
identify the dominant oscillation source. The technical
challenge in this area centers on the limitations of small-signal
impedance models: These models neglect nonlinear
characteristics such as insulated gate bipolar transistor (IGBT)
switching transients, while the dimensionality of the system
impedance matrix across multiple operating points complicates
stability analysis. Active damping control has potential side
effects: Damping injection may alter the phase characteristics
of the system impedance, thereby inducing new resonance
points. Therefore, suppressing wideband oscillations requires
coordinated consideration of coupling mechanisms across
different frequency bands and the design of synergistic control
strategies to avoid the amplification of power fluctuations.

Deep coupling mechanisms exist simultaneously among the
above three domains: Power fluctuations induced by inertia
support may trigger wideband oscillations, subsequently
weakening fault ride-through capability and creating a risk of
cascading failure. Multi-timescale coordination constitutes a
key challenge: The control objectives for inertia response,
oscillation suppression, and fault ride-through exhibit
temporal conflicts. Current standardization systems have not
yet covered comprehensive  “inertia-oscillation-fault”
performance assessment, and standards lack unified testing
procedures targeting system-level resilience.

I1l. COORDINATED FREQUENCY CONTROL FOR MMC-HVDC
CONNECTED WIND FARM

With the increased use of renewable energy sources such as
wind power, the problem of frequency stability of the power
system is becoming more and more prominent. Relevant
regulations on MMC-HVDC connected wind farm systems
are as follows [20]: 1) The system does not go off-grid under
+2.5 Hz/s frequency change; 2) the system can provide inertia
support in response to grid frequency change; 3) the system
has the ability of automatic adjustment. The system can
automatically adjust the active power reference value when the
grid frequency deviation reaches the specified value. To meet
the grid-connected frequency requirements, frequency control
strategies are required to coordinate the MMC-HVDC with the
wind farm to provide inertia response or frequency regulation
support [21]. To make the existing projects in operation also
have the ability of frequency regulation, under the condition
that no additional energy device is installed, the control of
additional virtual inertia is usually used to improve the
frequency support capacity. The inertial support energy source
of the MMC-HVDC system is the capacitor of the submodules
(SMs). The inertial support energy of the wind farm is derived
from the rotor kinetic energy and wind energy [22].

A. Frequency Regulation Methods for MMC-HVHDC

Currently, the frequency regulation methods of MMC-
HVDC can be divided into two types: PLL-based frequency
and DC voltage droop control, and phase-locked loop-less
frequency response control strategy. Although the two control
structures are different, both use the energy of the capacitors
of the SMs of the receiving end converter station as the
energy source for frequency regulation.

1) PLL-based frequency and DC voltage droop control

The control block diagram for PLL-based frequency and
DC voltage droop control is shown in Fig. 3. The principle of
this control strategy is as follows: After the grid frequency
receives a perturbation, the DC voltage of the MMC-HVDC
system changes accordingly, which makes the MMC
submodule capacitor release or absorb energy immediately.
The WFMMC establishes the wind farm side frequency based
on the DC voltage deviation. Then, the wind farm responds to
the GSMMC side’s frequency change and provides frequency
support for the grid [22]-[24].

The equation of the GSMMC DC voltage control is
expressed as:

Udcref = AUdc +Uch = chAf +Uch (1)
The WFMMC frequency control equation is:
furrer = KugAU g + Ty (2

where Ugeer is the DC voltage reference of the GSMMC
constant DC voltage control loop; Aug. is the DC voltage
fluctuation; Ugey is the DC voltage rated value; Af is the
frequency fluctuation of the power grid; fyrer and fyey are the
frequency reference and frequency rated value of the
WFMMC; Kq. and K are the constants. K. can be artificially
selected based on the inertia time constants provided by the
GSMMC.

Combining (1) and (2), it can be seen that Af,; = Ky Ky Af.
The larger the values of Ky and Ky, the larger the MMC-
HVDC DC voltage deviation and the frequency deviation of
the WFMMC, and the larger the active power support
provided by the MMC-HVDC system and wind farm. It is
important to note that both DC voltage and wind farm
frequency fluctuations should be limited to a specific range to
maintain system stability. Refs. [25]-[26] propose a frequency
regulation control strategy considering that the DC voltage is
stable. This method can automatically adjust the frequency
droop coefficient and moderately adjust the active power
reference value to reduce the overshooting of the DC voltage
in the regulation process.

11

WEMMC GSMMC

Grid

Uge! O control

Fig. 3 PLL-based frequency and DC voltage droop control.
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2) Frequency response control without PLL

There are two types of frequency response control
strategies that are not PLL-based: virtual synchronous
machine (VSG) control [27] and capacitor-inertia-based PLL-
less control [28]. Both control methods give the converter
voltage source characteristics without needing phase locking
to external voltages. It can provide active power support
capability to the grid and is suitable for weak grids.
3) Virtual synchronous generator control

The control block diagram for virtual synchronous
generator control is shown in Fig. 4. The VSG control
simulates the rotor equations of motion of the synchronous
generator (SG) as shown in (3), and generates a reference
phase for the Park transformation, which simulates the
primary frequency regulation characteristics of the generator.

9o _Pu B _p(p_g)

dt o, o,

@)
pm TORON
where J is the virtual inertia; D is the virtual damping
coefficient; P and Pgyiq are the active power reference and
active power output, respectively; o and wy are the actual
angular speed and rated angular speed angular frequency,
respectively; 6 is the phase angle reference of the output
voltage.

The reactive power loop is based on the reactive power-
voltage droop characteristic and simulates the excitation
regulation system of a generator, as shown in (4). The reactive
output power can be controlled by changing the output AC
voltage.

