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ABSTRACT: With offshore wind power evolving toward clusterization in far-oftshore areas, voltage source converter-
based high voltage direct current (VSC-HVDC) technology remains the dominant transmission solution for connecting
large-scale far-offshore wind farms to the onshore grid. To mitigate the DC overvoltage risk caused by active
power imbalance in VSC-HVDC system integrated with far-offshore wind farms during onshore fault, a coordinated
fault ride-through strategy is proposed in this paper. Firstly, the topology and mathematical model of a multi-
terminal VSC-HVDC with permanent magnet synchronous generator-based offshore wind turbines (PMSG-OW'Ts)
are established, and its transient behavior under fault condition is analyzed. Secondly, according to the fault voltage
magnitude, pre-fault active power of VSC stations, and the number of faulty converter stations, the unbalanced power
between sending-end VSC stations and receiving-end VSC stations is quantified. This quantified value is then used
in conjunction with the voltage reduction region model to generate appropriate voltage reduction commands for the
sending-end VSC stations. By adopting a common-outer-loop voltage reduction control scheme, the sending-end
stations collectively and rapidly reduce their output power, thereby eliminating the power imbalance without resorting
to additional hardware such as VSC choppers. Finally, simulation results demonstrate that the proposed strategy
effectively reduces surplus power and suppresses DC overvoltage under onshore fault scenarios, significantly improving
the transient resilience of multi-terminal VSC-HVDC system integrated with far-offshore wind farms.
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1 Introduction

As the global energy landscape shifts toward cleaner and low-carbon solutions [1], oftshore wind farms
have become a pivotal element in the development of wind power, owing to their abundant resources and
high efficiency in power generation [2-4]. However, as offshore wind farms are positioned further from
the coast, high voltage alternating current (HVAC) transmission technology faces limitations due to the
capacitive charging current of submarine cables [5]. This necessitates the implementation of offshore com-
pensation stations to extend the transmission range, making HVAC unsuitable for far-oftshore applications.
While low-frequency AC technology can be utilized for long-distance transmission, it is hindered by high
costs and a lack of sufficient engineering experience [6]. In contrast, voltage source converter-based high
voltage direct current (VSC-HVDC) technology offers the advantages of decoupled active and reactive power
control, ease of connection to weak grids, and no inherent transmission distance limitations [7]. As such, it
has emerged as an effective solution for integrating large-scale and long-distance offshore wind power [8,9].
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The interconnection of far-offshore wind farms with onshore systems relies on VSC-HVDC systems,
which exhibit complex topologies and require extensive AC corridors [10]. In this context, reference [11]
introduced a cost-effective, circuit breaker-less HVDC scheme that allows for the direct delivery of wind
power to onshore systems via DC cables and overhead lines. Nevertheless, the extensive deployment of power
electronic devices with limited individual capacity, coupled with the rapid dynamic response of VSC-HVDC
system, amplifies overvoltage and overcurrent issues during fault conditions [12]. When an AC fault occurs
at the receiving-end system, the power transfer capability of the receiving-end VSC station diminishes. If
the sending-end wind farm does not correspondingly reduce its output power, excess power will continue to
charge the DC-side capacitors, potentially causing DC overvoltage that could damage equipment and trigger
VSC blocking [13].

Currently, two main approaches are employed to address these challenges. The first method aims to
reduce the surplus power by curtailing the power of the sending-end wind farm. VSC stations can rapidly
shed load through voltage reduction [14-16] or frequency raising methods [17,18], thereby lowering the
active power injected by the sending-end VSC stations. Theoretically, these methods require no additional
hardware. However, the complex active power response and weak primary frequency regulation capability
of offshore wind farms may lead to slow response and limited control margin [19], casting uncertainty on
the effectiveness of such strategies. To mitigate DC overvoltage caused by receiving-end fault, reference [15]
proposed a two-stage voltage reduction scheme combined with voltage self-adaptive recovery for the entire
fault ride-through process, employing a voltage-following active current control for current limitation.
Although voltage reduction method responds faster than frequency raising method, an overly rapid voltage
drop may cause overcurrent in the wind farm, while excessive reduction could trigger wind farm trip-
ping [20]. Existing research on voltage reduction-based method overlooks the constraints imposed by the
fault ride-through curve on the voltage command and duration, neglecting the practical voltage reduction
region available to the offshore wind farm.

