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Abstract—Development of MMC-HVDC grids, as a new 
generation of VSC-HVDC systems, has been considerable 
through the past decade. Emerging of multi-terminal MMC-
HVDC networks makes integration of multiple large-scale 
sustainable sources and asynchronous power grids quite 
feasible. However, protection and control of the multi-
terminal HVDC grids under fault situations have always been 
a vital issue. On the other hand, while modern AC grids get 
benefits of applied Fault-Ride-Through (FRT) operation and 
capabilities under AC fault conditions, the multi-terminal 
HVDC grids lack a systematic DC FRT operation. As the 
multi-terminal HVDC networks are going to become a 
backbone grid for the future power systems, it is necessary to 
define grid code requirements and standardizations 
considering DC FRT regulations. This paper presents 
potential DC FRT operations and possible profiles from 
HVDC grid point of view under DC fault conditions. A 
systematic DC FRT based on voltage against time profile is 
proposed. Different characteristics of voltage-based DC FRT 
are investigated in this study and results can be applicable to 
DC grid code definitions and requirements. 

Keywords—MMC-HVDC grids, multi-terminal HVDC 
systems, DC fault-ride-through (FRT), voltage source converter 
(VSC), DC protection, grid code requirement 

I. INTRODUCTION 
With high penetration of (Power Electronic Converter) 

PEC interfaced RES (Renewable Energy Sources) in the 
modern power grid, system stability is threatened by low 
short-circuit strength and reduction in synchronous inertia. 
In order to avoid complete interruption of the RES under 
fault conditions, the FRT operation of HVDC transmission 
system integrated with large-scale RES, e.g. offshore wind 
farms, is concerned recently [1]. The FRT capability 
provides the system with possibilities for power delivery to 
the main grid even under fault circumstances. Moreover, the 
FRT operation improves AC grid capability to maintain 
transient stability under fault condition using injection of 
reactive power [2]. The characteristic of the FRT profile is 
slightly different in grid codes defined in different countries. 
For example, in the Danish grid code, wind power plants 
must be able to withstand voltage drop down to 20% of the 
nominal voltage in Point of Common Coupling (PCC) over 
a period of minimum 0.5 sec without disconnection [3]. The 

grid code for the FRT operation should be developed as 
more RES are connected to the main grid with different 
structure i.e. HVDC transmission systems.  

Until now, the FRT capability is usually defined for the 
condition of AC fault happening in AC grids. There is not a 
well-stablished definition or standard for the FRT capability 
in HVDC power grids when a DC fault happens [4]. 
Therefore, it is vital to develop the concept of DC-based 
FRT capability and define its standard for the DC grids 
including the multi-terminal HVDC grids [5]. Although, 
there have been many studies and research works on the AC 
FRT capability, there are not enough studies regarding the 
DC FRT capability and its grid code requirements in the 
multi-terminal HVDC grids. In particular, there are very 
rare works considering a systematic DC FRT operation for 
the multi-terminal VSC-HVDC grids [6], [7]. The AC FRT 
definition is usually based on system stability consideration. 
However, it seems that the definition of the DC FRT 
characteristics will depend more on system protection 
consideration. Meanwhile, because of different dynamics of 
HVDC systems to HVAC systems, the DC FRT can be 
totally different from what is usually presented and defined 
for the AC FRT capability.  

DC grids including the multi-terminal HVDC systems 
can face instability problems based on disturbance severity 
and type of the system control. In ref [8], it is shown that 
outage of one PEC can cause the HVDC grid to be unstable. 
Thus, continuous operation of MMCs in a multi-terminal 
HVDC grid under DC fault situation can improve the 
HVDC system security. Behaviour of MMCs in the multi-
terminal HVDC network plays a major role in system 
dynamics and response to DC faults. However, there is no 
definition or standard for the systematic DC FRT capability 
in HVDC power grids when a DC fault happens. 

This paper sheds light on the concept of DC FRT 
capability for the multi-terminal MMC-HVDC grids 
including possible systematic FRT operation and potential 
grid code requirements. The DC FRT is categorised into two 
parts based on being a component-based function, e.g. 
MMC FRT function, or a systematic FRT regulations 
defined by operators. In addition, DC-voltage-based FRT 
operation is discussed, and different characteristics of the 
possible DC FRT profiles are investigated in this study.  

