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Abstract 

The high-voltage dc (HVDC)-connected offshore 

wind farm is a power electronic converter 

dominated power system. Yet, the highly 

controlled fault characteristics of converters 

could affect the efficacy of different protection 

schemes. This paper first gives an overview of the 

multi-time scale fault characteristics of converters 

and the related different protection schemes. 

Then, the coordinated fast-time scale fault control 

of converters with the corresponding protection 

relays is summarized. Lastly, the protection 

schemes in slow-time scale are investigated, then 

the modified settings and criteria for these 

protection schemes are proposed considering the 

converter fault dynamics. 

1. Introduction 

With the substantial unexploited wind resources 

and the ideal wind conditions, offshore wind 

farms (OWFs) are increasingly being built 

worldwide for the large-scale use of renewable 

energy [1]. The modular multilevel converter 

(MMC) based high-voltage dc (HVDC) 

transmission system is a preferred solution for 

large OWFs for its flexible control capability [2]. 

The HVDC connected OWF is a converter- 

dominated power system with highly controlled 

multi-time scale fault behaviors. The highly 

controlled fault characteristics could lead to the 

malfunctions of different protection relays, which 

are typically designed and adjusted based on the 

characteristics of synchronous generators (SGs) 

[3]. 

The transient dynamics of the conventional SG-

dominated system after fault inception involves 

mainly the sub-transient, transient, and 

synchronous dynamics. They can be characterized 

by the varying reactance behind an ideal voltage 

source. The sub-transient reactance can be in the 

range of 0.09 - 0.17 p.u. resulting in an inductive 

fault current with the peak ac-component of over 

six times rated [4]. The sub-transient and transient 

dynamics could last for several fundamental 

power cycles, which are coordinated with the most 

protection relays, e.g., the current differential 

protection (CDP), distance protection (DP), and 

overcurrent protection (OCP) [5]. In addition, SGs 

exhibit the swing characteristic due to the physical 

rotating mass with the inherent inertia and 

damping [6]. The swing characteristics of SGs are 

widely utilized to coordinate with the power swing 

blocking (PSB) [7] and out-of-step-tripping 

(OST) [8] to block the protection relays during a 

stable power swing and initiate the system 

partitioning in the event of an unstable swing. 

The grid-side converters of the offshore wind 

turbines mainly adopt the grid-following (GFL) 

control, which is composed of the slow-time scale 

phase-locked loop (PLL) for synchronization and 

the fast-time scale vector current control for power 

injection [3]. In addition, the grid-side converters 

of the offshore wind turbines could adopt the grid-

forming (GFM) control to support the grid voltage 

during contingency [9] or to form the grid voltage 

in diode rectifier unit (DRU) based HVDC system 

[10]. The common structure of the GFM control 

consists of different function layers to emulate the 

electromechanical and electromagnetic dynamics 

of SGs [11]. The offshore MMC station typically 

adopts the GFM control with the constant 

voltage/frequency (VF) control structure to 

operate as an ideal voltage source to form the 

offshore ac grid [12]. In addition, the power 

synchronization control (PSC) based GFM control 

is an alternative for the offshore MMC station 

[13]. Neither the VF-GFM control nor the PSC-

GFM control has the inertia control 

characteristics. 

The transient dynamics of power converters after 

fault inception can be mainly classified as the fast-

time scale electromagnetic dynamics and the 

slow-time scale electromechanical dynamics. The 

electromagnetic dynamics mainly include the 

initial current spikes and the fast current-loop 



dynamics. The slow-time scale electromechanical 

dynamics mainly include the current-angle swing 

of the GFM converter and the voltage-angle swing 

of the GFL converter [14]. The multi-time scale 

fault characteristics of converters could have 

significant effect on the efficacy of different 

protection relays [15]. Considering the fast-time 

scale fault current control dynamics, a coordinated 

fault current phase angle control of converters 

with the DP is proposed in [16] for wind farms 

directly connected to the main ac grid. The 

influence of both the controlled fault current and 

the wind farm fault capacity on the CDP is 

investigated in [17]. In addition, the flexible 

converter control and the reduced inertia could 

significantly affect the slow-time scale dynamics 

of the system, thereby leading to the failure of the 

PSB and OST especially with the increasing 

proportion of the wind farm penetration. Thus, the 

optimized relay settings are proposed in [18] to 

cope with the PSB and OST failure.  