The second method involves the installation of chopper circuits to dissipate surplus power [21,22].
Current research primarily focuses on chopper topology, control, and placement. While chopper technology
is well-established, offering fast response times and robust performance [23], the necessary rated capacity of
the VSC chopper results in significant investment and maintenance costs [24]. To achieve a balance between
reliability and cost, coordinated control schemes between the VSC-HVDC system and the chopper have
been proposed to reduce the required capacity of the chopper circuit [25,26]. In [26], the VSC station can
dynamically switch among conventional active power control, dynamic reactive current control, and chopper
activation mode based on the fault depth, thereby maintaining active power balance and supporting voltage
at the point of common coupling (PCC).

Conventional fault ride-through methods primarily focus on two-terminal VSC-HVDC systems and
have several shortcomings. These include a lack of accurate surplus power calculation between sending-
end and receiving-end VSC stations, which can lead to DC overvoltage. Additionally, these methods
often overlook the voltage tolerance characteristics of far-offshore wind farms, and an inaccurate voltage
reduction command may result in the tripping-off of offshore wind turbines. In systems with multiple
VSC stations that employ independent outer-loop control, poor synchronization can occur, leading to
sluggish power adjustments. When using the voltage reduction method for a more cost-effective fault ride-
through, it becomes crucial to select the voltage reduction command rapidly and accurately. To address these
limitations, this paper proposes a coordinated fault ride-through strategy aimed at enhancing the stability of
multi-terminal VSC-HVDC system during onshore fault. The main contributions are as follows:

(1) A multi-terminal HVDC integration scheme for large-scale, far-oftshore wind power is designed,
taking into account key transient characteristics during onshore fault.
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(2) The calculation model is established to address the unbalanced power between the sending-end and
receiving-end VSC stations. This model factors in the pre-fault active power level, fault voltage depth,
and the number of faulty VSC stations.

(3) 'The coordinated fault ride-through strategy based on the voltage reduction region and a common
outer-loop controller is proposed. The proposed strategy effectively suppresses DC overvoltage in the
multi-terminal VSC-HVDC system without the need for additional VSC chopper.

The structure of the remaining sections is organized as follows: Section 2 formulates the system
model and analyzes the fault characteristics of multi-terminal HVDC integrated with far-offshore wind
farms. Section 3 presents the proposed fault ride-through strategy. Simulation results are provided
in Section 4, and conclusions are drawn in Section 5.

2 Multi-Terminal VSC-HVDC System
2.1 System Topology

Fig. 1 illustrates the topology of a multi-terminal VSC-HVDC system for integrating far-oftshore wind
farms. Far-offshore wind farms serve as an active power source, which comprises numerous permanent
magnet synchronous generator-based offshore wind turbines (PMSG-OWTs). The VSC-HVDC system
includes submarine cables and DC overhead lines, facilitated by three or more sending-end VSC stations that
rectify the AC voltage of offshore wind turbine into the DC voltage. This setup enables long-distance power
transmission from far-offshore sites to the onshore grid. Key protection devices equipped with high-speed
switches and DC circuit breakers are also incorporated. In the onshore system, three or more receiving-end
VSC stations invert the DC voltage to AC voltage. The proposed coordinated fault ride-through system acts as
the central control unit, acquiring real-time data from all VSC stations via high-speed optical fiber channels
to perform fault detection, power calculation, and command dispatch.
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Figure 1: Topology of multi-terminal VSC-HVDC integrated far-offshore wind farms.
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2.2 Mathematical Model and Control Strategies

PMSG-based offshore wind turbines are crucial part of far-offshore wind farm, which consist of PMSG,
machine-side converter (MSC), grid-side converter (GSC) and OWT chopper. As depicted in Fig. 2, OWTs
adopt MPPT controllers for the MSC and constant DC voltage controllers for GSC during stable operation.
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Figure 2: Simplified control system framework.

MPPT control

The mechanical power of offshore wind turbine can be calculated by [27]:
1
P =2 pR*V>C, 0))

where P, is the mechanical power of OWT. p is the air density. R denotes the radius of OWT. V represents
the wind speed, and C, is the power coeflicient.