Qur = Q. =k, (Uy-E) (4)
where K, is the reactive loop droop coefficient; Qs and Q. are
the reactive power reference and output reactive power,

respectively; Uy is the rated voltage value; E is the voltage
reference amplitude for the GSMMC.
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Fig. 4. Virtual synchronous machine control.
4) Capacitor-inertia-based control

The control block diagram for capacitor-inertia-based PLL-
less control is shown in Fig. 5. Neglecting the damping term,
the rotor equation of the SG can be rewritten as:

d
IDm - Pe = ‘]ma)m n (5)
dt
The expression for the active power output of an SG is (6):
3EU 3y, U
P, =0 6ins = O ins (6)

e Xg \/Exg

where P, and P, are the mechanical power and
electromagnetic power of the SG, respectively; J, is the
inertia of the SG; w, is the rotor speed; E; is the induction
voltage; Uy is the RMS voltage value for the grid-connection
point; y is the air gap flux of the SG; ¢ is the phase angle
difference between the grid voltage and the GSMMC output
voltage; X is the equivalent reactance between the converter
station and the grid-connection point.

The synchronous generator has a self-synchronisation
capability using the kinetic energy stored in the rotor of the
synchronous machine. When the grid frequency decreases, the
power angle difference increases, and the synchronous
generator’s output active power P, will increase. Because of
the unbalanced torque, the rotor of the synchronous machine
will decelerate. According to the proportionality between
rotor speed and output frequency, the output frequency of the
synchronous machine will also decrease until it is equal to the
grid’s frequency.

For the MMC-HVDC system, the GSMMC sub-module
capacitance can be equated to the capacitance connected in
parallel to the DC side of the GSMMC. Assuming that each
sub-module capacitance value is Cg, the equivalent
capacitance value is 6Cs/N [29]. The relationship between
the dynamic process of energy storage of the equivalent
capacitor and the DC voltage can be expressed as (7):

du
Puwe = Pyria =C eqY e dtdc @)
Pgrig Can be expressed as:
U 3mu, U
l:)grid = = 9sing = o9 sino (8)

Xq " 242X,
where Py is the output active power of the wind farm; Uy is
the DC voltage for the GSMMC; U, is the output AC voltage
root-mean-square (rms) value of GSMMC; m is the
modulation ratio of the GSMMC.

Based on (5)-(8), the GSMMC also has a self-
synchronisation capability similar to that of a synchronous
machine if the DC voltage output from the GSMMC is
equated to the rotor speed of the synchronous generator.
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Fig. 5. Capacitor-inertia-based control.

Because of the strong correlation between the DC voltage
and the MMC submodule voltage in the conventional control
of the MMC-HVDC system, it is impossible to set aside the
DC voltage and control the MMC energy independently to
achieve stronger power support. Much of the literature
extends on the basis of the capacitor-inertia-based PLL-less
control.
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TABLE Il
COMPARISON OF EXISTING COORDINATED FREQUENCY CONTROL METHODS
Converter Is the U
engaged in s Method of using the stored energy of the
Ref. frequency decoupled from converter
. the Udc
regulation
[27] GSMMC No Establish the relationship between active
output power and output frequency.
[28] GSMMC No Establish the relationship between Ug.
and output frequency f.
Establishes the relationship between
[30] GSMMC Yes Wiotar @nd the output frequency f.
[31] GSMMC, Yes Establishes the relationship between
WFMMC Wiotar @and the output frequency f.
GSMMC Large capacitor voltage’s operating
[32] ! Yes range by decreasing the inserted number
WFMMC
N of SMs.
Refs. [30]-[32] decouple the DC voltage from the

submodule capacitor voltage to avoid DC voltage fluctuation
beyond the rated range caused by capacitor charging and
discharging. Ref. [30] eliminates the connection between the
DC voltage Uq and the grid frequency and directly establishes
the relationship between the total energy Wiy, of the
submodules’ capacitance and the output frequency of the
GSMMC. This improves the dynamic characteristics of the
DC voltage loop and the fault ride-through capability of the
system. The above strategy only utilizes GSMMC'’s frequency
regulation capability. It does not exploit the frequency
regulation capability of WFMMC, which is only used as a
medium for transmitting grid frequency signals to the wind
farm. Ref. [31] improves the nearest level modulation (NLM)
method by introducing the DC modulation index M.
Combined with the energy synchronisation control, a dual
grid-forming MMC control scheme with active energy
management is proposed, which enables autonomous grid
synchronisation and precise energy regulation independent of
DC voltage. In [32], to fully utilize the capacitors’ energy
margin, the capacitor voltage’s operating range is expanded
by decreasing the number of inserted SMs. Under the
condition that the DC voltage fluctuation range is limited, this
method realizes an effective decoupling of the capacitive
voltage from the DC voltage, where the DC voltage change is
only a signal to the wind farm to transmit the grid frequency
change. The MMC-HVDC frequency regulation control
strategies mentioned in the above literature [27]-[32] are
summarized in Table II.

B. Frequency Regulation Methods for Wind Farm

The above control strategies focus on the MMC-HVDC
system. It is considered that wind turbines, like MMC sub-
module capacitors, can simulate synchronous machines to
provide virtual inertia. Therefore, it can be utilized to improve
the MMC-HVDC connected wind farm system’s frequency
support to the grid by utilizing its frequency regulation
capability [33]-[34]. The frequency control strategy for wind
farm mainly involves changing the active power control loop
in the converter so that the active output of the wind turbine

can respond to the system’s frequency change in real time.
The frequency control is mainly divided into rotor kinetic
energy control and power reserve control.