However, the above-mentioned methods are only 

applicable to wind farms directly connected to the 

main ac grid. As for the offshore MMC station 

interfaced wind farm, both sides are power 

converters with highly controlled fault currents. 

The effect of the flexibly controlled fault current 

of the MMC on the efficacy of the DP, CDP, and 

OCP is investigated in [19]. Accordingly, a 

coordinated fault current control of the MMC is 

proposed in [20] to improve the efficacy of the 

CDP by aligning the fault currents on both sides. 

In addition, a soft current limiter is proposed in [21] 

to limit the fault current and generate the 

interharmonic current, which can be identified by 

a specially designed interharmonic differential 

relay to detect the faults in the inverter-based 

islanded microgrids. The interharmonic 

differential relay has also the potential to be 

applied to the offshore MMC formed offshore ac 

grid. As for the slow-time scale PSB and OST, the 

optimized relay settings [18] for wind farms 

directly connected to the main ac grid is not 

suitable for the MMC-OWF system with 

completely controlled transient dynamics. To 

solve this problem, new criteria for the PSB and 

OST in the MMC-OWF system should be 

proposed considering the slow-time scale 

dynamics of the power converters.  

The rest of the paper is organized as follows. The 

system description and the multi-time scale 

characteristics of converters are elaborated in 

Section 2. The coordinated converter control with 

the CDP, DP, and OCP is proposed in Section 3 

by exploiting the fast-time scale characteristics. In 

addition, the new criteria for the PSB and OST are 

proposed in Section 4 by exploiting the slow-time 

scale characteristics. The new criteria are then 

validated using electromagnetic transient (EMT) 

simulations. 

2. Multi-time scale characteristics of 

converters 

A system diagram of the HVDC-connected OWF 

is illustrated in Fig. 1. The grid side voltage source 

converter (VSC) of wind turbines adopts the GFL 

control to inject the required active and reactive 

currents. After fault inception, the injected active 

and reactive currents of the GFL-VSC should 

follow the grid codes [22], which means that the 

phase angle φw of the fault current iw from the 

GFL-VSC is determined. The PLL of the GFL-

VSC tracks the phase angle θPLL of the voltage at 

the point of common coupling (PCC), which is 

subsequently utilized in the current control loop as 
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Fig. 1: Single-line diagram of the HVDC-connected offshore wind farm with a short-circuit fault in Feeder 1. 

 



shown in Fig. 2. The offshore MMC station adopts 

the GFM control to regulate the voltage and 

frequency of the offshore ac grid [19]. After a low-

impedance short circuit fault, the terminal voltage 

vm of the MMC cannot be controlled and the 

current limiter is in an active mode to limit the 

magnitude of the fault current im from the MMC. 

However, the phase angle of the limited fault 

current im can be controlled with a high flexibility 

to an arbitrary value. 

After the inception of a short-circuit fault, the 

converter dynamics involve mainly the initial 

transient current spikes, current loop dynamics, 

synchronization dynamics, and the fast frequency 

support. Their interactions with the harmonic-

based protection (HP), CDP, DP, OCP, PSB, OST, 

and the rate of change of frequency (ROCOF) 

protection are illustrated in Fig. 3. The initial 

current spikes are related to the filter capacitor, 

pre-fault condition, fault angle, system 

impedance, etc., at the time scale around 

hundreds of microseconds (e.g., 100 us) [4]. 

Thus, the initial current spikes do not have 

significant impact on the efficacy of the above-

mentioned protections, whereas the current loop 

dynamics, synchronization dynamics, and the fast 

frequency support could affect the efficacy of the 

protection relays. 
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Fig. 2: Simplified controller block diagram of the HVDC-connected offshore wind farm. 
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Fig. 3: Multi-time scale characteristics of converters and the coordination with different protection schemes 

in a HVDC connected wind farm. 



2.1 Fast current loop dynamics  

The rise time of the current loop is in the time 

scale of several milliseconds (e.g., 2 ms), which is 

within the operating time of the OCP, DP, and 

CDP. The fast current control dynamics are the 

premise of the coordinated fault current control of 

converters with the protection relays by injecting 

an optimized fault-ride-through (FRT) current, 

which is conductive to the fast relay tripping of the 

OCP, DP, and CDP [19]. In addition, the fast 

current control of converters can be coordinated 

with the specially designed HP by injecting the 

inter-harmonic current [21] or the synthetic 

harmonic current [23] during a short-circuit fault. 