OWT is configured with grid-following control strategy, where the current limit of GSC is set as 1.1 p.u.
The grid-side voltage vector is oriented along the d-axis, and the output power given by GSC is [28]:

3
Py = ~Uyly
gsc widw

2, @)
Qgsc = _EUquw

where Py and Qg are the active power and reactive power of the OWTT, respectively. U,, is the AC voltage
of OWT. Iy, and I, are the active current and reactive current, respectively.

Assuming no power loss, the DC-link voltage of the OWT is described as:

dUq4
CwUdchcw:Prsc_Pgsc:Pm_Pgsc (3)

where C,, is the equivalent DC capacitance of the OWT. Uy denotes the DC link voltage of the OWT. Py,
is the active power of RSC.

OWTs transmit wind power to the onshore system via VSC-HVDC, and the active power of the sending-
end VSC station (SVS) is:

Psf:Pw:ZPwi (4)
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where Py is the active power of SVS. P, is the total active power of a far-offshore wind farm. n; is the number
of OWTs, and P,; is the active power of OWT i.

Taking into account the power balance of the sending-end and receiving-end VSC stations. If VSC
chopper is not activated, the dynamic equation of DC capacitor of VSC-HVDC is:

dUnw
Chvdec Uhvdcﬁ = P — Pyt (5)

where Ciyqc is the equivalent DC capacitance of VSC-HVDC. Uy,yq. represents the DC link voltage of VSC-
HVDC, and P; is the active power of the receiving-end VSC station (RVS).

2.3 Fault Characteristics

When an AC fault occurs in the onshore receiving-end system, the voltage of the receiving-end VSC
station drops sharply, triggering the DC overvoltage of VSC-HVDC system. At this point, the sending-end
VSC station switches from control mode 1 to control mode 2, as shown in Fig. 2. When further considering
the chopper circuit, the power flow of multi-terminal VSC-HVDC integrated with far-offshore wind farms

2

is depicted in Fig. 3.
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Figure 3: Power flow of multi-terminal VSC-HVDC.

Due to the voltage drop, the active current output of the faulty VSC station is constrained by the
maximum current (I,,,) of the VSC station and the transient reactive current, resulting in a sudden drop
in the total active power (Pyf). Due to the physical isolation of the HVDC system, the sending-end VSC
station cannot directly detect the fault voltage at the receiving-end system. The total active power (Py) of
the sending-end VSC station remains at the pre-fault level in the short term, leading to P > Pys. According
to Eq. (5), the power difference AP accumulates in VSC-HVDC can cause DC overvoltage.

The single-machine equivalent method is applied to represent the far-offshore wind farm.
Substituting Fq. (4) into Eq. (5), it can be obtained that:

dUj n
thczzpwi_Prf=n1Pm_ rf (6)

AP = Chyqac Uy
hvdec Yhvdc dt <
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Further considering the function of chopper circuit, the DC voltage of VSC-HVDC can be calculated
according to:
dUnydc

AP = ChvchhvdcT =Mm (Pm - Pchl) - (Prf + PchZ) (7)

where, P; and Py, is the absorbed power of OWT chopper and VSC chopper.

According to Eq. (7), the utilization of chopper during onshore fault can reduce the power difference of
HVDC system, thereby reducing the risk of DC overvoltage. The response processes of DC overvoltage under
different strategies are shown in Fig. 4. If the fault ride through strategy is not adopted during onshore grid
fault, the DC voltage of VSC-HVDC may exceed the upper limit (U4, ), thereby triggering DC protection
actions. When using chopper, the surplus power between the sending-end and receiving-end VSC stations
can be absorbed by VSC chopper or OWT chopper, thereby suppressing the rise of DC voltage to a certain
extent. Considering the voltage drop method and the overcurrent capability of sending-end VSC station,
the degree of DC overvoltage can be further reduced, improving the fault ride through capability of the
multi-terminal VSC-HVDC system.
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Figure 4: DC voltage response of VSC-HVDC.

When the sending-end VSC station adopts the voltage reduction method, OWT may enter the low
voltage ride through mode. When the DC voltage is higher than 1.08 p.u., the OWT chopper is triggered,
and the DC voltage trajectory is basically the same as that of VSC-HVDC. Considering the high investment
of VSC chopper, this paper intends to use OWT chopper to absorb transient surplus power, ensuring that
the DC voltage of both OWT and VSC-HVDC are suppressed during onshore fault.

