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Abstract: The diode-rectifier unit (DRU)-based high-voltage direct current (HVDC) transmission
system offers an economical solution for offshore wind power transmission. However, this approach
requires offshore wind farms to establish a strong grid voltage. To meet this requirement while
fulfilling the dynamic characteristics of the DRU, this paper proposes an advanced grid-forming
(GFM) control strategy for offshore wind turbines connected to DRU-HVDC. The strategy incorpo-
rates a P-U controller and a Q-w controller based on reactive power synchronization. Furthermore,
a novel virtual power-based pre-synchronization method and an adaptive virtual impedance tech-
nique are integrated into the proposed GFM control to improve system performance during wind
turbine (WT) integration and low-voltage ride-through (LVRT) scenarios. The virtual power-based
pre-synchronization method reduces voltage spikes during the integration of new wind turbines,
while the adaptive virtual impedance technique effectively suppresses fault currents during low-
voltage faults, enabling faster recovery. Simulation results validate the effectiveness of the proposed
GFM control strategy, demonstrating improved start-up and LVRT performance through the pre-
synchronization and adaptive virtual impedance methods.

Keywords: DRU-HVDC; grid-forming; virtual impedance; current limiting; pre-synchronization;
wind farm

1. Introduction

Offshore wind farms are the mainstream of future wind power generation for their
consistent wind energy and abundant space [1,2]. With the rapid expansion of offshore
wind power exploitation, there is an urgent need for reliable and efficient wind power
transmission technologies. At present, offshore wind power transmission systems can be
classified into two categories: high-voltage-alternating-current (HVAC) and high-voltage-
direct-current (HVDC). In offshore wind power generation systems, the distance between
the offshore wind farm and the onshore converter can reach up to 100 km. This is a
limitation for the HVAC transmission system due to the associated cost and capacitance
effect of AC cable [3]. HVDC is considered to be the preferred solution for offshore wind
power transmission system as it is independent of cable capacitance in scenarios exceeding
100 km in length and offers a low cost of ownership.

To date, several HVDC wind transmission systems have been proposed in different
studies. Line-commuted-converter (LCC)-based HVDC offers advantages such as high
voltage, high capacity, and low cost. However, they are limited by their requirement to be
connected to strong grids and their significant consumption of reactive power, which can
lead to commutation failures. In contrast, voltage-source-converter (VSC)-based HVDC can
operate in any type of grid, allowing for decoupled control of active and reactive power.
However, they are typically more expensive than LCC-HVDC and cannot effectively man-
age DC short circuit faults [4]. Modular-multilevel-converter (MMC) based HVDCs possess
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the capability for fault current blocking and high efficiency; however, they are associated
with a large footprint, significant investment costs, and complex control strategies [5].
Diode-rectifier-unit (DRU)-based HVDC systems offer lower costs, reduced complexity,
smaller loss, high reliability and compatibility with various grid types, making them an
ideal solution for HVDC transmission systems in offshore wind farms.

However, the commutation voltage of the DRU-HVDC system must be supplied by
the grid-side converter (GSC) of the wind turbine (WT), which implies that conventional
grid-following (GFL) cannot be utilized in GSC due to the absence of voltage support. Thus,
the GSCs of WTs, which are shown in Figure 1, are mostly controlled in grid-forming (GFM)
mode in the DRU-HVDC transmission system. In the figure, PCC is the point of common
coupling; B1 represents the part before the HVDC transmission; B2 represents the part after
the HVDC transmission; ac represents alternating current and dc represents direct current.
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Figure 1. Schematic Diagram of Offshore Wind Farm Connected to DRU-HVDC System.

To enhance the performance of GFM-based GSCs, it is essential to clarify the control
strategy, start-up and fault-ride-through (FRT) strategies of GFM-based GSCs in DRU-
HVDC systems.

The GFM control strategies of GSCs can be classified into two categories: centralized
control and decentralized control. A central control unit coordinates the operation of all
GSCs [6] , with communication bandwidth being a critical factor. To reduce communication
burdens, a strategy employing active power-voltage (P-U) and reactive power-frequency
(Q-w) droop is proposed in [7]; however, propagation delay remains a concern. In contrast,
decentralized control can establish voltage and frequency at the point of common coupling
(PCC) with lower communication bandwidth. Several synchronization methods have been
proposed by researchers within this framework, which can be categorized into two groups:
(1) phase reference is given directly, such as phase-locked loop (PLL) and Global positioning
system (GPS); (2) phase reference is given indirectly, such as power synchronization.

In the direct phase reference method, GPS is utilized to provide phase references, as
mentioned in [8]. However, GPS devices can be costly, and phase reference values may vary
due to differences in startup times. To address this problem, distributed PLL is proposed
in [9], where GSCs obtain phase reference locally through PLL. However, the utilization of
PLL can introduce stability risks [10]. In contrast, the indirect phase reference method has
made notable progress in reactive power synchronization. In [11], a reactive power-frequency
droop controller has been proposed to generate synchronous phase angles between units;
however, it may not be applicable in weak wind conditions. To address this issue, a reactive
power synchronization method with AC voltage compensation is proposed in [10].