2.2 Slow-time scale dynamics  

2.2.1 Synchronization dynamics 

The synchronization methods of grid-connected 

converters can mainly be classified as the power-

based synchronization and the voltage-based 

synchronization [24]. The power-based 

synchronization can be realized by different 

control methods, such as the droop control, power 

synchronization control (PSC), virtual 

synchronous (VSG) control, synchronverter, etc. 

The different control methods differ in terms of 

inertia support, transient stability, operation 

characteristics, etc. The power-based 

synchronization control is in the time-scale 

around 100 ms [25]. Besides, the voltage-based 

synchronization is typically realized by the PLL. 

The settling time of  the PLL is in the time scale 

of tens of milliseconds (e.g., 40 ms) [26]. 

After the inception of a short-circuit fault at the 

offshore ac grid of the MMC station connected 

offshore wind farm as shown in Fig. 1, the 

impedance trajectory and the rate of change of the 

impedance measured by a distance relay are 

highly affected by the PLL dynamics, which is 

different from the SG-dominated system. Since 

the PSB is used to differentiate between a fault 

and power swing according to the measured 

impedance [27], parameter settings of the PSB 

should be adjusted according to the PLL 

dynamics to block the operation of distance relays 

in the event of a power swing. Otherwise, the 

distance relays could mistake the power swing as 

a fault condition and trip the circuit breakers. 

The critical clearing time (CCT) of a short-circuit 

fault in the MMC station connected offshore wind 

farm is also affected by the PLL dynamics. If there 

is a short-circuit fault on Feeder 1 as shown in Fig. 

1, the DP will trip the circuit breakers controlled 

by the relay R1 and R2 to isolate the fault within 

a short time. After fault inception, the generated 

power from Cluster 1 should be transferred to the 

offshore MMC station through Feeder 2 to reach a 

new state of equilibrium, which is affected by the 

PLL dynamics. However, if the short-circuit fault 

cannot be isolated before the CCT due to a stuck 

breaker, the system could become out-of-step 

(unstable power swing) and the OST will initiate 

the system partitioning to avoid equipment 

damage and a widespread power outage. If the 

fault is isolated before the CCT, the system will 

become stable and the OST will not be initiated. 

2.2.2 Fast frequency support 

With the increasing wind farm integration, the 

power system inertia level continues to decrease. 

Since the ROCOF is inversely proportional to the 

system inertia, a disturbance such as power 

imbalance could lead to a significant ROCOF in 

the system integrated with HVDC-connected 

offshore wind farms. Thus, the revised grid codes 

of National Grid UK increase the ROCOF from 

0.125 Hz/s to 1 Hz/s to avoid the malfunction of 

ROCOF relays due to the decreasing system 

inertia [28]. If the measured ROCOF breaches a 

predefined value, a ROCOF relay could 

mistakenly interpret the high ROCOF as loss of 

main (LOM) and subsequently disconnect the 

wind farms [15]. To avoid the malfunction of the 

ROCOF protection, the fast frequency support 

from wind turbine converters and the offshore 

MMC station is proposed to support the onshore 

grid frequency during a frequency dip [29]. 

3. Coordination of Fast-Scale 

Dynamics with CDP, DP and OCP 

Since the fast current loop dynamics of converters 

is within the operating time of the DP, CDP, and 

OCP, the fault current control of converters can 

be coordinated with these protection schemes. In 

addition, the DP, CDP, and OCP are designed 

based on the fault characteristics of the SG-

dominated power system where the fault current 

phase angles of both sides of the protected line are 

similar. Thus, the coordinated fault current 

control of the converters can be proposed by 

emulating this characteristic. 

3.1 Current differential protection (CDP) 

A coordinated fault current control of the MMC 

with the CDP is proposed in [20] and the 

corresponding basic idea is illustrated in Fig. 4. 



The fault current vector wI  from wind turbine 

VSCs should follow the grid codes [22] with the 

determined phase angle, while the phase angle of 

the fault current mI  from the MMC can be 

controlled with a high flexibility. If the phase 

difference between mI  and wI  is much greater 

than 90° (case A), the CDP relay fails to trip 

corresponding to point A of Fig. 4. However, if 

mI  is controlled to be aligned with wI  according 

to the coordination method, the relay can 

successfully trip corresponding to point B. 