Frequency control utilizing rotor kinetic energy includes
frequency droop control of wind turbines [35]-[38] and virtual
inertia control of the wind turbines [39]. The frequency droop
control of wind turbines simulates the primary frequency
regulation process of synchronous machines, where the input
is the frequency deviation, and the active output power
reference is changed according to the input. The virtual inertia
control output of the wind turbine is the same as the frequency
droop control; both are active output power changes.
However, it uses the rate of frequency change as the input
signal and can provide frequency support faster in the initial
stage of frequency response when the frequency rate of
change is more significant, and the value of frequency change
is minor. Ref. [40] combines frequency droop control and
virtual inertia control. Changing the blade pitch angle
increases the active power output of the wind turbine.
Furthermore, virtual inertia control linked to the rate of grid
frequency variation and frequency droop control associated
with grid frequency deviation magnitude are integrated into
the GSVSC to emulate the frequency response characteristics
of synchronous generators.

Wind turbines generally have a certain amount of reserve
power to have the same frequency regulation characteristics as
synchronous machines. The overspeed control and pitch angle
control can obtain the reserve power [41]-[42]. Under normal
conditions, when the grid frequency rises, increasing the
turbine speed to a speed greater than the corresponding speed
at the maximum power point or increasing the pitch angle can
reduce the wind power captured by the turbine. When the grid
frequency decreases, the output power increases by reducing
the speed or decreasing the pitch angle. The pitch angle
control with virtual inertia control and voltage droop control
is shown in Fig. 6.

Virtual inertia control

s
Bo=f (Pt ) l—p‘] limiter }—P ﬁxct'
J/

Pitch angle control

Voltage droop
fn control

Fig. 6. Pitch angle control using rotor kinetic energy.

In addition to utilizing the wind turbine, the active
frequency support of the wind farm can be increased by
employing an additional energy storage device. Ref. [43]
proposes an integrated inertia control strategy using
supercapacitors in the DC link of a double fed induction
generator (DFIG). However, the energy utilization efficiency
of the supercapacitor is limited due to the limitation of the DC
voltage variation range. Ref. [44] incorporates a bidirectional
DC/DC converter between the supercapacitor and the DC bus
of the wind turbine. The bidirectional DC/DC converter
improves the range of variation of the supercapacitor voltage
so that the energy stored in the supercapacitor can be better
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utilized. The common frequency regulation strategies for wind
farm are categorized, as shown in Fig. 7.

Frequency droop
Rotor kinetic control
energy control

— Vinual inertia control

—  Overspeed control
Power Reserve

Frenguency Regulaiton
Control

Methods for Wind Farms

Pitch angle control

Adding energy
storage device

Fig. 7. Classification of frequency regulation control strategies for wind farm.

C. Grid Frequency Sensing Methods

Although both the wind farm and the MMC-HVDC system
have certain frequency regulation capabilities, the decoupling
effect of the MMC-HVDC DC transmission makes it
impossible for the wind farm to provide frequency support for
the grid. To improve the system’s stability, it is better to
utilize the frequency modulation capability of both the wind
farm and the MMC-HVDC system. This requires coupling the
onshore grid frequency to the wind farm in a certain way so
that the wind turbines can sense the frequency changes.
Frequency sensing can generally be realized in a
communication or non-communication way.

1) Communication-based frequency sensing methods

The grid frequency can be transmitted directly to the wind
farm by supervisory control and data acquisition (SCADA) or
other fast communication methods [45]. The communication
system makes it easier for the wind farm to sense the
frequency and act accordingly. However, as the transmission
distance becomes longer, the communication delay increases.
The delay for a wind turbine to provide frequency support is
about 50 ms-1 s [46]. The long delay makes it difficult to use
this method because the system requires a fast response [47].
So, there is a need to minimize the transmission delay as
much as possible.

2) Frequency sensing method without communication

Failing to avoid the effect of time delay in long-distance
communication, [48]-[51] modify the control of the WFMMC
so that the reference frequency of the WFMMC varies with
the change of the onshore grid frequency. In this way, the
wind turbine can sense the change of the onshore grid
frequency by monitoring the change of the WFMMC
frequency, thus realizing a fast response. Refs. [52]-[54]
establish the coupling relationship between the frequency of
the onshore grid and the DC voltage of the MMC-HVDC
system, and the wind turbine can obtain the frequency
regulation signal by directly detecting the DC voltage.
However, the output power variations of the wind farm, in
return, lead to the dynamic fluctuation in the DC voltage of
the MMC-HVDC system. This can affect the accuracy of the
communication-free frequency transfer and the precision of
the inertia support.

However, most existing studies on inertial support for wind

farm grid-connected systems only focus on the virtual inertia
control of wind turbines themselves, with insufficient
attention paid to the role and coordination mechanism of
flexible DC transmission systems in inertial support, which
limits the applicability of research conclusions in power grids
with high-proportion MMC-HVDC. The -current inertia
support schemes are limited in response speed and support
capacity, making it difficult to provide sufficient and rapid
frequency support during grid faults, which may lead to a
sharp drop in system frequency and further threaten the
frequency stability and safe operation of the power grid.
Therefore, it is necessary to further explore novel multi-
coordinated and fast-response inertia support technologies.
Meanwhile, most inertia control strategies do not fully
consider the system damping characteristics, which may result
in insufficient damping and oscillation induced by inertia
response. Thus, the coordinated optimization of inertia
support control and low-frequency oscillation suppression is
urgently required. In addition, a unified and comprehensive
quantitative evaluation system and key indicators for inertia
support performance have not yet been established, leading to
the lack of objective and comparable evaluation criteria for
different inertia control strategies, which restricts the
engineering application and popularization of such
technologies.