3 Proposed Strategy
3.1 Total Active Power of Receiving-End Stations

The coordinated fault ride-through control system acquires key data of receiving-end VSC stations via
high-speed optical fiber channels, including fault voltage of faulty station i (Up;), AC voltage of non-faulty
station j (Upg;), the pre-fault active current (Iy,;), number of faulty converter stations (N), and number of
non-faulty converter stations (N,). Based on the above information, the total active power of receiving-end
VSC stations (P,f) can be calculated.
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After the receiving-end VSC station i enters the fault ride-through mode, its active current I,; is limited
by both the pre-fault power and the overload capacity of VSC station, which can be described by the following
piecewise function:

I40i,0.9 < Upe <1
o {min (Idon \/LGr - (kf : (0.9 - Upfi))z) ,0< Ups <0.9

(8)

where, I4; is the active current of VSC station i before the fault. I,,,, is the maximum allowable current of the
receiving-end VSC station, and k; is the transient reactive current coefficient. Upy; is the AC voltage of faulty
station i.

The total active power of N receiving-end VSC stations (N = N; + N,) during the fault is the sum of the
power of faulty and non-faulty VSC stations, the total active power of receiving-end VSC stations is:

N, N,

Prf:Z(Upfi'ldri)+Z(Upsj'1dsj) )

i=1 j=1

where, Upy; is the AC voltage of non-faulty station i. Iy is the active current of non-faulty station j.

3.2 Deloading Power of Sending-End Stations
The total active power of all sending-end VSC stations is:

M

Psf: Z (Us'Idsm) (10)
m=1

where, M is the number of sending-end VSC stations, Py is the total active power of the sending-end VSC

stations, Uj is the voltage of the sending-end system, and Iy, is the aggregated active current of sending-end

VSC station m.

Substituting Eq. (9) into Eq. (10), the total active power difference between the sending-end and
receiving-end VSC stations is:

M Nl Nz
AP = Pt — Pys = Z (Us ’Idsm) - Z (Upfi 'Idri) - Z (Upsj 'Idsj) (11)
m=1 i=1 =1

where, AP is the comprehensive reduction power that needs to be cut by the sending-end VSC stations.

To prevent far-offshore wind turbines from trip-oft due to voltage reduction on the sending-end system,
a voltage-time dimensional voltage reduction region is established, as illustrated in Fig. 5, to define the
allowable range for the voltage reduction command.

VSC station and far-offshore wind turbines have zero-voltage ride-through capability, allowing an
operating voltage range of [0 p.u., 1 p.u.], which can be divided into 4 stages according to [29,30]. The fault
ride-through requirements for offshore wind turbines specified in the grid codes are equally applicable to
VSC-HVDC systems. For the purpose of uninterrupted operation of VSC station and far-offshore wind
turbines, the duration should satisty:

0.25,0 < Uy < 0.2
- 10625, Uy =02 (12)
1.964Uy + 0.232,0.2 < Uy < 0.9

00,0.9< Ugs <1
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where ¢, is the continuous low-voltage operation time of far-offshore wind turbines, and Uy is the voltage
reduction command of the sending-end VSC station.
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Figure 5: Voltage reduction region of VSC station.

When the voltage reduction command Uy is in [0, 0.2 p.u.), the maximum continuous operation
time of far-offshore wind turbines is 0.25 s. If the voltage reduction command is 0.2 p.u., the maximum
continuous operation time of far-offshore wind turbines is 0.625 s. While the voltage reduction command
is in [0.2, 0.9 p.u.], the maximum continuous operation time of far-offshore wind turbines is calculated
according to Eq. (12). When the step-down operation command Uy is in (0.9, 1 p.u.], the continuous
operation time of offshore wind turbines is not limited.

To eliminate the surplus power between sending-end and receiving-end VSC stations during onshore
fault, Eq. (11) should be set to zero. Accordingly, the voltage command for the sending-end VSC station is
adjusted as follows:

Z

N.
1 (Upt - Lari) + EZ (Ups - Lus))
= (13)

Idsm

m=1

Us =

M

The voltage command must comply with the boundaries of the voltage reduction region
(i.e., Ust € [0 p.u., 1 p.u.]) and its operation time (¢,) must not exceed the tolerance limit of far-offshore wind
turbines. If these conditions are not met, the voltage reduction command must be revised to prevent the
far-oftshore wind turbines from trip-off issue.