The start-up process for GSCs in DRU-HVDC can be divided into black start-up and
new WT integration. During the black start-up procession, offshore wind farms (OWFs)
are unable to draw power due to the unidirectional characteristic of DRU. Several energy
solutions for black start-ups have been proposed. A hybrid topology is used in [12,13],
comprising of DRU and an auxiliary MMC for start-up. In [14], an external DC source is
incorporated into the DC bus of the back-to-back converter, allowing for the integration of
energy storage as discussed in [15]. WTs can achieve self-start-up ability when equipped
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with energy storage. To simplify the start-up process, external batteries are used to start up
WTs in this study, without delving into the specifics of the black startup procedure.

During new WTs integration, the GSCs may become unsynchronized with the offshore
grid due to the slow response of power synchronization, leading to large voltage and
current spikes. To address this issue, several approaches have been proposed. Ref. [16]
employs PLL to obtain phase for pre-synchronization. However, this method may exhibit
poor performance under weak grid conditions, and the improper integration of PLL can
lead to system instability. Recently, a decentralized method named virtual oscillator control
(VOC) has been carried out in [17,18]. The initial phase can be obtained easily and responds
quickly with this method. However, certain conditions are required to achieve a reliable
phase reference in VOC, which may not be applicable in weak offshore AC grid conditions.
Ref. [19] employs the virtual power method, which avoids the use of PLL and demonstrates
effective performance in weak grid conditions.

FRT capability is crucial for compliance with grid code requirements. However, the
existing studies on DRU-HVDC systems pay little attention to FRT. Most research primarily
focuses on faults in onshore AC grids. These studies address suppressing active power
during onshore AC grid faults and limit over-voltage in HVDC bus [20]. Little attention
has been given to LVRT control strategies in offshore AC systems for DRU-HVDC systems.
Current research on LVRT strategies can be categorized into GFL-based and GFM-based
strategies. GFL-based strategies inject reactive power into the grid using techniques such
as FCS-MPC [21], sliding mode control [22], and additional energy storage systems [23].
Although these methods can be effective in traditional LVRT scenes, they are unable to
handle offshore AC voltage after recovery in DRU-HVDC. Additionally, the mode transition
process between GFL and GFM is rather slow and may lead to over-current issues [24].
GFM strategies mainly concentrate on adopting strategies such as droop control and
modifications on virtual synchronous generators(VSG) [25]. Current limitation control is
applied to VSG control in some approaches [26,27]. However, poor current limiting ability
and system stability may occur during asymmetric faults. Virtual impedance is adopted
in [28] , but constant impedance leads to limited power recovery response. Key aspects,
such as fast response and self-recovery LVRT strategies still require further attention.

The main contributions of this paper can be summarized as threefold:

* A power synchronized GFM control strategy and analysis of offshore wind farms
based on DRU-HVDC and control strategy is proposed in this study. The dynamic
stability of self-synchronous response under power disturbances is analyzed. The
proposed GFM control strategy demonstrates favorable plug-and-play characteristics
in the DRU-HVDC system.

* A comprehensive analysis of multiple GSC start-up processes is proposed in this study.
Pre-synchronization for the parallel operation of multiple GSCs has not been imple-
mented in DRU-HVDC systems for offshore wind power generation before. An im-
proved virtual power-based pre-synchronization method is proposed to optimize the
smooth integration of several GSCs. The mechanism of the novel pre-synchronization
method is analyzed in detail.

¢ An adaptive virtual impedance-based LVRT strategy is first introduced for GSCs con-
nected to DRU-HVDC systems. The proposed method adjusts the virtual impedance
adaptively to effectively suppress fault current and facilitates rapid recovery after fault
clearance. Additionally, a complete adaptive virtual impedance calculation process is
provided. Compared to conventional current-limiting and fixed virtual impedance-
based LVRT strategy, the proposed method offers a faster current-limiting response
and rapid recovery performance in the DRU-HVDC system.

This paper is organized as follows: Section 2 provides an overview of the DRU-HVDC
system structure and analyzes the model of the DRU-HVDC system. Building on this
model, the fundamental concepts of the GFM control strategy and power synchronization
methods for GSCs are introduced. Additionally, this section presents the proposed start-up
and LVRT strategies, including a comprehensive analysis of the virtual power-based pre-
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synchronization method and the adaptive virtual impedance strategy. Section 3 presents
simulation results to verify the effectiveness of the proposed control strategy. Section 4
provides a discussion and comparison of the proposed strategy with existing research.
Finally, Section 5 summarizes the key findings of the paper.

2. Advanced Control Methodology for Offshore Wind Turbines Connected
to DRU-HVDC

2.1. System Topology
2.1.1. Topology of Proposed DRU-HVDC System

Figure 1 illustrates the system topology of the DRU-HVDC-based offshore wind power
transmission system. This system consists of wind turbines (WTs) equipped with back-to-
back converters connected to an offshore AC grid, an offshore rectifier station with filter
banks, and an onshore converter station linked to the onshore grid. Multiple WTs are
connected to the PCC through back-to-back converters, each comprising a Machine Side
Converter (MSC) and a GSC. Wind power is transmitted via submarine cables and collected
at the AC bus (shown in Figure 1 B1¢ ). Subsequently, the AC voltage is stepped up by
transformer T2, enabling power transmission through the DRU-HVDC system.