This work was supported by the Sino-Danish Center for Education 
and Research (SDC), University of Chinese Academy of Sciences.     



II. DC FRT CAPABILITY FOR MMC-HVDC GRIDS 
As mentioned before, the AC FRT characteristics are 

usually based on system stability consideration. However, 
the characteristics of the DC FRT rely on system protection 
consideration rather than the stability issue. As there is 
lower impedance in HVDC links comparing to HVAC ones, 
the rate of change of fault current magnitude is remarkably 
high in case of DC faults. On the other hand, power 
semiconductors in MMC converter are vulnerable to fault 
current rising under DC fault conditions [9]. That is why the 
DC FRT operation should consider the system protection 
issues. The DC FRT capabilities and regulations of the 
multi-terminal MMC-HVDC grids are discussed and 
categorized in the following subsections. 

A. Component-based DC FRT Functions and 
Capabilities 
Component-based DC FRT functions refer to the 

capabilities provided by power components, e.g. MMC 
converter, to handle the fault situation. For example, DC 
choppers are a common power component used to act under 
fault condition to mitigate DC link over voltage [10]. 
However, in the multi-terminal MMC-HVDC grids, the 
MMC converters are the main power component to handle 
and interrupt DC faults, in particular for the fault-blocking 
MMC type [11]. The new generation of the MMCs, i.e. the 
fault-blocking MMC, provides the multi-terminal HVDC 
grids with advanced FRT capabilities [12]. However, both 
two-level VSC and Half Bridge (HB) MMC are not capable 
of interrupting DC faults and they need DC Circuit Breakers 
(DCCB) to interrupt fault current or blocked and 
disconnected from the AC network [13]. The most common 
types of the fault-blocking converters are Full Bridge (FB) 
MMC and Hybrid MMC converters [14]-[15]. Usually, 
these kinds of the MMCs generate inverse voltage to 
suppress DC fault current. There are also other types of the 
fault-blocking MMCs including Clamp-Diode MMC and 
Cross-Connected MMC, which use different structures of 
power switches and capacitors in their converter modules 
[16]. However, cost and power loss of such converters are 
remarkably high compared to the HB-MMC converters. 

B. Concept of systematic DC FRT Regulations (HVDC 
Grid Code Requirements) 
The systematic (system-based) DC FRT regulation 

refers to DC FRT operation from networks points of view 
i.e. from HVDC grid points of view.  This may include grid 
code requirements of FRT and LVRT (Low Voltage Ride 
Through) under fault condition defined by TSOs. The 
systematic DC FRT regulations can be defined based on two 
perspective:  

• First perspective: First, DC protection strategy is 
selected for the multi-terminal HVDC grid and then 
DC FRT operation is defined. 

• Second perspective: First, DC FRT requirement is 
defined for the multi-terminal HVDC grid and then 
DC protection strategy is selected. 

This study focuses on potential DC FRT from the first 
perspective for the HB-MMC based HVDC grid. Further 
studies including the second perspective is considered for 
future works. Concept of the systematic DC FRT operation 
and classifications based on DC protection strategies are 
discussed in the next section.  

III. SYSTEMATIC DC FRT BASED ON DC VOTAGE AGAINST 
TIME PROFILE 

Nowadays, common grid codes for the AC FRT 
capability is based on voltage against time profile. If PCC 
voltage magnitude is larger than a certain value during a 
defined time period, PEC can stay connected to the power 
grid. Otherwise, it is allowed to trip in order to become 
disconnected. On the other hand, DC FRT operation can be 
defined based on measured DC voltage signal in the multi-
terminal HVDC grid. Under DC fault condition, the DC 
FRT profile determines whether MMC should stay 
connected to the DC grid or not.  