IV. COORDINATED CONTROL FOR OSCILLATION
SUPPRESSION OF MMC-HVDC CONNECTED WIND FARM

A. Interactions between Wind Farm and MMC-HVDC

At present, many projects have experienced oscillation
instability during the commissioning process. For example,
sub-synchronous oscillation (SSO) of voltage and current has
been observed during the gradual increase of wind farm
output in the Nanhui HVDC Project, Nan’ao HVDC Project,
and Xiamen HVDC Project in China [14]. In addition, the
German North Sea wind farm through the VSC-HVDC
transmission project has occurred in the 250-350 Hz medium-
frequency oscillation; the oscillation current reaches more
than 40% of the base wave current [55]. At the same time,
there was a high-frequency oscillation of 1270 Hz when the
domestic LUXI back-to-back VSC-HVDC transmission
project was connected to the weak AC system [56]. A high-
frequency component trip occurred at a converter station in
the Zhoushan Five-terminal Project during the transition
from the networked operation mode to the islanded operation
mode [57].

It has been shown that there is an interaction between the
wind farm and the MMC-HVDC converter, leading to
oscillatory destabilization of the system. The destabilizing
link may exist in the wind farm or the MMC-HVDC system.
Therefore, studying the interaction and destabilization
mechanism between the wind farm and the MMC-HVDC
system is necessary.

Ref. [58] analyzes the coupling between the wind farm and
the voltage source converter based high-voltage direct current
transmission (VSC-HVDC) system using the eigenvalue
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analysis method and finds multiple oscillation modes (low-
frequency, subsynchronous, and high-frequency). Ref. [59]
uses the impedance analysis method to analyze the cause of
oscillation between the wind farm and the VSC-HVDC
system. It points out that the interaction between GVSC and
WFMMC causes oscillation. Ref. [60] studies the mechanism
of the subsynchronous oscillation based on the root trajectory
analysis method. It is believed that the more the output active
power of the wind farm, the higher the risk of subsynchronous
oscillation. In [61]-[62], it is found that the PLL of GVSC and
the WFMMC AC voltage control affect the degree of
coupling between the wind farm and the MCC-HVDC system.
An increase in the PLL bandwidth of the converter of the
wind turbine will decrease the feasible region of the AC
voltage control parameters of the WFMMC. So, to keep the
system stable, the system needs to increase the proportional
gain of the AC voltage control. Ref. [63] establishes the
single-input single-output (SISO) transfer function model of
direct-drive wind turbine connected VSC-HVDC system and
utilizes the Nyquist criterion to study the interaction between
the wind farm and the VSC-HVDC. Ref. [63] considers that
the larger the bandwidth of the voltage loop of the VSC-
HVDC wind farm side converter (WFVSC), the weaker the
interaction between the VSC-HVDC and the PLL of the wind
turbine’s inverter, and the smaller the impact on system
stability received. Conversely, the smaller the bandwidth, the
greater the impact on system stability. When the bandwidth of
the current loop of the WFVSC is smaller than the bandwidth
of the current loop of the wind turbine and the voltage loop of
the WFVSC, it is not beneficial to the system’s stability.
Ref. [64] uses impedance analysis to explain the mechanism
of medium-frequency oscillations in direct-drive wind
turbine-connected VSC-HVDC systems, which thinks that it
is the reduced DC voltage control bandwidth of the GVSC
that causes the resonance peak in the medium-frequency
range.

Also, for DFIG-based wind farm integrated into the grid
through the VSC-HVDC system, [65] analyzes the interaction
based on impedance analysis and finds that the DFIG
operating in an under-synchronized state behaves as an
inductive reactance with negative resistance. Its interaction
with WFVSC, which is considered a resistive capacitor, forms
a negative resistance equivalent resonant circuit. The power
oscillation will appear due to the negative damping. Ref. [66]
investigates the mechanism of high-frequency oscillation of
the system using impedance analysis. It is considered that the
control delay of the VSC-HVDC is the cause of system
destabilization. Ref. [67], based on the eigenvalue analysis
method, concludes that the increase in active power output
from the wind farm will lead to a decrease in the system
stability margin. Adjusting the control parameters of the
circulating current suppressor controller of the WFMMC can
effectively improve the stability margin of the system and is
more economical.

Ref. [68] analyzes the impact of wind farm access on the
MMC-HVDC grid and finds that wind power access will not
destroy the original mode of the MMC-HVDC grid and only

add wind farm-related and WFMMC-related modes.
However, wind power access will weaken the damping ratio
of the coupled modes between the MMC stations, which is not
conducive to the system’s stability.

Most of the above papers utilize the impedance analysis
method or the eigenvalue analysis method to analyze the
causes of oscillations. By establishing the impedance function
of the system and utilizing the Nyquist curve or the positive or
negative resistance at the zero crossing point frequency, the
impedance analysis method is combined with the closed-loop
interconnection model of the system and the Nyquist criterion
to analyze the oscillations of the system. This method gives
the oscillation mechanism at the physical level from the point
of view of contributing negative resistance.