Due to the uncontrollable characteristics of diodes in offshore converters, the voltage
of the offshore AC grid is regulated by the GSCs, while the DC voltage of back-to-back
converters is controlled by MSCs. To reduce total harmonic distortion(THD), the DRU
utilizes a 12-pulse rectifier topology consisting of a Y-Y connected transformer and a Y-D
connected transformer in series, along with a filter bank to compensate for reactive power
and eliminate higher-order harmonics. The onshore station employs grid-following control
to regulate the DC voltage of the DRU-HVDC link.

2.1.2. Equivalent Model of DRU

DRU is equivalent to a thyristor rectifier with zero firing angle. Thus, the DRU output
voltage can be determined from the line impedance and the DRU characteristics [29], and

is given by
Uy = 2<3ﬁu° - 3XTIdC> )

Ty, 7T

where Uj is the root-mean-square(RMS) voltage value of the offshore AC power grid, I,
and Uy,, are the DC current and DC voltage of the DRU station, and T, Lt and X7 are the
transformer ratio, leakage inductor value and leakage inductance, respectively.

The DC-side current and active power of DRU can be calculated as

L. — \/EUO N iy )
=T Xr  6Xr
V2UyUy Uz
Py = Ugpy X Ige = = — dru 3)

Tar 6 Xt

where Py, is the active power transmitted by the DRU station.

Assuming that the system operates at 100% efficiency, the turbine output power and
the DRU transmitted power are equal. Thus, the active and reactive power generated by
the wind farm can be expressed as

V2Uo Uy 3
P —p,. = ru dru 4)
WT dru Ty 6XT
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Assuming that the DRU station operates at the power factor angle ¢, the reactive
power Qy,,, can be given as

[ 1 / 1
Qdru dry AN @ dru Cos2 ¢ dru (ud/uo)2 ( )

where Qg is the reactive power consumed by the DRU station.

The sum of the reactive power emitted by the wind farm and the reactive power
produced by the filter (Qf;; = wC U3) equals the reactive power transmitted through the
DRU system and is given by

1
= — i1 = P ” _— 1 —CUCUZ 6
Qwr = Qaru — Qfit = Paru | Uy /Uo)? 0 (6)

2.1.3. Sensitivity Model of DRU

One can get four types of sensitivity from Equations (4) and (6), and is given by
the following:

Pwr _ C

oUwr

R = SUAEC) 4 9\ G —1—amfColl 7
Gy = (~C1lf + 3) /Gl 1~ 2ol = — Qe

— \/iudm — ugm — 18 3
where C; = T, L5 C = E,Cg = PTE respectively.

It can be seen from Equation (7) that the partial derivative of voltage with respect
to the output active power of the DRU is positive and independent of the output active
power. The partial derivative of the output reactive power of the DRU with respect to
frequency is negative and is related to reactive power, remaining unaffected by the system'’s
output active power. Furthermore, the other two sensitivity models are influenced by both
frequency and voltage, which may limit their applicability in droop control.

Based on the analysis of Equation (7), a clear sensitivity characteristic with “reactive
power-frequency and active power-voltage droop” of DRU can be obtained, which is
essential for the GFM control strategy of GSC converters connected to DRU-HVDC.

2.2. Control Strategy of GSC Converter

Figure 2 shows the GFM control block of the DRU-HVDC transmission system for
offshore wind power, including the outer power control loop, along with the voltage and
current loop.

P e

Park transformation

Figure 2. Control block diagram of the GSC of the WT.
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2.2.1. Power Control Loop

In the DRU-HVDC system, the GSCs regulate the voltage and frequency of the offshore
AC grid by adjusting active and reactive power [30]. Based on Equation (7), active power
can be utilized to control the voltage amplitude of the offshore AC grid, demonstrating
a positive relationship between voltage and active power. The P-U controller of GSC
is depicted in purple in Figure 2, and the AC voltage references in dg-axis coordinate
system are

{u; = Upes = Up + (Kp + 5 ) (Pos — P) ©

u, =0

where U; and Uy are the d-axis and g-axis component reference values of the PCC
voltage, K; and Kp are the proportional parameter and the integral parameter of the
controller, respectively.

Similarly, reactive power can be used to control the frequency of offshore AC grid
based on Equation (7). Therefore, a reactive power-frequency controller for GSC is applied.
The Q-w control can be expressed as

Kg
= - 9
w=wy+ 7o (Q - Quy) ©)
where wy is the frequency reference value, Q and Q,, £ are the actual and reference reactive
power of WT, K; and K7 are the control parameters of the first-order inertial element in
the controller.

Each WT can ultimately achieve uniform reactive power sharing by establishing the
same reference. The framework of the reactive power-frequency control is illustrated in the
yellow block in Figure 2. Additionally, by integrating the frequency reference value of the
AC system, the angle for coordinate transformation is given by

]

0= S W (10)

2.2.2. Voltage and Current Control Loop

Similar to the typical GFM control, the inner control loop of WT consists of a voltage
controller and a current controller. The structure is shown in the green and blue sections of
Figure 2. The current inner loop facilitates rapid response and current limiting during AC
faults, while the voltage inner loop enables the WTs to function as voltage sources. The
inner voltage controller is given by

du
{ CFEtM = Iwg — Icqg + wCplUy, 1)
CFTM = qu — ICq + wCrlyy
and the inner current controller is given by
{ Rlyg + LPdfTVt” = Ucy — Uyg + wLply, (12)
dl
Rlyg + Lp—* = Ucg — Uyg + wLplyy

where Cr and L are the filter capacitor and inductance of GSC, Uy, and Uy, are the final
output voltage of WT, Iz and Iy, are the final output current of WT, Ic; and I¢, are the
current flowing into the filter capacitor.