A. DC FRT profile, PCC and measurent basis 
The voltage-time profile defined in the AC FRT 

capability is usually based on RMS of phase-to-phase 
voltage. For the systematic DC FRT profile, measured 
signal can be DC voltage on Pole-to-Ground (PG) basis or 
Pole-to-Pole (PP) basis. Location of DC Point of Common 
Connection (DC PCC) can be at converter DC terminals. 
Possible DC FRT profiles based on PG voltage and PP 
voltage measurements are shown in Fig. 1. As it can be seen 
from Fig. 1, there are two main stages in the DC FRT 
profile, 1. Fault Clearing Stage (FCS) 2. System Recovery 
Stage (SRS). The first stage and the second stage durations 
are T1 and T2 respectively. The T1 and T2 parameters can 
be defined as follow: 

• T1 ≥ fault detection time + fault interruption time 
• T2: grid recovery time after fault clearance 

The fault detection and interruption times are related to 
speed of protection system applied to MMC-HVDC grid. In 
order to give enough time for the protection system to 
interrupt fault, the T1 parameter should be set to a value 
more than the time needed for fault clearance. However, the 
minimum value of T1 can be equal to protection function 
time. The grid recovery time is dependent on converter 
control and system layout of power grid. The recovery time 
in the MMC-HVDC grids can be in the range from several 
tens of milliseconds to several hundreds of milliseconds 
[17]-[18]. In addition, there can be an operational voltage 
band for the DC FRT profile defined for the MMC-HVDC 
grids. The minimum and the maximum voltages for 
operational condition are 90% and 110% of nominal DC 
voltage shown in Fig. 1.  

There are two types of DC faults in HVDC grids: 1. PP 
fault 2. PG fault (including negative PG fault and positive 
PG fault). In AC FRT grid codes, there are usually different 
requirements and profiles defined for asymmetric faults, e.g. 
single-phase-to-ground fault, and symmetric faults, e.g. 
three-phase fault. Similar to AC FRT regulation, it can be 
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Fig. 1. Voltage-based DC FRT profile, (a) PP voltage basis (b) PG voltage 
basis. 

different profiles for the PP fault and the PG fault in DC 
FRT definition. Consequently, PG-voltage-based profile 
can be defined for the cases of the PG faults and PP-voltage-
based profile can be defined for the cases of PP faults. 

When a DC fault happens in the multi-terminal MMC-
HVDC grids, DC protection system is supposed to send trip 
order to DCCBs assigned to faulted line immediately after 
fault detection. If the protection system is successful to 
interrupt the DC fault, DC grid voltage comes back to 
normal value and the DC voltage signal does not exceed the 
DC FRT profile shown in Fig.1. If the protection system 
fails to interrupt DC fault, DC voltage cannot recover and 
the DC FRT profile will be exceeded. Consequently, MMC 
can be disconnected by opening of AC Circuit Breaker 
(ACCB) at the AC side of converter. 

B. DC FRT profile definition based on MMC type 
As discussed in the section II, there are different types 

of MMC including the HB-MMC and the fault-blocking 
MMC like the FB-MMC. As these types of the MMCs have 
different behaviours under DC fault conditions, DC FRT 
profiles assigned to them can be different. The fault-
blocking converters can keep controllability under a severe 
voltage dip, i.e. DC voltage near to zero or even less than it. 
Therefore, the FRT profile shown in Fig. 1 can be applicable 
to the HVDC grids based on the fault-blocking MMCs. On 
the other hand, the HB-MMC will be usually blocked when 
DC voltage magnitude decreases to a certain level. This 
level is set by converter protection for the HB-MMC and it 
is usually about 0.8 p.u of nominal DC voltage [9]. There is 
also another threshold for blocking the HB-MMC based on 
overcurrent limitation of the converter semiconductors. This 
threshold is usually set on double of nominal current for the 
HB-MMC.  

The DC FRT profile for the grid based on the HB-
MMCs is depended on whether grid operator allows for 
temporary blocking of MMCs or not. If temporary blocking 
of converters is allowed under fault condition, the FRT 
profile is the same depicted in Fig. 1. On the contrary, if 
temporary blocking of converters is not allowed, it is 
necessary to move upward the minimum voltage limit 
defined in the FRT profile. Thus, the minimum limit of the 
FRT profile is equal to the minimum voltage to keep the 
HB-MMC unblocked. Fig. 2 shows an example of the FRT 
profile for the HVDC grid based on the HB-MMC, in which 
MMC blocking is not allowed. It can be seen that the 
minimum voltage limit in the DC FRT profile can be 
different based on the MMC type and grid operator 
regulations. 