The eigenvalue analysis method is based on the system’s
oscillation modes. By establishing an overall state-space
linearization model of the power system and performing mode
analysis on the state-space matrix, the information about the
dominant oscillation mode, such as eigenvalues, eigenvectors,
and participation factors is obtained, which can be used to
evaluate the degree of participation of each dynamic element
of the system in this mode. The impedance analysis method
suggests that the oscillations originate from negative resistive
effects resulting from interactions between wind farm and the
MMC-HVDC system. In contrast, the eigenvalue analysis
method suggests that mode damping decreases cause the
oscillations [69]. In general, the interaction between wind
farm and the MMC-HVDC system is mainly generated by the
coupling of GVSC and WFMMC. The influencing factors
include various converter control parameters, the operational
parameters of wind farm, and so on.

B. Coordinated Oscillation Suppression Control

The oscillations caused by the interaction between wind
farm and the MMC-HVDC system seriously affect the power
system’s safe and stable operation. Therefore, it is necessary
to research oscillation suppression strategies. The current
control methods for the suppression of oscillations caused by
MMC-HVDC connected wind farms can be classified into
controller  parameter  optimization, passive damping
suppression, and active damping suppression [70].

1) Controller parameter optimization

Ref. [71] reduces the risk of sub-synchronous oscillations
in the system by changing the wind turbine inverter PLL
design and optimizing the control parameters of the voltage
loop of the HVDC rectifier. For the low-frequency oscillation
caused by the virtual synchronous generator-permanent
magnet synchronous generator (VSG-PMSG) wind farm via
the MMC-HVDC system, [72] suggests that increased active
power transmitted by the wind farm will lead to the risk of
oscillation. By reasonably adjusting the controller parameters
of the active loop of the VSG and the voltage loop of the
WFMMC, it is beneficial to reduce the risk of low-frequency
oscillations when the active power increases. Ref. [73]
suggests that it is simpler to change the control parameters of
the WFMMC than to change the converter parameters of the
wind turbines in projects under operation. At the early design
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stage, it should be noted that the larger the submodule
capacitance or bridge arm inductance, the larger the stability
margin of the system.

Fig. 8. The control block diagram of WFMMC in [73].

2) Passive damping control

Passive damping suppression control effectively suppresses
oscillations by adding additional hardware equipment. Most
systems containing wind farm utilize series flexible ac
transmission systems (FACTS) devices such as thyristor-
controlled series capacitors (TCSC), static synchronous series

(GCSC), or subsynchronous damping controllers (SSDC),
etc., to suppress oscillations [74]. In addition, [75] builds a
robust static synchronous compensator (STATCOM)
controller based on Hoo theory to suppress the subsynchronous
oscillations. Ref. [76] proposes that the impedance reshaping
of the wind farm is achieved by adding a shunt-VSC
subsynchronous damping controller, which changes the
aggregated impedance characteristics of the system and
suppresses the subsynchronous oscillations. The controller
parameters are also optimized in [76] to suppress the
oscillations effectively.
pCC
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compensators (SSSC), gate-controlled series capacitors  Fig. 9. Passive damping control block diagram [74].
TABLE I
COMPARISON OF OSCILLATION SUPPRESSION METHODS FOR MMC-HVDC CONNECTED WIND FARM
Ref. Causes of oscillations Types of oscillation suppression methods Methods for suppressing oscillations
[71] Poor stability margin Unreasonable controller Optimize the control parameters Optimize the wind turbine inverter PLL design and the
parameters control parameters of the HVDC rectifier voltage loop
[72]-[73] Too much power output from wind farm Optimize the control parameters Optimize the parameters of the wind turbine active

Unreasonable controller parameters of the wind
[75]  turbine / VSC-HVDC transmission lines introduce
negative damping to the wind turbine

The wind farm and the MMC-HVDC system form

[76] an RLC oscillator circuit with negative resistance.
[60] Too much power output from the wind farm
[64] Decrease in constant DC voltage loop bandwidth of
GVvsC
[77] Increase in wind farm output power or GVSC PLL
parameters
78] Too much power output from wind farm or too small

grid short-circuit ratio

Passive damping suppression control

Passive damping suppression control
Active damping suppression
Active damping suppression
Active damping suppression

Active damping suppression

loop and WFMMC constant AC voltage loop
Build a robust static synchronous compensator
(STATCOM) controller based on Hoo theory at the
wind farm side
Wind farm in parallel with a Shunt-VSC
Subsynchronous Damping Controller

Adding a series of virtual resistors to the WFMMC
outer loop controller

Propose the virtual impedance-based impedance
reshaping control in WFVSC

Setting up a virtual parallel impedance control
strategy in the g-axis of the MMC

Sub-synchronous oscillation suppression based on
capacitance energy

3) Active damping control

Active damping suppression has developed rapidly
compared to passive damping suppression because it does not
require additional equipment and has advantages such as
flexible control. Essentially, active damping control is a virtual
impedance method. Ref. [60] proposes a damping control
strategy, adding a series of virtual resistors to the WFMMC
outer loop controller to improve the system’s stability. Aiming
at the oscillation problem of the PMSG-based wind farm
connected VSC-HVDC, [64] and [77] propose an oscillation
suppression control strategy based on virtual impedance
adding to the WFVSC and clarifies the design method of the
controller parameters. Ref. [78] proposes a sub-synchronous
oscillation suppressing method based on capacitance energy
control. The method modulates the capacitive energy stored in
the MMC by controlling the zero-sequence component of the
loop current so that the capacitive energy damps the sub-
synchronous oscillations according to the common connection

point frequency. Conventional damping controllers get the
damping energy from the power side. Compared to the
conventional damping control, the capacitance energy
damping control directly uses the energy from the converter
station, which is faster. Damping of sub-synchronous
oscillations values the rapidity of the energy more than the
amount of energy. Therefore, the method for suppressing
capacitor energy oscillation has an advantage in suppressing
the sub-synchronous oscillations. The oscillation suppression
methods for MMC-HVDC connected wind farm mentioned in
the above literature are summarized in Table I11.
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Fig. 10. Structure of damping controller based on energy control [78].
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While this section has focused on the suppression of small-
signal oscillations, the system’s stability under large-signal
disturbances, such as faults, presents a different set of
challenges. These transient stability issues, which are critical
for ensuring system resilience, will be systematically
reviewed from a coordinated control perspective in Section V.