2.2.3. Self-Synchronous Mechanism

The GSCs should be able to maintain stable synchronous operation under power
disturbance, necessitating an analysis of synchronization stability. Phase variation, derived
from power, provides insight into the synchronization stability of the system.
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The power of the offshore AC system can be expressed in terms of voltage and
current as 3
Py = 5 (Ul + Uyglhy)
_3 B (13)
Q1 = 5 (Uyghy — Uyglyy)

where P; and Q) are the active power and reactive power in the system.
Additionally, when the GSC is synchronized with the grid, U; = 0 is brought into
Equation (13), which can be expressed as

P, = 15U,
14
{ Q1 = —15Uyly, (14)

A reduction in the reactive power reference will lead to a decrease in voltage within
the offshore system. Consequently, this reduction in AC voltage will result in a decrease in
reactive power. The operation of the Q-w controller will further contribute to a decline in
AC frequency. Meanwhile, the reduction in reactive power from the GSCs will also lead
to a decrease in the total reactive power consumed at the DRU station. In the proposed
power synchronization method, GSCs redistribute reactive power according to their power
capacity. As a result, the reactive power from other GSCs will also decrease, leading to a
decline in frequency as managed by the Q-w controller. Besides, the active and reactive
power can be described as

pP— Ug Uy sinf
{ (LI 7UXC059)U (15)
Q= 1 XX 1

Thus, the decrease in frequency will also lead to a reduction in the phase angle
obtained by the integrator, consequently lowering the actual active power of the GS5Cs as in
Equation (15). This mechanism enables the tracking of the actual active power value with
the reference. The synchronization process of WTs under power disturbances is illustrated
in Figure 3. This power synchronization mechanism facilitates plug-and-play capability
and robustness, effectively meeting the requirements for GSCs in the DRU-HVDC system.

r-———-r T P —U Control _ Reactive power
' P | > zl AL ali gy 0| —— O
: l : 0=—1.5Ual, ! allocation
[
: Powerf | O — w Control O — w Control
| . |
|trackingr | U Usind
| L po ZeiSnY Integral effecti "\~~~ " T T T T T T T !
I P’ll < _X_é),l%lwil<———————————‘—>.w/ll
| : | Implement synchronization v
|

Figure 3. Synchronous response to power disturbances.

Overall, the proposed control strategy can support the voltage of the offshore AC
grid and maintain system stability. However, under GFM control, GSCs behave as volt-
age sources, which limits their operation during fault and start-up conditions. There-
fore, this paper proposes novel start-up and LVRT methods for GFM-based GSCs in the
DRU-HVDC system.

2.3. Proposed Start-Up Method

In the proposed DRU-HVDC system, GSCs are started one by one. However, it is
notable that the start-up processes for the first GSC and other GSCs are different.

2.3.1. Start-Up Strategy for GSCs

Offshore wind farms require additional black start-up sources to get started. There are
several kinds of black start sources, such as energy storage and additional converters [12].
Numerous studies have addressed this topic, but the black start process is not considered
in this study to simplify the analysis.
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When the wind farm gets started, the first GSC maintains the voltage of the PCC.
During this initial phase, power synchronization is not yet established. The proposed
start-up strategy is outlined as follows:

The first GSC starts with constant frequency (CF) control, gradually increasing the
voltage while the AC breaker closes to pre-charge the capacitor of the HVDC bus via the
DRU. Once the AC voltage reaches its nominal value, the first GSC transitions to constant
voltage and constant frequency (CVCF) control. Finally, upon completion of the start-up
process, the first GSC adopts the Grid-Forming (GFM) control strategy.

The start-up process of other GSCs closely resembles that of the first GSC, initially
operating under CF control and subsequently transitioning to CVCF control. However,
there are some notable differences. Firstly, there is no requirement for the GSCs to maintain
the voltage at the PCC during the start-up process; therefore, the AC breakers remain open
initially. Secondly, the GSCs transition from CVCF control to GFM control upon the closure
of the AC breakers at the end of the start-up process.

To facilitate a smooth transition between CVCF and GFM control strategy for GSCs,
a pre-synchronization approach is employed. And this study introduces a novel virtual
power based pre-synchronization method.

2.3.2. Pre-Synchronization Based on Virtual Power Method

The proposed method introduces a virtual impedance between the converter and
the grid, which is active only prior to grid connection. By adjusting the virtual power
value of the impedance to zero, pre-synchronization of the voltage amplitude and phase is
accomplished. The simplified circuit model is shown in Figure 4.

U, e 20 . U, 20,
VsG Z | S, | z, Grid
O~ =T Tl
n...:l"""!.....-
P+ jO.

Figure 4. Simplified circuit for pre-synchronization.

Figure 4 shows the simplified circuit for virtual power based pre-synchronous method.
Based on Ohm’s law, the virtual active power and reactive power transmitted through this
impedance are given by

Pv Z%,{ Upcc COs (Gpcc - Gg) — Ug% COS &y + Upccug sin(GpCC — 98) sin DCU}
Qv = Z%;{ Upcc Cos (Gpcc — Gg) — U§ sina, — Upccug Sin(epcc — Og) cos D‘v}
Zz) - \/(CL}LW)—2+R%

&, = arctan ( “I’{L” )
v

(16)

where Upcc and 0y are the voltage amplitude and phase at PCC, and U, and 6, are the
voltage amplitude and phase of the offshore AC grid. a, represents the virtual impedance
angle, R, represents the virtual resistance, and L, represents the virtual inductance.