3.2 Distance protection (DP) 

A simplified system diagram of the MMC 

connected offshore wind farm during a short-

circuit fault with the fault resistance RF is 

illustrated in Fig. 5. ZLF represents the feeder 

impedance. The parameter a (0 ≤ a ≤ 1) is 

determined by the fault location. As expressed in 

(1), the measured impedances by Relay 1 and 

Relay 2 (i.e., Zrelay1 and Zrelay2) are the sum of three 

vectors, respectively.  
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The coordinated fault current control of the MMC 

with the CDP is also conducive to the successful 

tripping of the DP as explained in Fig. 6. If the 

coordinated fault control of the MMC is not 
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Fig. 5: Simplified system diagram of the MMC connected offshore wind farm with distance protection relays 

on both sides of the protected feeder. 
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applied, the phase angle of the vector ( / )m w FI I R  

can be an arbitrary value, which could lead to the 

failure of the DP when Zrelay1 crosses the operating 

characteristic as shown in Fig. 6(a). When the 

coordinated control of the MMC is applied to 

align mI with wI , Zrelay1 will get inside of the 

operating characteristic to ensure the successful 

tripping of the DP after fault inception like shown 

in Fig. 6(b). 

3.3 Overcurrent protection (OCP) 

After a short-circuit fault on Feeder 1 as illustrated 

in Fig. 1, the fault current i2 flowing through the 

OCP relay R2 is the sum of the fault current im 

from the MMC and the fault current iw2 from wind 

farm Cluster 2. When the coordinated fault current 

control of the MMC is applied, the magnitude of 

i2 is the maximum value since im is aligned with 

iw2. Otherwise, im and iw2 could cancel out each 

other leading to a reduced magnitude of i2 [30]. 

Therefore, the coordinated fault control of the 

MMC can increase the magnitude of i2, thereby 

increasing the speed of the overcurrent relay R2 

since the operating time of the overcurrent relay is 

negatively correlated with the magnitude of the 

fault current flowing through it [19]. 

4. Coordination of slow-scale 

dynamics with PSB and OST 

4.1 Power swing 

Power swing of the conventional SG-based power 

system refers to the variation of power flow when 

the generator rotor angles advance or retard 

relative to each other consequent to a large 

disturbance such as system faults and the line 

switching [31]. The P-θ swing characteristics of 

the conventional power system [6] can be 

simplified as shown in Fig. 7. To mimic the 

electromechanical characteristics of SGs, the 

GFM converters could implement the swing 

equation of SGs with the virtual inertia and 

damping [32], [33]. Thus, the P-θ swing 

characteristics of SGs as illustrated in Fig. 7 is also 

applicable to some GFM converters. For instance, 

the power swing dynamics of the virtual 

synchronous generator (VSG), a type of GFM 

converter, can be characterized by the swing 

equation with the bandwidth of a few Hertz [11]. 

The grid side converters of wind turbines 

generally adopt the GFL control. During normal 

operation, the injected active and reactive currents 

are expressed in (2). Besides, a PLL is required for 

the GFL converter to get synchronized with the 

grid voltage. A block diagram of the PLL is shown 

in Fig. 8. During the steady state, vq is equal to 

zero since the GFL converter is synchronized with 

the grid voltage. Therefore, the injected reactive 

power Q is equal to zero according to (3). During 

the transient state, the injected reactive power Q is 

equal to *

q dv i . Accordingly, the Q-θ swing 

characteristics of the GFL converter [14] is 

illustrated in Fig. 9. The generalized swing 

equation of the GFL converter with the equivalent 

inertia and damping is derived in [34] to analyze 

the electromechanical dynamics. Besides, a 

GSwingEqn.
PPower 

calculation

P*

i
v

ω  *

ω  
s
1 θ 

 
Fig. 7: Simplified P-θ swing characteristics of the SGs or GFM converters. 

abc

dq
v

vd

vq
GPLL

ω  *

ω  
s
1 θ 

vq* = 0

 
Fig. 8: Block diagram of the PLL used in wind turbines. 

GPLL 
QPower 

calculation

Q*

i
v

ω  *

ω  
s
1 θ 

= 0

1

*id

 
Fig. 9: Q-θ swing characteristics of the GFL converters. 



modified PLL is proposed in [35], which can 

achieve an enhanced inertia and damping 

emulation to provide the fast frequency support. 
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4.2 Power swing blocking (PSB) 

A power swing could cause the measured 

impedance trajectory to enter the operating 

characteristic of a distance relay and subsequently 

the false tripping of the relay. The short circuit 

fault is an electromagnetic transient process with 

a time constant of a few milliseconds, whereas the 

power swing of the conventional SG-based power 

system is an electromechanical transient process 

with a much longer time constant of a few seconds 

[36]. Therefore, the PSB is utilized to distinguish 

between the short circuit fault and power swing 

based on their different transient dynamics, then 

block the operation of the target distance relay in 

the event of a power swing [18]. 