Nevertheless, current research mainly focuses on the grid-
side converters of wind turbines and the sending-end
converters of MMC-HVDC, while ignoring the machine-side
converters of wind turbines and the receiving-end converters
of MMC-HVDC. As a result, a full-link and high-precision
analysis model for wideband oscillation has not yet been
formed. Furthermore, the research on oscillation mechanism
is mostly based on the typical scenario of grid-following units
connected to weak power grids. The investigation on the
oscillation initiation mechanism, propagation paths, and
suppression strategies under the coordinated control of
multiple converters in grid-forming-based power grids is still
in the exploratory stage.

V. COORDINATED FAULT RIDE-THROUGH CONTROL FOR
MMC-HVDC CONNECTING THE WIND FARM

When the system failure occurs, because of the low voltage
and current tolerance and rapid dynamic processes of the
power electronic devices in MMC-HVDC connecting the
wind farm, a series of fast over-voltage and over-current
phenomena will be generated. Therefore, traditional
protection methods can no longer meet the requirements of
fast and complex fault ride-through problems. The system
fault can be divided into DC area faults and AC area faults,
depending on the type of fault. Not only do different fault
types correspond to different fault ride-through control
strategies, but different wiring methods of the MMC-HVDC
system also correspond to fault ride-through strategies. For
the symmetrical bipolar MMC-HVDC, when one-pole
converters are blocked due to the fault, converters of the other
pole can continue operating as in conventional DC transmission
systems [79]. However, the symmetrical monopole MMC-
HVDC system cannot be operated like that because it has only
one pole. The following content describes the corresponding
fault ride-through strategies for the MMC-HVDC system’s
different fault types and different wiring methods.

A. DC-side Fault Ride-through control
1) Fault clearing method

When a fault occurs in the DC side of the MMC-HVDC
system, the capacitance of the SMs and the alternating current
(AC) grid are discharged to the short-circuit point at the same
time. Due to the small impedance of the fault circuit, the fault
has no natural over-zero point. The fault current rises quickly
and with a high peak. Therefore, to ensure the stable operation
of the power grid and the safety of the system’s key
equipment, it is necessary to limit the fault current. Two basic
ways to isolate short-circuit faults in the DC line are an MMC
submodule topology with DC fault clearing capability and the
DC circuit breaker.

a) MMC submodule with DC fault self-cleaning ability

Refs. [80]-[82] propose new types of SMs with DC fault
isolation and clearing capability, which can effectively block
DC faults. Currently, most projects still use Half-Bridge SMs,
which do not have fault-clearing capabilities, so this method
cannot be applied to the existing projects.
b) DC circuit breaker

The DC circuit breaker isolates the DC short circuit fault
point when a fault occurs. The fault current will be transferred
to the energy-absorbing branch for discharge [85]. Because
DC circuit breakers can quickly cut off the fault current and
do not affect the power transmission of the non-fault line, DC
circuit breakers have received more and more attention as a
powerful tool for dealing with high-voltage DC faults. It has
been utilized in many flexible DC transmission system
projects such as Nan’ao project, Zhoushan project, and
Zhangbei MMC-HVDC project [84].
2) DC fault ride-through control for wind farm via bipolar
MMC-HVDC system

For the MMC-HVDC system with symmetrical bipolar
structures, the wind farm energy is transmitted from the non-
fault pole after the fault pole is blocked. If a large amount of
wind farm energy is transferred to the non-faulted pole, a DC
overvoltage may be caused, jeopardizing the safety of the entire
system. At this time, it is necessary to coordinate the wind
farm and the MMC-HVDC system and new DC fault ride-
through methods must be explored to realize the reasonable
allocation of unbalanced power and fault current limitation.

For permanent DC faults caused by DC submarine cable
breakage, [85] proposes a multilevel coordinated control
(MLCC) scheme utilizing the fault pole, the non-fault pole,
and wind farm. After a fault occurs, the fault pole WFMMC
utilizes the energy storage capability of the submodule (SM)
capacitors to absorb the wind farm energy before the
converter station is blocked, buying time for the control
activation of the non-fault pole. When the fault line current is
detected to drop to 0, the non-fault pole GSMMC actively
raises the DC voltage to reduce the DC current to avoid
overcurrent protection action. After receiving the blocking
signal from the fault-pole WFMMC, the non-fault pole
WFMMC increases the received energy through active energy
control (AEC) to absorb the wind energy. When
communication is allowed, the wind farm receives the fault
pole command and reduces the delivered active reference to
0.5 per unit (p.u.) AEC will be maintained for a while, which
usually depends on the time required for power reduction at
the wind farm. After the internal energy returns to its rated
value, the non-fault pole WFMMC will deliver the received
energy to the non-fault pole GSMMC. The idea of [86] is
similar to that of [85], which also divides fault ride-through
into two phases: before fault isolation and after fault isolation.
The DC current rise rate is limited by reducing the number of
inserted SMs before fault isolation. After fault isolation, the
fault pole WFMMMC works in STATCOM mode to maintain
the stability of the wind farm AC bus voltage. At the same
time, the reactive power reference value of the non-fault pole
WFMMC is set to 0 to improve the active power transfer
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capability. Compared to [85], [86] describes the coordinated
control of wind turbines in more detail. Successively,
overspeed load shedding and pitch angle control methods are
utilized in [86] to reduce the output power of the wind farm.
For the permanent DC fault, [85] suggests that overspeed
load shedding of the wind farm is unable to meet the
requirement of power balance. Cutting the wind turbines to

Wind Farms

Area Fault

Ik} T

Single-machine
equivalent model

QDD 1

reduce the active power output is necessary. At this time, an
energy storage system is required, which cooperates in
absorbing the excess power until the wind farm completely
reduces power. Meanwhile, the MMC-HVDC system is
running at full load. Compared with the energy consumption
resistor, the energy storage system absorbs power more
smoothly, with a power fluctuation of only 2.5%.