Equation (16) shows that when the phase difference between virtual active power and
the voltage reaches zero, the synchronization is achieved. Taking 7/2 into a,, Equation (16)
is simplified to

P, = 2% sin (8 — ) an
Qv = ZL;C [Upec — Ug COS(OPCC - Gg)]

From Equation (17), we can conclude that the conditions 0, = 8¢ and Uy, = Uy are

satisfied only when the virtual active power and reactive power are both zero. Thus, it is
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essential to design a control loop to ensure that both the virtual active power and reactive
power are zero. This allows for successful pre-synchronization, enabling new GSCs to
integrate smoothly into the grid.

To achieve virtual power synchronization, frequency and voltage magnitude com-
pensation are incorporated into the original control strategy. The pre-synchronization
compensation is illustrated in Figure 5, where the compensation values are integrated into
the frequency and voltage controllers of the original control strategy. The compensated
reference of frequency and voltage controllers can be expressed as

{ w,ef:w:—i-Aw (18)
Upr =U"+ AU

where wy.r and U,,s are the actual reference value in the controller of GSC, w* and U* are
the original reference value, and Aw and AU are the compensation value.

: 0 Frequency

U : s j‘ compensation :
pee Virtual active power _:_v> PI —:> dw

O pee virtual reactive power L sl —_:
L» calculation _:_: Pl _=_> AU

93 . . : Qv_|_ litud
:Pre — synchronization : OT Amplitude

enable signal S, p | ceapesinen |

Figure 5. Calculation of pre-synchronization compensation.

2.4. Proposed LVRT Control Methods

Without any fault current limiting measures, the fault current can exceed the normal
operating range during low-voltage grid faults. The safety and reliable operation of GSCs
are jeopardized. Conventional current limiting control may saturate and fail, potentially
leading to system instability in GFM converters. Furthermore, setting the current limiter
threshold too low may affect the system’s dynamic response.

To address these issues, this study proposes a new adaptive virtual impedance (AVI)
based LVRT control strategy.

2.4.1. Adaptive Virtual Impedance Strategy

If the dynamic process of the transient current is ignored, the fault current can be
expressed as [31]
A
Al th

= 19
8 Req +]Xeq ( )

where Al is the voltage variation of the fault point, Al is the fault current caused by
voltage drop, and Re; and L, are the equivalent resistance and reactance from the grid
converter to the fault point.

From Equation (19), it is evident that the fault current is proportional to the change
in fault voltage and has a negative correlation with the equivalent impedance between
GSCs and the fault point. By regulating the equivalent impedance, the fault current can be
effectively suppressed. In other words, by implementing the virtual impedance method,
the fault current can be reduced. The implementation of virtual impedance is illustrated
in Figure 6.

The virtual impedance effectively limits the fault current of the converter while simul-
taneously reducing the reference voltage of the GSC controller. This reduction in voltage
leads to a lower current reference value. Thus, the current limiting feature of the GSCs is
achieved. However, fixed virtual impedance(FVI) cannot adaptively compensate based
on the degree of AC voltage drop, which can result in a substantial fault current during
instances of extremely low voltage.
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Figure 6. Virtual impedance calculation.

In order to suppress the overcurrent faster and ensure the dynamic performance of
the system, an adaptive virtual impedance method is first used in the LVRT strategy of an
offshore AC grid based on DRU-HVDC. The values of virtual resistance and reactance are
adaptively adjusted based on the magnitude of the fault current. A comprehensive analysis
and calculation of the adaptive virtual impedance is provided.

2.4.2. Adaptive Virtual Impedance Design

When the fault current does not exceed the threshold current, both virtual resistance
and reactance are set to zero. The expressions for virtual inductance and virtual resis-
tance are

— 2 2
ARVI = maX (Kp,RVI< Id,ref + Iq,ref — Ith)/ 0) (20)
ALyy = ARyi(AX/R)

where K, ry| represents the gain of the current-limiting virtual impedance, Iy, is the current
limiting threshold, and AX/R denotes the reactance-to-resistance ratio of the current-
limiting virtual impedance method, which can effectively confine the fault current to an
appropriate level.

The above analysis clearly indicates that designing an appropriate virtual impedance
gain and X/R ratio is crucial. The virtual impedance X/R ratio is determined through
small-signal analysis [32]. For symmetrical three-phase faults in the system, the drop in
virtual impedance should be equivalent to the voltage amplitude command, as given by

Vo = ImaxZvi = Imax R%/I + (C‘]LVI)2 (21)

where Imay is the required maximum current.
By combining Equations (20) and (21), the virtual impedance gain can be obtained as

Kp,RVI _ 7b+v21;274ac
a= (Imax - Ith>2(1 + AX/R>2

22
b = 2lmms — In) (RS + (AX/R)aooLy) )
c = (RYy)™+ (woLyy)” = V3 / Inax
Hence, the voltage drop induced by the virtual impedance is given by
udVI = ARVIid — wALVqu (23)
quI = ARVqu + wALvyriy

where iy,i; and are the d-axis and g-axis components of the converter output current, respec-
tively, w is the cutoff frequency of the high-pass filter, and ARy, ALy are the adaptively
calculated virtual resistance and virtual inductance based on the fault current conditions.
The adaptive virtual impedance in the voltage control loop incorporating the voltage
drop is illustrated in the red part within the voltage controller of Figure 2. A power-angle
model can be derived for transient stability analysis, as shown in Figure 7.
Here, the active power is calculated by

_ 3EVsiné

p
27

(24)
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Figure 7. Transient stability analysis.