 

Fig. 2. Possible voltage-based DC FRT profile for HVDC grid based on 
the HB-MMC in which MMC blocking is not allowed. 

C. DC-protection-oriented DC FRT 
Based on the first perspective of the definition of the 

systematic DC FRT regulations presented in the section II, 
characteristics of the DC FRT profiles will depend on the 
features of the chosen protection strategy for the MMC-
HVDC grids. Therefore, DC FRT definitions and profiles 
can be classified based on HVDC protection scheme. The 
multi-terminal MMC-HVDC grid can have different 
protection strategies as the following [13]: 

• Fully selective strategy using fast DCCBs 

• Fully selective strategy using slow DCCBs 

• Partially selective strategy using fault-blocking MMCs 

• Non-selective strategy using ACCB on AC-side of 
MMCs 

In the fully selective strategy, only faulted line is 
isolated from the multi-terminal HVDC grid and rest of the 
system can continue to transfer power through healthy lines. 
Usually, DCCBs are installed at both ends of DC link to 
interrupt faults. Hybrid and static types of DCCBs are so-
called fast DCCBs in this study, as they are able to interrupt 
fault current within 5 ms [19]. Slow DCCB corresponds to 
mechanical types of DCCB that can isolate a faulted line in 
about 10 ms [9]. Protection strategy based on the fault-
blocking MMC is considered a partially selective strategy, 
as other healthy lines connected to the MMC will be 
affected under fault condition in addition to the faulted line. 
Fast Mechanical Switches (FMS) are usually used to isolate 
the faulted line after fault current blocking by MMC. The 
last mentioned strategy is the non-selective protection 
scheme that uses the ACCB on AC-side of MMCs against 
DC faults. The whole HVDC grid will be shut down in this 
strategy in case of a DC fault. Thus, DC FRT definition is 
not feasible when a multi-terminal HVDC system uses this 
kind of protection strategy.  

Based on MMC position to fault location in the multi-
terminal HVDC grid, two types of DC FRT operation can 
be defined for each MMC. As shown in Fig. 3, suppose that 
a fault happens in line 12, MMC1 & 2 which are directly 
connected to the faulted line, can be considered as main 
MMCs. On the other hand, MMC3 & 4 which are indirectly 
connected to the faulted line, can be considered as adjacent 
MMCs. This difference in the MMC positions will lead to 
different expected behaviour of MMCs including different 
DC FRT profiles. Therefore, each MMC in the HVDC grid 
can have two types of DC FRT operation, regarded as the 
main FRT profile and the adjacent FRT profile. Calculation 
of the parameter T1 in the main and adjacent FRT profiles 
is as follows: 



• T1 in the main FRT profile ≥ fault detection time + fault 
interruption time of DCCB assigned to faulted line. 

• T1 in the adjacent FRT profile ≥ T1 in the main FRT 
profile + communication delay + fault interruption 
time of backup DCCB. 

For example, for the MMC1 as the main MMC in Fig. 
3, it is supposed that CB12 will be opened to interrupt the 
fault after fault is detected. Thus, the whole fault clearing 
time includes fault detection time and DCCB12 opening 
time. On the other hand, MMC3 as the adjacent MMC, will 
wait until the main FRT time, i.e. T1, defined for the MMC1 
is finished. If DC voltage recovers to nominal value after 
this time, process will be finished and the HVDC grid will 
be recovered. On the contrary, if DC voltage does not 
recover to normal value, CB31 will be ordered to open after 
a communication delay to stop current feeding through line 
14. Therefore, T1 in the adjacent MMC3 profile includes T1 
of the MMC1, the communication delay and DCCB31 
opening time. The main and adjacent DC FRT profiles are 
depicted in Fig. 4. 

AC Grid 3

MMC 1 MMC 2

MMC 4MMC 3

AC Grid 1 AC Grid 2

AC Grid 4

B1 B2

B3 B4

L12

L13

L34

L24

CB12

CB31

 
Fig. 3. A four-terminal MMC-HVDC grid (case study). 
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Fig. 4. DC FRT profile based on MMC position to fault location, (a) 

the main MMC (b) the adjacent MMC.  