DC-side Grid

WFMMC Fault gGsMMC

s

Fig. 11. Diagram of faults in the MMC-HVDC grid-connected system of wind farm.

B. AC-side Grid Fault Ride-through Control

When the grid AC-side fault causes the transmission
interruption of wind power, the excess power accumulates on
the DC transmission lines, rapidly increasing the DC voltage
like DC-side faults. The current coordination methods for
grid-side fault ride-through combine the improvement of the
MMC-HVDC control strategy or the energy consumption
resistor and the reduction of the wind turbine output power.

Refs. [88]-[89] propose a communication-based
coordinated method. After a voltage drop in the grid, the wind
farm can receive the instruction via communication and
quickly reduce the output power. However, the protection is
triggered by DC overvoltage within tens of milliseconds after
the fault. It is difficult to ensure the wind farm can complete
the load shedding at the required time when the
communication delay is large. Therefore, [90] applies energy
consumption resistors in GSMMC submodules to absorb the
unbalanced power during the wind farm response after the
fault occurs. This energy consumption resistor only needs to
operate in the early stages of wind turbine load shedding (<
200 ms) and does not take up additional station space.
However, energy-consumption resistors installed in the
submodules will heat the submodules. Therefore, additional
costs for heat dissipation in the converter station need to be
considered.

To avoid all the surplus energy from being consumed in the
form of thermal energy, [91] proposes active energy control
using the energy margin of the submodule capacitance. First,
the decoupling control strategy for MMC based on the DC
modulation ratio is proposed. The energy utilization algorithm
is added to the current loop of WFMMC and GSMMC,
respectively. The energy is released after the DC voltage
drops to the rated value, which can reduce the working time of
DC energy dissipation devices.

Considering the cost and delay of communication methods,
[92]-[95] propose ride-through control strategies without
communication. The WFMMC generally transmits a signal to
the wind farm based on the DC voltage using either the
frequency rise method or the voltage drop method. The wind
turbine changes the active power reference value based on the

WFMMC instruction. However, since wind turbines are
frequency-sensitive, improper control may result in large-
scale off-grid. The voltage drop method may also cause the
voltage to exceed the safe operating range, leading to system
protection actions. Ref. [96] uses harmonic injection instead
of communication. When the WFMMC detects the DC
overvoltage, it reduces the AC line voltage of the wind farm
and actively injects different sequence harmonics into the AC
line according to the DC voltage rise rate. When the GVSC of
the wind turbine detects the corresponding harmonics, the
output active power is reduced by updating the d-axis current
reference value. To speed up the system power balancing
time, while reducing the wind farm output, [97] decreases the
amplitude of the GSMMC bridge arm modulation wave. This
increases the equivalent capacitance on the DC side and
reduces the average capacitance voltage. The maximum
energy the GSMMC absorbs is greater than that of
conventional fault ride-through methods. And the more severe
the fault, the more energy is absorbed. The grid area AC fault
ride-through control strategies are categorized, as shown in
Fig. 12.
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Fig. 12. Classification of grid AC area fault ride-through control.

C. Wind Farm Area Fault Ride-through Control

Research on coordinated control for AC side faults of wind
farm is still in its early stages. AC faults on the wind farm
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side usually include single-phase grounded short-circuit
faults, two-phase short-circuit faults, and three-phase
grounded short-circuit faults. Among them, single-phase
grounded short-circuit faults and two-phase short-circuit faults
can cause serious overvoltage problems [98]. A novel
coordinated control strategy is proposed in [99]. DFIG wind
turbines apply synchronized control, which can make the
wind turbine work as a voltage source to regulate the voltage
magnitude and phase of the AC system amplitude, and angle
to the AC grid voltage. On the contrary, WFMMC works as a
current source with constant power control. During the fault,
the wind turbine is switched to the fault ride-through state,
and the active power of the WFMMC quickly drops to 0. The
GSMMC is not affected due to the isolation of the DC line.

Three-phase grounded short-circuit faults are usually
permanent, so the wind turbines on the line need to be
removed. Restricted by the AC circuit breaker operation time
and fault removal time (60-100 ms), the low voltage ride-
through (LVRT) problem of the wind farm and WFMMC
needs to be considered during this time. The WFMMC enters
the current limiting mode to control the fault current. Due to
the voltage drop on their AC side, the wind turbine
submodules (SUBMSs) will switch to the LVRT mode.