The power-angle relationship is shown in Figure 7. When the system operates nor-
mally, the characteristic is represented as curve 1. In contrast, the characteristic during a
low voltage fault is depicted by curve 2. The overall power relationship is illustrated as
follows. Initially, the GSCs work at point a. Following the occurrence of a low voltage fault,
the power angle remains unchanged, causing the GSCs to operate at point v According to
Equation (24), the operating point will gradually shift to b due to the condition P* > P, .
A new stable operating point is established when P* = P,, facilitating normal operation
during fault conditions. After the fault clearance, the operating point immediately changes
to point a due to the unchanged power angle. Subsequently, since P* < P, , the operating
point moves to point 4 finally, returning to the initial stable operation.

3. Simulation Results

As depicted in Figures 1 and 2, a case study has been conducted to validate the
proposed control strategy. The system parameters are detailed in Table 1. The system
consists of three wind farms, while the DC bus of the back-to-back converter is simplified as
a 1200 V DC voltage source. Each wind farm consists of 22 turbines, each with a capacity of
3.15 MW. This section mainly verifies the effectiveness of the control strategy under start-up
and steady-state operation of wind farms, power fluctuation and low-voltage faults in the
offshore AC system.

To simplify the analysis, we model all the WTs in a wind farm as a single large-
capacity WT.

Table 1. Parameters of the Offshore AC System via DRU-HVDC.

Parameter Category Parameter Name Value
Rated Capacity 200 MW
Rated AC Voltage 66 kV
Onshore AC System Resistance 0.396 O
Inductance 0.0126 H
Onshore converter Eilter Resistance 0.396 O
Filter Inductance 0.0126 H
DC Support Capacitance 0.001 F
Flat Reactor Inductance 026 H
DC Transmission Resistance 0.011 O /km
Inductance 0.0026 H/km
Capacitance 0.2185 pF/km
Length of DC cable 500 km
Diode Rectifier Transformer Ratio 66 kV /50 kV
Cn 28.865 uF
L, 31.589 mH
Second-order High-pass Filter R 6.891 Q)
Cn2 320.69 uF
Rp 60.639 (2
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Table 1. Cont.
Parameter Category Parameter Name Value
Cp 28.865 uF
C-type Filter Ly 3.149 mH
Ry 19.291 O)
Reactive Compensation Capacitor Cr 4.7924 uF
Resistance 0.00843 (2/km
. Inductance 2.5 uH/km
AC Line Transformer T2 Ratio 35kV/66 kV
Length of AC cable 100 km
Capacity 3.15 MW
. . Number of Turbines 22
Wind Turbine Transformer Ratio 0.69 kV /35 kV
DC Voltage 1.2kV
Active Power Controller K:0.01;]: 16
Control parameters of GSC Reactive power controller n: 3.577 x 107°

3.1. Simulation Case: Start-Up and Pre-Synchronization of DRU-HVDC

In the analyzed case, wind turbines are started up sequentially, as illustrated in
Figure 8. The detailed start-up procedure in this simulation case is as follows:

Initially, the first WT is started, and the GSC of the first WT is unlocked, operating
under CF control at this stage. Meanwhile, the breaker closes, connecting the first GSC
to the offshore DRU system and precharging the capacitor of the HVDC bus. The GSC
operates unloaded, increasing the output voltage linearly from zero to 1 p.u. with a
frequency reference value of 50 Hz. From t = 1 s to t = 3 s, the GSC of the WT operates
under CVCF control. Att=3s, the GSC transitions from CVCF to GFM control. With the
power controller, the active power reference value increases linearly from zero to 1 p.u. to
establish the offshore AC grid. The startup procedure for the rest WTs is similar to that of
the first WT, with a key difference: the breakers close only after the startup procedure is
complete. And pre-synchronization is employed before connection. In this case, the second
WT connects to the offshore AC grid at t = 6 s, followed by the third WT at t =10 s.

|

Wti(i>=2) soft
start without load

A

1st WT soft start
without load

Voltage
eaches 1p.

yes

CVCEF control

connect
to grid

FIO

K

P-U/Q-w control
Pre-connec
to grid
yes,

no And Connect to grid

yes P-U/Q-w control+
v -
Virtual power pre-
P-U/Q-w control |— synchronization
T
o yes END

Figure 8. Start-up procession of wind farms.
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The start-up and steady-state operation results are presented in Figure 9. The results
indicate that the voltage of the offshore AC grid is 1.053 p.u., and the frequency is 49.996 Hz.
The output active power of GSC of WT is 182.38 MW, while the reactive power is 1.19 MVar,
exhibiting a high power factor and low THD in steady-state operation. New WTs integrate
into the offshore grid smoothly in Figure 9.
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Figure 9. Results of Steady-State Operation of Multiple WTs.