The systematic voltage-based DC FRT can be 
categorized into three classes based on the selected 
protection strategy: 

a) Short Time DC FRT: for HVDC grids that use the 
fully selective protection strategy and the fast DCCBs, the 
parameter T1 defined in the DC FRT profile will have a 
relatively short time. Amount of the T1 parameter in this 
type of the DC FRT profile can be less than 10 ms for both 
the main and adjacent MMCs. As fast protection will lead 
to less disturbances in the multi-terminal HVDC grid, 

shorter grid recovery time (T2) is also expected in this 
class.  

b) Medium Time DC FRT: for HVDC grids that use 
the fully selective protection strategy and the slow DCCBs, 
the time T1 defined in the DC FRT profile can have an 
aproximate amount of 10 ms for the main MMCs and 25 
ms for the adjacent MMCs. However, this type of DC FRT 
operation has longer time compared to the short time DC 
FRT. 

c)  Long Time DC FRT: for HVDC grids that use the 
fault-blocking MMC and FMS to handle fault situation, DC 
voltage of all MMCs have to be reduced to zero to interrupt 
a DC fault. Therefore, it is not a selective strategy, as the 
whole DC grid will be affected when a fault happens in one 
of the DC links. Although, voltage of the whole DC grid is 
reduced to zero, the situation is different from complete 
shutdown, as DC voltage is actively controlled by the 
MMCs. Therefore, this function can be considered as a 
different type of FRT operation. After fault clearance and 
deionization time, FMSs related to faulted line can be 
opened to isolate faulted link. Although, the fault-blocking 
MMCs can reduce voltage to be zero within 5ms, fault 
current interruption and deionization usually take several 
hundred milliseconds [20]. Also, the FMS opening time is 
in the range from 300 ms to 450 ms [19]. Thus, the T1 
parameter in this type of the DC FRT profile can be much 
larger than the ones in two previous DC FRTs. However, 
the T1 depends on fault blocking time of the MMC and FMS 
opening time. Possible classifications of the DC FRT 
operation based on time duration (T1) of the profile are 
depicted in Fig. 5. 
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Fig. 5. DC FRT classes based on operation time, (a) short time (b) 

medium time (c) long time. 

IV. SIMULATION RESULTS 
Fig. 3 shows the case study of a four-terminal HVDC 

grid with symmetric monopole configuration [21]. All 
MMCs of the grid are allowed to temporarily block under 
fault condition. The nominal voltage of the grid is ±320 kV 
and the HB-MMCs are simulated using the continuous 
converter model. The MMC1 and MMC2 are connected to 
offshore wind farms and transmit electrical power to 
onshore grids including the MMC3 and MMC4. The 
MMC1, MMC2 and the MMC3 have the rated power of 900 
MW, while it is 1200 MW for the MMC4. Each DC link has 
a DCCB at each end of the link. There is the series DC 
reactor for each DCCB that has a value of 50 mH. The 
length of the link L13 and L14 is 200 km, while it is 100 km 
for the link L12 and L34. The DC links are XLPE cables 



simulated using frequency-dependant model. More details 
of the case study can be found in [21]. 

Fig. 6 (a) depicts voltages of all DC buses (B1, 2, 3 & 4) 
of the case study when a PP fault happens at the time 0.9 s 
in the middle of cable L13. After 5 ms, the fast DCCBs 
assigned to the link L13 are opened to interrupt the fault. As 
it can be seen, the grid voltage came back to the nominal 
value after fluctuations. DC currents of the faulted link and 
also other links connected to the bus1 are shown in Fig. 6 
(b). The faulted link (L13) experienced a severe current 
rising after fault happening. Magnitude of the fault current 
reached to more than 8 kA in this link before the DCCB 
opening.  

 
(a) 

 
(b) 

Fig. 6. Simulation results when a PP fault happens at the time 0.9 s, (a) 
DC bus voltages (b) DC currents. 