Existing studies have not fully investigated the transient
response characteristics and differentiated influence laws of
the system under different fault locations and fault types. The
overcurrent tolerance limits of power devices in converters are
not fully considered in fault analysis, and the research on the
prevention and control mechanism of device damage and
secondary fault cascading reactions caused by overcurrent
shocks during fault transients is insufficient. Meanwhile, most
studies focus on the system stability control during faults,
while the research on the voltage and power transient
regulation characteristics and instability risk prevention in the
fault recovery stage is relatively weak. A fault support control
system covering the whole process of fault “occurrence-
duration-recovery” has not been established. In addition, the
fault response speeds of wind turbines and MMC-HVDC are
different during faults, so the response characteristics of the
whole fault process at multiple time scales should be
considered. Furthermore, most existing studies adopt the
simplified topology of a single wind turbine, lacking
consideration of complex practical engineering conditions
such as multi-terminal access of wind farms and the combined
operation of converters and energy storage Systems.
Therefore, the engineering adaptability and practical
application value of the research results need to be further
improved.

VI. FUTURE TRENDS

To summarize, the technology of the MMC-HVDC
connected wind farm has become more and more mature.
However, the improvement of related standards and the
emergence of hot issues still cause this system to have many
urgent problems, which motivate us to explore further.

A. Future Development of Inertial Support

Future research will break through the limitation of
focusing only on the virtual inertia control of wind turbines. It
will focus on exploring the coordinated inertial support
mechanism between wind farms and MMC-HVDC systems to
improve the inertia support capacity. Meanwhile, novel inertia
support technologies with faster response speed and larger
support capacity will be developed. These technologies will
address the insufficient frequency support and sharp
frequency drop during grid faults to ensure the safe and stable
operation of the power grid. In addition, the system damping
characteristics will be fully considered in the design of inertia
control strategies. Coordinated optimization between inertia
support control and low-frequency oscillation suppression
will be implemented to avoid oscillation caused by
insufficient damping. A unified and complete quantitative
evaluation system and key indicators for inertia support
performance will also be established. This will provide an
objective standard for the performance comparison of
different inertia control strategies and promote the
engineering application and large-scale popularization of
related technologies.

B. Future Development of Oscillation Suppression

In the future, a full-link and high-precision wideband
oscillation analysis model will be constructed. It will be used
to comprehensively characterize the influence of the
interaction among multiple converters on oscillations.
Besides, the research will go beyond the traditional scenario
of grid-following converters connected to weak grids. The
inherent mechanism of wideband oscillations induced by the
interaction between grid-forming wind farms and MMC-
HVDC will be revealed. Systematic oscillation suppression
strategies will be formed accordingly. The research will be
upgraded from local oscillation analysis to system-level
stability prevention and control. It will provide technical
support for the wideband stable operation of high-proportion
power electronics-dominated power systems.

C. Future Development of Fault Ride-through Control

Future research on fault ride-through technologies will
focus on improving system fault handling capability and
enhancing the engineering practicability of related techniques.
The transient response characteristics and differentiated
influence laws of the system under different fault locations
and fault types will be thoroughly investigated. The
overcurrent tolerance limits of power devices in converters
will be fully considered. Protection schemes against
overcurrent shocks during fault transients will be improved to
prevent device damage and cascading failures caused by
secondary faults. Meanwhile, a comprehensive fault support
and control framework covering the entire fault process of
occurrence, duration and recovery will be constructed. It will
take into account voltage and power transient regulation as
well as instability risk prevention during the fault recovery
stage, so as to enhance the full-process fault handling
capability of the system. Furthermore, the response speed
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differences between wind turbines and MMC-HVDC systems
during faults will be fully considered. The multi-time-scale
response characteristics in the whole fault process will also be
taken into account. In addition, the research will break
through the limitation of the simplified topology of a single
wind turbine. It will be carried out in combination with
practical engineering conditions such as multi-terminal access
of wind farms, reactive power allocation and energy storage
configuration. This will further improve the engineering
adaptability and practical application value of fault ride-
through strategies.

VIl. CONCLUSION

This paper presents a comprehensive review of the MMC-
HVDC connected wind farm system from a unified
perspective of coordinated control. Firstly, the issues faced by
the MMC-HVDC connected wind farm system are classified
into three categories: inertia control, wideband oscillation, and
fault ride-through. A unique and clear analytical framework is
established, and the state-of-the-art coordinated control
strategies for each challenge are systematically summarized.
Based on in-depth analysis, the deficiencies and limitations of
existing studies for each challenge are concluded as follows:

1) Current research on inertial support for wind farm grid-
connected systems mainly focuses on the virtual inertia
control of wind turbines, with insufficient attention to the
coordination mechanism of MMC-HVDC, leading to limited
applicability. Existing support methods suffer from slow
response and insufficient capacity, which can hardly
guarantee frequency security under faults. The lack of
consideration for damping in control strategies tends to induce
oscillations. Moreover, the absence of a unified quantitative
evaluation system severely restricts the engineering
application of related technologies.

2) Current studies on wideband oscillation mostly neglect
the machine-side converters of wind turbines and the
receiving-end converters of MMC-HVDC, and a full-link
high-precision analysis model has not yet been established.
The oscillation mechanism is mostly studied based on the
scenario of grid-following converters connected to weak
grids. The oscillation mechanism, propagation paths, and
suppression strategies under the coordinated control of
multiple converters in grid-forming-based power grids still
need to be further investigated.

3) Existing studies are insufficient in the aspects of fault
transient response laws, converter overcurrent protection, full-
process fault control, multi-time-scale response characteristics,
and complex engineering conditions. A complete fault support
control system covering the whole process of fault “occurrence-
duration-recovery” and adapting to practical engineering has
not been formed, and the engineering applicability of the
research results needs to be further improved.

This paper aims to provide a clear and logical framework
for researchers and engineers to understand and solve the
core problems of the MMC-HVDC connected wind farm
system, present the deficiencies of existing research, and

indicate future research directions and development trends for
each field.
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