3.3 Coordinated Fault Ride-Through Strategy

The fault ride-through command is delivered through the outer-loop and inner-loop controllers of the
VSC-HVDC system. In traditional multi-terminal configurations, the sending-end VSC station typically
employs an independent outer-loop controller, as illustrated in Fig. 6. This decentralized control structure
leads to deviations in the voltage references among VSC stations, resulting in poorly synchronized and
delayed power adjustments.
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Figure 6: Traditional independent outer-loop control structure for VSC stations.

This paper proposes a common outer-loop voltage reduction control strategy, as illustrated in Fig. 7.
Instead of employing independent outer-loop controllers for each sending-end VSC station, a single common
outer-loop controller is used to generate unified voltage reduction commands and distribute them to all
sending-end VSC stations. This architecture offers the advantages of a simplified control structure and
reduced system complexity. Since all sending-end VSC stations operate with the same voltage reference,
the potential superposition of voltage fluctuations is effectively avoided. As a result, the transmitted power
from the sending-end VSC stations can be rapidly reduced, enabling the elimination of power imbalance in
a short time. This approach facilitates coordinated fault ride-through by harmonizing the responses of the
sending-end and receiving-end VSC stations.

The detailed control flowchart of the proposed strategy is shown in Fig. 8. The specific process includes:
When the coordinated fault ride-through control system detects an AC fault in the onshore system, it
calculates in real time the total active power of the receiving-end VSC stations based on the fault voltage at
the point of common coupling, the pre-fault active power of VSC stations, and the number of faulty VSC
stations. Based on the power difference between the total active power of the receiving-end VSC stations and
the total active power of the sending-end VSC stations, it calculates the comprehensive reduction power of
the sending-end VSC stations, and further generates the voltage reduction command for the sending-end
VSC stations through the embedded voltage reduction region model of VSC stations. The sending-end VSC
stations adopt common outer-loop voltage reduction control to actively reduce the AC voltage of the sending-
end system, causing the active power of far-offshore wind farms to drop rapidly, eliminating the active power
difference between the sending-end and receiving-end VSC stations, thus realizing the coordinated AC fault
ride-through control of VSC-HVDC. This invention can reduce the power redundancy and DC overvoltage
risk of the multi-terminal VSC-HVDC system during fault, improving the system’s fault resistance capability.
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Figure 8: Detailed flowchart of the proposed strategy.
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4 Case Study
4.1 System Settings

To verify the effectiveness of the proposed fault ride-through strategy, simulation verification is
conducted in PSCAD software. The test system consists of six-terminal VSC-HVDC and far-offshore wind
farms, of which the rated capacity is 6 GW. The sending-end system contains three far-oftshore wind farms,
which are linked to SVS; (1600 MW), SVS, (1600 MW) and SVS; (1600 MW), respectively. The receiving-end
system contains RVS; (1600 MW), RVS, (1600 MW), and RVS; (1600 MW). The VSC-HVDC system adopts
a pseudo-bipolar structure with a rated voltage of £500 kV, and the AC voltage of the receiving-end system
is 380 kV. The far-offshore wind farms consist of PMSG-based wind turbines. When focusing on the external
characteristics of the far-offshore wind farms, the equivalent method can be used to equate the far-offshore
wind farm to a single-machine aggregated model, thereby reducing the difficulty of system modeling and
simulation time. The system structure is depicted in Fig. 9, and the specific parameters are listed in Table 1.

Wind farm1 SVS, RVS, Onshore system1
AC Submarine cable Overhead line DC
DC AC
1.6GW 1.6GW
Wind farm2 - gyg, RVS, Onshore system2
AC Submarine cable Overhead line D 4@7@
| . , ; |
DC AC
L6GW 1.6GW
Wind farm3 SVS; RVS; Onshore system3
AC Submarine cable Overhead line D @_@
— —F 1 —
DC AC
1.6GW 1.6GW

Figure 9: Topology of six-terminal VSC-HVDC with far-offshore wind farms.

Table 1: Basic parameters of test system.