Short time DC FRT profile and voltage signals for the 
case of PP fault happening in the link L13 are shown in Fig. 
7. DC voltages of bus1 and bus3, related to the voltage of 
MMC1 and MMC3 as the main MMCs, can be seen in this 
figure. The fully selective strategy with fast DCCBs is 
applied to protect the grid in this case. The parameter T1 in 
the FRT profile is selected to be 5 ms including fault 
detection time of 2 ms and DCCB opening time of 3 ms. 
Also, the grid recovery time (T2) is selected to be 200 ms. 
As the DCCBs of link L13 were successful to interrupt fault 
current on time, the voltages of MMC1 & 3 did not exceed 
the FRT profile. Therefore, the MMCs can stay connected 
to the grid under fault condition. Fig. 8 shows the results 
when the fast DCCBs of the faulted link failed to interrupt 
fault current. It can been seen that the DC voltages did not 
come back to the nominal value and then exceeded the FRT 
profile. Therefore, the MMCs are allowed to be 
disconnected to stop feeding fault current from AC side.  

Medium time DC FRT profile and voltage signals for 
the case of PP fault happening in link L13 are depicted in 
Fig. 9. In this case, the fully selective protection strategy 
with slow DCCBs is chosen. The parameter T1 in the FRT 

profile is selected to be 12 ms including fault detection time 
of 2 ms and DCCB opening time of 10 ms. Also, the grid 
recovery time (T2) is selected to be 300 ms. As the DCCBs 
of the faulted link were successful to interrupt fault current 
on time, the DC voltages of MMC1 & 2 did not exceed the 
FRT profile. Therefore, the MMCs can stay connected to the 
grid under fault condition in this case. The results for the 
case of a PG fault happening at time 0.9 s are shown in Fig. 
10. Comparing the results in Fig. 10 to the ones in Fig. 9 
demonstrates that PG faults are less severe rather than PP 
faults. Thus, DC voltage fluctuations in case of a PG fault 
in the multi-terminal MMC-HVDC system are 
comparatively smaller. Consequently, the recovery time of 
the HVDC system after a PG fault interruption is usually 
shorter than the one after a PP fault interruption. In addition, 
Fig. 11 depicts the results when a PP fault is happening at 
the beginning of the link L13. In general, the simulation 
results of the case study show that the selected parameters 
for the DC FRT profile are appropriate, as the voltage 
signals do not exceed the profile if the protection system is 
successful to do its duty. 

 
Fig. 7. Voltage-based DC FRT profile and voltage of bus 1 and bus 3 

under DC fault condition with successful operation of fast DCCBs. 

 
Fig. 8. Voltage-based DC FRT profile and voltage of bus 1 and bus 3 

under DC fault condition with failed operation of fast DCCBs. 

 
Fig. 9. Voltage-based DC FRT profile and voltage of bus 1 and bus 3 

under PP fault condition with successful operation of slow DCCBs. 



 
Fig. 10. Voltage-based DC FRT profile and voltage of bus 1 and bus 3 

under PG fault condition with successful operation of slow DCCBs. 

 
Fig. 11. Voltage-based DC FRT profile and voltage of bus 1 and bus 3 

under DC fault condition with successful operation of slow DCCBs. 

V. CONCLUSIONS 
The multi-terminal MMC-HVDC system is going to 

become a backbone network for the future power grids. 
Therefore, it is vital to develop and enhance grid code 
requirements and standardizations related to modern HVDC 
system not as an AC grid component, but as a grid. This 
study presented the concept of systematic DC FRT 
operation for the multi-terminal MMC-HVDC grids. The 
systematic DC FRT can be defined and regulated by HVDC 
operators to have a better control of the system and achieve 
minimum affected area under DC fault condition. The 
differences between the DC FRT profiles of HVDC grid 
based on MMC types have been discussed. The DC-
protection-oriented DC FRT is presented as a way to define 
the systematic DC FRT based on protection scheme selected 
for HVDC grid.  

The characteristics of the DC FRT profile and possible 
parameter calculation have been analysed and investigated 
in this study. Also, the DC FRT operation has been 
categorized into short, medium and long time ones. The 
simulation result demonstrated that it is possible to define a 
proper DC FRT profile for the multi-terminal HVDC grids.  
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