The impedance measured by a distance relay 

immediately jumps from the load impedance to 

the fault impedance inside the relay operation 

characteristic after a short-circuit fault. On 

contrary, the impedance trajectory of a power 

swing exhibits the steady progression and may 

move inside the relay operation characteristic as 

illustrated in Fig. 10. Therefore, the PSB of the 

MMC-OWF system can be implemented 

involving three steps: 

1. Calculate the maximum rate of change of 

impedance (ΔZ/ΔT) during the power swing. The 

rate of change of impedance in a conventional 

SG-dominated system is determined by the 

system inertia. Due to the reduced inertia and the 

fast converter control in the MMC connected 

offshore wind farm, the maximum rate of change 

of impedance is significantly increased and it is 

determined by the converter dynamics. 

2. Choose the outer and inner blinders 

surrounding the relay operation characteristic 

with the distance of ΔZ, then count the time Δt it 

takes for impedance trajectory to cross the 

blinders. 

3. If the calculated rate of change of 

impedance ΔZ/Δt is less than the maximum rate 

ΔZ/ΔT for the power swing, a power swing is 

declared and the PSB is initiated to avoid an 

undesired relay tripping when the measured 

impedance trajectory enters the relay operation 

characteristic. 

The EMT simulation of a bolted symmetrical 

three-phase-to-ground fault on Feeder 1 for 500 

ms as illustrated in Fig. 1 is conducted to 

investigate the characteristics of impedance 

trajectories measured by relays at different 

locations. The main system parameters used in 

this simulation are shown in Table I. The fault 

current response of the converters on both sides 

are elaborated in Section 2. Since the fault location 

is within the protected range of relay R1, the 

measured impedance by R1 immediately jumps 

into the relay operation characteristic after fault 

inception as shown in Fig. 11(a). The rate of 

change of the measured impedance is very fast 

after fault inception, which is determined by the 

time-constant of the signal filtering mechanism of 

the relay [15]. Conversely, the fault location on 

Feeder 1 is beyond the protected range of relay R3. 

The measured impedance by R3 is the swing 

impedance, the rate of change of which is slow 

and determined by the PLL dynamics as shown in 

Fig. 11(b). Although the measured swing 

impedance by relay R3 enters its operation 

characteristic, the trip of R3 is blocked by the PSB 

since the rate of change of ZR3 is less than the 

maximum rate of a power swing. 

4.3 Out-of-step tripping (OST)  

The power swing can be classified as a stable 

power swing and an unstable power swing (out-

of-step). The system can regain a new state of 

equilibrium after the stable power swing. On 

contrary, the system will experience the loss of 

synchronization (LOS) with an unstable power 

swing. The asynchronous power system areas 

must be separated from each other quickly to 
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Fig. 10: Illustration of the PSB blinders and the 

impedance trajectories during a short-circuit fault 

and a power swing. 

 



avoid equipment damage and a widespread power 

outage. Therefore, the OST is applied to 

differentiate between a stable and unstable swing 

as illustrated in Fig. 12 and initiate the system 

partitioning in the event of an unstable swing. The 

implementation of the OST for the conventional 

SG-dominated system is based on the following 

criteria [37]: 

1. The OST function declares an unstable 

swing as soon as the measured impedance 

trajectory passes through the area surrounded by 

the inner blinder. 

2. If the sign of the R components of the 

impedance are the same when the measured 

trajectory enters and exits the inner blinder, a 

stable swing is declared. 

With the large-scale integration of wind farms to 

the conventional SG-based power system, the 

LOS due to grid faults or large system 

disturbances should be addressed by the OST, 

which involves the tripping of some wind farms 

[38], [39]. However, the above-mentioned criteria 

for the OST are based on the mathematical model 

where the interconnected systems are completely 

formed with SGs [36]. Thus, the OST could 

malfunction with the wind farm penetration. To 

solve this problem, the modified settings for the 

OST is proposed in [18]. In addition, the offshore 

ac grid of the MMC-OWF system is completely 

interfaced with converters and there is no SG 

connected. The characteristics of the stable and 

unstable swing impedance trajectories of the 

MMC-OWF system are different from the 

conventional SG-based system or the SG-based 

system with wind farm penetration. Thus, the 

conventional OST could fail in the MMC-OWF 

system due to the different converter dynamics. 