After applying the proposed control, the system output power changes smoothly.
The overshoot of voltage and current is minimal when new WTs are connected. In the
steady state, the three WTs share power according to their capacity. The system exhibits
the characteristics of a strong droop in the Q-w controller and operates near the full power
factor after all WTs are connected. Frequency fluctuation of the offshore AC grid remains
minimal under both transient and steady-state operating conditions.

In the simulation case, the impact of pre-synchronization is assessed. The effect of
pre-synchronization on voltage fluctuations is compared by implementing and removing
the pre-synchronization method, as shown in Figure 10. It is clear that with virtual power
pre-synchronization, voltage overshoot is effectively reduced compared to the scenario
without synchronization. The phase obtained in advance by the virtual power method leads
to minimal frequency fluctuations in the offshore grid. By employing virtual power pre-
synchronization, the overall stability of the transmission system is significantly improved.
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Figure 10. Comparison of pre-synchronization results.

3.2. Simulation Case: Power Disturbances

Based on the proposed start-up strategy, all WTs have been started and are in normal
operation. To verify the effectiveness of the proposed GFM control under power distur-
bances, a simulation considering power fluctuation is conducted. The power disturbance
conditions are as follows: at t = 13 s, the reference power of the second WT is suddenly
reduced to 0.5 p.u.; at t = 17 s, the reference power of the third WT is suddenly reduced to
0.7 p.u.; at t = 21 s, the reference power of the second WT suddenly increases to 0.8 p.u.; at t

=25 s, the reference power of the third WT suddenly increases to 1.2 p.u.

According to Figure 11, during the entire power fluctuation process, the system voltage is
maintained between 0.9 p.u. and 1.16 p.u., while the frequency is controlled within the range
of 49.7 Hz to 50.23 Hz. These results show that the proposed method ensures synchronous
and stable operation of WTs under sudden power changes. Consequently, the system
demonstrates strong robustness and stability in the presence of abrupt power variations.
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Figure 11. Results of power disturbances.
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3.3. Simulation Case: Offshore Low Voltage Ride-Through

A low-voltage fault is applied at point B1 to simulate offshore low-voltage ride-through
and verify the effectiveness of the improved control. The simulated fault consists of a 60%
voltage drop, which begins at 8 s and lasts for 1.5 s.

Figure 12 illustrates the low-voltage fault condition in the offshore AC grid. Three
control strategies, CL, FVI, along with AVI, are evaluated in the simulation. As for the
current limiting method, the fault current reaches 1.29 p.u. after fault, with a recovery time
of 3.5 s. By implementing the FVI method, the maximum current is 1.185 p.u., while the
recovery time shortens to 0.7 s. The proposed adaptive virtual impedance method achieves
1.11 p.u. peak current, and recovers within 0.6 s. The simulation also shows the proposed
AVI method exhibits the lowest voltage overshoot with 0.03 p.u., while FVI with 0.05 p.u.
and CL with 0.11 p.u. Similarly, the recovery speed of frequency, as well as active and
reactive power, is faster with the AVI method compared to the CL and FVI methods. The
proposed AVI method effectively protects the transmission system during faults, with no
overshoot observed during the recovery process, and returns to normal after the fault is
cleared. The AVI method exhibits smaller voltage and current overshoots during faults
compared to the traditional CL and FVI methods and achieves faster recovery. Additionally,
the AVI method suppresses fault currents and enables rapid system recovery effectively.
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Figure 12. Comparison of low-voltage fault results in offshore AC grid with current limiting(CL),
fixed virtual impedance(FVI) and adaptive virtual impedance(AVI).

4. Discussion

In this section, a comprehensive comparison and discussion of the proposed method
and existing methods is presented.
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4.1. Discussion on Control Strategy

The previous research findings indicate that in offshore wind farm systems, the lack
of rotational inertia results in a negligible coupling relationship between the active power
emitted by the inverter and the system frequency [12]. To achieve higher inertia and
self-synchronization at one time, an advanced GFM control with reactive power self-
synchronization is proposed. While the characteristics of the uncontrollable transmission
system are distinct from those of the controllable transmission system. The power droop
feature is caused by the characteristics of diodes, which are fundamentally different from
the power relationship caused by resistive line characteristics. Thus, the P-U and Q-w
droop control strategies are introduced into the control loop, fulfilling the output feature
of the DRU-HVDC system. Additionally, the self-synchronization method exhibits high
immunity during power disturbance, offering high reliability for the transmission system.
Compared to the distributed PLL-based control strategy [9], the proposed control strategy
demonstrates superior performance in weak grid conditions and is capable of achieving self-
synchronization. The self-synchronization mechanism and the proposed droop control are
validated by the power disturbance results in Figure 11, which demonstrate the robustness
of the proposed control strategy. The proposed method fulfills the requisite robustness,
reliable performance and plug-and-play criteria for the GFM-based DRU-HVDC system.

4.2. Discussion on Start-Up Performance

In order to consolidate the contribution of the proposed pre-synchronization, the
start-up strategy is compared by the power synchronization method with virtual power
pre-synchronization and with power synchronization only.