VSC-HVDC Sending-End System Receiving-End System
Rate power/MW 4800 4800
VSC stations SVS,~SVS; RVS,; ~RVS;
DC voltage/kV +£500 +£500
AC voltage/kV 220 380
Capacity of transformer/MVA 1650 1650
Ratio of transformer/kV 220/525 525/500
Length of submarine cables 120 km
Length of overhead lines 200 km
Frequency of AC system/Hz 50

4.2 Simulation Results

(1) Case 1: A three-phase short-circuit fault is configured in onshore system 1 interconnected with RVS;.
Specifically, the fault occurs at 1.8 s with a duration of 0.2 s and a fault depth of 1 p.u. The total active
power of far-offshore wind farms is 4800 MW. For comparison, the traditional strategy utilizing the
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overload capacity of non-faulty VSC stations and VSC choppers is evaluated against the proposed
strategy, with the corresponding results presented in Figs. 10 and 11.

Fig. 10a depicts the AC voltage waveform during the occurrence of a fault in the onshore system 1.
When the AC voltage drops to zero, the active power of RVS; decreases to zero correspondingly, as illustrated
in Fig. 10b. Under the traditional control strategy, RVS, and RVS; maintain their rated power of 1600 MW. As
shown in Fig. 10¢, the active power of the sending-end VSC stations remains essentially unchanged, which
consequently causes the DC voltage to rise from 500 kV to 544 kV according to Fig. 10d. Fig. 10e indicates
that since the voltage of the sending-end VSC station stays constant, the active power of the far-offshore
wind farm does not respond to the onshore fault voltage and remains stable at 1600 MW throughout the
fault period. Fig. 10f shows that the DC voltage of the offshore wind turbines remains largely stable without
significant fluctuations.
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Figure 10: System response under the traditional strategy.



Energy Eng. 2027;124(1):2 13

400 : , : , : 2400
r
3501 2000}
300 |
2 1600
5 250} =
g £ 1200}
%‘ 200 g —— RVS,
>
|| ool | ||
% 150 Receiving-end voltage % 800 RVS.
100 —— RVS;
—— Sending-end voltage < 00 -
50+
0 I 1 1 1 0 L I I I I 1
1 15 2 25 3 35 4 1 1.5 2 25 3 35 4
t/s t/s
(a) Voltage of AC system (b) Active power of receiving-end VSC stations
1800 ‘ : : : ‘ 600
1700 | 00
= 1600
2 Z 400}
: 1500 | 3
5 1400 | = 300t
= g
o |-
£ 1300 2 200
£ 1200}
1100 F 100
1000 L L L L L 0 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4 1 1.5 2 2.5 3 3.5 4
t/s t/s
(c) Active power of sending-end VSC station (d) DC voltage of VSC-HVDC
1700 ‘ ‘ : : : 2
1600 p 1.9+
=2 L
g 1500 Z 18}
5 1400 gn
15} 3 1.7+
21300 S
> Q L
35 12001 a1
<
1100} L5
1000 1 1 1 1 1 1.4 1 1 1 1 1
1 1.5 2 25 3 35 4 1 1.5 2 2.5 3 35 4
t/s t/s
(e) Active power of far-offshore wind farm (f) DC voltage of OWT

Figure 11: System response under the proposed strategy.

When the multi-terminal VSC-HVDC system adopts the proposed strategy, the sending-end VSC
stations can regulate the AC voltage of the sending-end system according to the power drop degree of the
receiving-end VSC stations, reducing the sending-end AC voltage to 146.7 kV in Fig. 11a. Following a voltage
dip in onshore system 1, the active power of RVS, drops to 0. In contrast, as illustrated in Fig. 11b, the active
power of RVS2 and RVS3 remains stable at 1600 MW. As presented in Fig. 11¢, the active power of SVS; ~SVS;
all decrease from 1600 to 1067 MW, thereby essentially eliminating the unbalanced power between the
sending-end and receiving-end systems. Thus, the DC voltage only increases moderately from 500 to 512 kV
as shown in Fig. 11d. Under the critical scenario where the voltage drops to zero, compared to the traditional
strategy, the proposed strategy can reduce the DC voltage of VSC-HVDC from 544 to 512 kV, representing
a decrease of 6.25%. Fig. 1le demonstrates that the active power of far-offshore wind farm declines with the
voltage drop in the sending-end VSC station, falling from the initial 1600 to 1070 MW at 1.85 s. According
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to Fig. 11f, since the offshore wind turbines enter low voltage ride-through mode, the DC voltage rises to
1.85 kV (1.23 p.u.), which is within the allowable threshold of 1.3 p.u. Therefore, the proposed strategy can
effectively enhance the fault ride-through capability of far-offshore wind farms integrated via multi-terminal

VSC-HVDC system, and mitigate the DC overvoltage risk during onshore fault without additional hardware
costs.