Simulation results of a stable power swing after a 

bolted symmetrical three-phase-to-ground fault on 

Feeder 1 for 500 ms are illustrated in Fig. 13. 

Since the converter dynamics and the impedance 
trajectories are determined by the converter 

control, the measured impedance ZR3 by relay R3 

is highly controlled. Although the trajectory of the 

swing impedance passes through the inner blinder 

 
(a) Measured impedance by relay R1 

 
(b) Measured impedance by relay R3

 

Fig. 11: Measured impedance by different relays at 

different locations after fault inception. 

Table I: MAIN SYSTEM PARAMETERS USED IN 

SIMULATIONS 

Symbol Meaning Values 

P Power rating of the 

offshore wind farm 

100 MW 

Vm RMS value of the rated ac 

voltage of MMC 

210 kV 

f1 Nominal grid frequency 50 Hz 

Vw RMS value of the rated ac 

voltage of wind turbine 

VSC 

0.69 kV 

Ilim Limit value of the current 

from converters 

1.2 p.u. 

Xtr Leakage reactance of 

transformers 

0.12 p.u. 
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Fig. 12: Characteristics of the measured impedance 

trajectories of the stable and unstable swing in SG-

dominated system. 

 



as shown in Fig. 13(b), it is essentially a stable 

power swing since the system reaches a new state 

of equilibrium. The measured impedance at this 

new equilibrium corresponds to the new load 

impedance. The waveform of the power angle δ 

also validates that the system is undergoing a 

stable power swing, which gradually converges to 

a new equilibrium point. However, the 

conventional OST will lead to an undesired 

system partitioning in this case by mistakenly 

declaring an unstable power swing when the 

measured impedance trajectory passes through the 

inner blinder. 

To avoid the malfunction of the conventional 

OST, a new criterion for the OST of the MMC-

OWF system should be proposed. The stable 

power swing regains a new state of equilibrium 

after the disturbances. Accordingly, the measured 

impedance trajectory only passes through the 

inner blinder once for the MMC-OWF system. On 

contrary, the power angle during an unstable 

power swing continuously increases instead of 

reaching the state of equilibrium. The trajectory of 

the swing impedance in this case will pass through 

the inner blinder multiple times. Therefore, a new 

criterion for the OST of the MMC-OWF system 

can be selected as: the trajectory of swing 

impedance passes through the inner blinder twice. 

Simulation results of an unstable power swing 

(out-of-step) after a bolted symmetrical three-

phase-to-ground fault on Feeder 1 for 600 ms are 

illustrated in Fig. 14. Since the fault is not cleared 

within the critical clearing time (CCT), the system 

will experience an out-of-step. The power angle δ 

continuously increases after fault inception, which 

indicates an unstable power swing of the system. 

As a result, the trajectory of the unstable swing 

impedance ZR3 crosses the inner blinder multiple 

times after fault inception. According to the 

proposed new criterion, OST is initiated to 

partition the unstable MMC-OWF system to avoid 

equipment damage and a widespread power 

outage. 

 
(a) Trajectory of the swing impedance ZR3 

 
(b) Zoom-in trajectory of ZR3 

 
(c) Waveform of the power angle δ 

Fig. 13: Stable power swing after a bolted 

symmetrical three-phase-to-ground fault for 500 ms. 

Initial state of 
equilibrium
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characteristic

Trajectory of swing 
impedance ZR3

Inner blinder

Pre-fault

Initial state of 
equilibrium

During 
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New state of 
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Fault 

isolated

 (a) Trajectory of the swing impedance ZR3 

 
(b) Waveform of the power angle δ 

Fig. 14: Unstable power swing (out-of-step) after a 

bolted symmetrical three-phase-to-ground fault on 

Feeder 1 for 600 ms. 
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5. Conclusion 

This paper has given a review of the multi-time 

scale fault characteristics of converters and the 

corresponding protection schemes in the offshore 

ac grid that interfaces the grid-side converters of 

wind turbines and the offshore MMC station. In 

the fast-time scale, a coordinated fault control of 

the MMC with the CDP, DP, and OCP is 

presented by exploiting the fault characteristics of 

wind turbine converters and the operation 

characteristics of relays. In the slow-time scale, 

the effect of power swing dynamics on the PSB 

and OST due to the synchronization process of 

converters are investigated. Accordingly, the 

modified criteria and settings for the PSB and 

OST in the OWF-MMC system are proposed and 

subsequently validated by the EMT simulations. 
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