The initial phase is determined by the virtual power and the relevant phase calculation
is collected without the use of a PLL through the adoption of virtual power-based pre-
synchronization. Figure 10 illustrates that the integration of a new WT into an offshore AC
grid results in an abrupt voltage spike, with a surge reaching 0.4 p.u. The voltage spike
without pre-synchronization is significantly larger than that observed in the proposed
virtual power-based pre-synchronization method, which exhibited a surge of 0.05 p.u. The
simulation results also demonstrate that the GSCs can integrate into the grid in a seamless
manner with the proposed virtual power-based pre-synchronization method.

PLL is a widely used pre-synchronization technique. However, it can introduce
instability under weak grid conditions. The proposed pre-synchronization method can
accurately control the frequency/phase of GSC output voltage and maintain system stability
when GSCs are connected to the grid. The phase can be obtained without the necessity of
PLL. During the pre-synchronization process, the virtual power synchronization method
can prevent excessive impact on the power grid and allow for a seamless connection. In
contrast to the conventional PLL-based pre-synchronization method [9], this method can be
employed within GFM control directly. The PLL method needs a mode transition between
pre-synchronization and GFM control. The smooth transition of virtual power-based pre-
synchronization illustrates significant stability and transient performance improvements in
the proposed strategy for new WT integration.

4.3. Discussion on Different LVRT Control Strategies

For GFM-based converters, reduced current during LVRT leads to lower investment in
power electronic components and enhances the reliability of the power transmission system.
To demonstrate the effectiveness of the proposed method in mitigating fault current, the
system employing the LVRT technique is compared with conventional methods presented
in [26,28], as shown in Figure 12.

For current-limiting control, GSCs operate similarly as a constant current source when
a fault occurs. Their FRT strategy is grounded in the principle of current saturation, a con-
cept frequently employed in cascaded voltage and current loops. This mechanism operates
by integrating fault current, which causes the current loop to saturate and subsequently
reduces the output duty cycle. This control scheme is particularly suitable for scenarios
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where transient performance is not a primary concern. When GSCs are connected to DRU,
the desaturation time for the current loop is notably prolonged, and the mode transition
becomes complex. The simulation results in Figure 12 illustrate the phenomenon. The
current reaches a peak value of 1.29 p.u. after a fault occurs at 0.2 s, gradually saturating to
1.25 p.u. over 1.4 s. Once the fault is cleared, the current initially rises to 1.3 p.u., with the
restoration process lasting for 4 s. The overshoot behavior is also observed in both active
and reactive power. The duration of the transient over-current condition is prolonged due
to current saturation and limited control bandwidth, which is unfavorable for GFM control
and the over-current stability of DRU. Therefore, the CL-based LVRT strategy is not suitable
for this scenario.

In FVI-based LVRT control, voltage compensation is linearly dependent on current.
A voltage droop is applied to the voltage reference when the fault happens, and current
limitation is also adopted. Nevertheless, this approach necessitates impedance adjustments
to limit current under different low-voltage conditions. The results presented in Figure 12
indicate that the current reached a peak value of 1.17 p.u. following the fault event.
Concerning the FVI proposed in [28], current damping has been enhanced compared to
the CL discussed in [26]. The system returns to its equilibrium point stably within 2 s. The
active and reactive power changes are lower than CL during the whole LVRT procession. By
employing the virtual impedance method, the output voltage is directly reduced through
the virtual droop of the reference, resulting in improved performance compared to the CL-
based LVRT strategy. However, the reference droop varies linearly with the fault current,
leading to a slow suppression of the fault current. FVI demonstrates superior performance
compared to CL, further enhancements are still required.

In the proposed AVI-based LVRT strategy, the voltage droop is adaptively adjusted
in relation to the current. The droop impedance increases quadratically with fault current.
This approach results in enhanced voltage droop capability during fault conditions. As for
the simulation results depicted in Figure 12, the current reaches a peak value of 1.11 p.u.
after the fault, representing the lowest peak among all methods evaluated. When the
fault is cleared, the current overshoot is 0.12 p.u., which is less than that observed in the
aforementioned methods. Furthermore, active power remains consistently lower than that
of the other approaches throughout the entire process. By considering the X/R ratio, the
proposed AVI control strategy demonstrates superior fault performance compared to the CF
and FVI-based LVRT strategies. The proposed approach exhibits the lowest overshoot and
the fastest recovery capability, making it suitable for LVRT. By adjusting impedance based
on fault current, the AVI method effectively suppresses fault current without requiring
additional modifications. Therefore, the proposed AVI-based LVRT method meets the
requirements for a reliable power transmission system and shows better LVRT performance
than previous studies.

5. Conclusions

This paper proposes an enhanced grid-forming control strategy for offshore wind
turbines connected to the DRU-HVDC system. The strategy includes reactive power
self-synchronization, virtual power-based pre-synchronization, and an adaptive virtual
impedance controller. Simulation results show that the proposed pre-synchronization
method effectively mitigates the adverse effects of inconsistencies in voltage amplitude
and phase difference. Additionally, the adaptive virtual impedance control addresses
overcurrent issues during LVRT in the offshore AC system, enabling rapid fault recovery.
Thus, the proposed GEM control method effectively meets the startup, synchronization,
and LVRT requirements of offshore wind turbines, making it particularly suitable for
offshore wind farms connected via DRU-HVDC. Notably, compared to existing studies,
the proposed pre-synchronization and adaptive virtual impedance strategy demonstrate
smoother transitions and enhanced recovery performance during both the startup process
and fault conditions.
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