(2) Case 2: To investigate the impact of fault duration on the proposed strategy, a three-phase fault occurs
in onshore system 2 interconnected with RVS,, with fault duration set to 0.3, 0.5, and 1.0 s, respectively.
The corresponding simulation results are presented in Fig. 12.
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Figure 12: DC voltage under different fault duration conditions.

As illustrated in Fig. 12a, when the fault duration varies, the AC voltage of receiving-end system 2
drops to zero. Fig. 12b indicates that the magnitude of the voltage drop in the sending-end system remains
consistent, while the voltage reduction operation and fault recovery time differ under different fault duration
conditions. As shown in Fig. 12¢, the DC voltage rises to 512.1 kV in all three scenarios, without exceeding
the voltage limit of 650 kV. Fig. 12d indicates that under different fault duration conditions, the DC voltage
of OWT increases from 1.5 kV to a peak value of 1.85 kV. During the onshore fault, the active power of the
offshore wind farm decreases, but no tripping-oft issue occurs due to DC overvoltage. Therefore, the fault
duration has little impact on the magnitude of DC overvoltage. However, a longer fault duration results in
an extended DC voltage recovery time of the multi-terminal VSC-HVDC system.

(3) Case 3: To investigate the impact of different fault depths, the voltage of onshore system 1is set to drop
to 0, 0.4, and 0.8 p.u., respectively. The simulation results are shown in Fig. 13.

As depicted in Fig. 13, when the AC voltage of onshore system 1 drops to 0, 0.4, and 0.8 p.u., the
DC voltage rises to 502.3, 506.7, and 512.2 kV, respectively. It can be concluded that a more significant
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drop in onshore voltage leads to additional unbalanced power in the multi-terminal VSC-HVDC system,
resulting in a more pronounced DC overvoltage issue. The proposed coordinated fault ride-through strategy
can effectively handle different fault durations and voltage dip conditions, thereby enhancing the fault
ride-through capability of multi-terminal VSC-HVDC system integrated with far-offshore wind farms.
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Figure 13: DC voltage under different voltage dip conditions.

The above simulation results demonstrate that the proposed strategy eliminates the VSC chopper,
significantly reducing the cost of fault ride-through while enhancing the fault ride-through capability of
multi-terminal VSC-HVDC system integrated with far-offshore wind farms. In particular, when the AC
voltage of onshore grid drops to zero, the proposed strategy can reduce the DC voltage of VSC-HVDC by
6.25% compared to the traditional strategy.

5 Conclusions

This paper proposes a coordinated fault ride-through strategy to enhance the transient stability of the
multi-terminal VSC-HVDC system integrated with far-offshore wind farms during onshore fault. The key
conclusions are as follows:

(1) A multi-terminal VSC-HVDC system, suitable for large-scale transmission of far-offshore wind power,
is established. During onshore fault, unbalanced power between the sending-end and receiving-end
VSC stations can lead to DC-side overvoltage.

(2) By utilizing information including the pre-fault active power level, fault voltage depth, and the number
of faulty VSC stations, unbalanced power between the sending-end and receiving-end systems can be
accurately calculated. Voltage reduction commands for the sending-end VSC stations are generated
using the voltage reduction region model, which effectively reduces the active power of the sending-end
system quickly.

(3) Simulation results verify that the proposed strategy enhances the fault ride-through capability of the
multi-terminal VSC-HVDC system integrated with far-offshore wind farms by effectively suppressing
DC overvoltage. The proposed strategy is readily applied to actual VSC-HVDC projects of various
capacities by modifying the control system, thus avoiding the hardware costs associated with changes
to VSC modules or chopper circuits.

Future research will focus on the impacts of wind resource variability and wind turbine heterogeneity
on the fault ride-through control strategy. Additionally, further studies are needed on the transient control
strategies that meet grid requirements, including reactive power support and DC overvoltage suppression.
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