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Abstract—Full-bridge submodule based modular multilevel 

converters (FB-MMCs) have attracted wide attention due to the 

DC fault blocking capability. However, the blocking of the FB-

MMC can only suppress its DC terminal current while the fault 

currents may still circulate along the meshed DC network. To 

address this issue, an energy based virtual damping control is 

proposed, where the DC terminal current of the FB-MMC is 

regulated to follow the DC voltage in the event of a DC fault. The 

FB-MMC is thus controlled as a virtual damping resistor to 

actively absorb the residual energy in the DC network and quickly 

suppress the potential circulating DC fault currents. This enables 

fast fault isolation using DC switches and thereby fast fault 

recovery after fault isolation. The fault isolation time is 

significantly reduced from around 120 ms with the FB-MMC 

simply being blocked and 50ms with the conventional FB-MMC 

fault control method to around 15 ms. The validity of the proposed 

control is verified in a three-terminal meshed DC network.  

 
Index Terms—DC fault protection, full-bridge, HVDC grid, 

modular multilevel converter (MMC), virtual damping control. 

 

I. INTRODUCTION 

igh-voltage DC (HVDC) transmission systems based on 

modular multilevel converters (MMCs) have developed 

rapidly due to their significant advantages. However, the 

behaviors and characteristics of half-bridge (HB) submodule 

(SM) based MMC (HB-MMC) during DC faults are major 

issues to be considered in applications. In the event of a DC 

short circuit, high AC current flowing through the freewheeling 

diodes of HB-MMC from the AC to the DC side, requires 

additional measures and could potentially cause serious damage 

to the converters and associated semiconductor devices [1-3].  

Due to the DC fault blocking capability, full-bridge (FB) SM 

based MMCs (FB-MMCs) have attracted much attention. By 

blocking all the semiconductor switches in the FB SM, the SM 

capacitor voltage is inserted into the conduction path in  
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negative polarity to block the fault current flowing though the 

freewheeling diodes fed by the AC grid voltage [4, 5].  

FB-MMC has been proposed for HVDC link with overhead 

lines, e.g. the ULTRANET direct current project (±380 kV, 2 

GW, Germany), where DC faults could occur relatively 

frequently compared to schemes using cables. FB-MMC 

stations can quickly extinguish fault current and deionize the 

arc, and provide fast restart after clearance of temporary faults 

to minimize power transmission interruption [6].  

By simply blocking the FB-MMCs, the fault currents can be 

quickly suppressed to zero in point-to-point HVDC links [4, 5]. 

This method is also applied in a three-terminal radial DC 

network in [7]. After DC fault currents are suppressed to around 

zero by blocking all the HVDC stations, the FB-MMCs are de-

blocked and operate as static synchronous compensators 

(STATCOMs) to provide reactive power to support the 

connected AC networks. The system recovery is then 

implemented after fault isolation by DC switches (DCS).  

Active control of DC fault current is proposed in [8] to 

regulate the common-mode voltages by adjusting the output of 

the FB-MMC circulating current controller. The proposed 

control is disabled during normal operation but is activated after 

DC fault occurrence to effectively suppress the DC fault current 

to zero.  

In [9, 10], the common-mode components of arm currents 

(i.e. half the sum of the upper and lower arm currents) are 

regulated by the SM capacitor voltage controller which also 

controls the DC current of the FB-MMC around zero during DC 

faults. An enhanced control is proposed in [11], to provide 

independent control of the positive and negative poles of a 

symmetrical monopole FB-MMC during asymmetrical DC 

faults, and to suppress the DC terminal current at zero during 

pole-to-pole DC faults.  

Reference [12] proposes a voltage polarity reversal control 

of bipolar HVDC systems based on FB-MMCs. During DC 

faults, the DC voltage polarity is reversed to alleviate the 

current and voltage stresses of the FB-MMCs while 

maintaining the rated power transmission capability. The DC 

current is also reversed and is controlled at the rated value 

during DC faults. However, these active DC fault current 

control schemes have only been tested in simple point-to-point 

HVDC links and their validity in meshed DC grids remains 

unclear.  

Energy Based Virtual Damping Control of FB-

MMCs for HVDC Grid 

Ding Zhou, Rui Li, Member, IEEE Lie Xu, Senior Member, IEEE and Yi Wang, Member, IEEE 

H 



This paper is a post-print of a paper submitted to and accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics and is 
subject to Institution of Electrical and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library. 

2 

In [13], the FB-MMC is switched to control its terminal DC 

current when fault occurs, and operates as a STATCOM. The 

terminal DC current control reference can be changed 

depending on different fault circumstances. However, the 

current reduction time of the DC network is found to be long 

due to oscillations and thus DC circuit breakers (DCCBs) are 

adopted, leading to high capital cost and losses.  

In [14], the FB-MMC is used to control the DC fault current 

of the faulty line which is then isolated using solid-state 

switches based on IGBTs or IGCTs. The FB-MMCs are 

initially switched to control the DC terminal current and once 

the fault line is located, the MMCs on both terminals of the 

faulty line then regulate the DC current on the faulty cable to 

zero. This control can be implemented in a point-to-point 

HVDC system or a radial multi-terminal HVDC (MTDC) 

system. However, in a meshed MTDC system, the voltage 

change on the healthy cables caused by the current control of 

the faulty line will weaken the control performance and delay 

DC fault current interruption. This problem will be further 

discussed in this paper. In addition to the DC fault current of 

the faulty line, [15] further proposes to control the DC terminal 

current, DC terminal voltage and their combination to 

accelerate de-energization of the network during DC faults and 

concludes that the direct control of the DC fault current of the 

faulty line offers better performance compared to other 

alternatives. Thus, the direct line fault current control presented 

in [14] is described in detail in this paper for comparison to 

emphasize the advantages of the proposed control.  

The aim of this paper is to use FB-MMCs to fast suppress the 

fault currents during DC faults to enable fault isolation using 

DCSs. The contributions of this paper are: 

 A new energy based virtual damping control is proposed, 

where the DC terminal current of the FB-MMC is regulated 

to follow the DC voltage so the FB-MMC is acted as a 

virtual DC resistor during DC faults to actively absorb the 

residual energy in the meshed DC network to quickly 

suppress the potential circulating DC fault currents. This 

enables fast fault isolation using DC switches and thereby 

fast fault recovery after fault isolation. 

 The operating mechanism of the proposed control is 

revealed from the energy perspective and the design 

principle of the virtual resistance is discussed. 

The paper is organized as follows. In Section II, a three-

terminal meshed HVDC system incorporating FB-MMCs is 

introduced. The fault characteristics of DC network is analyzed 

and the potential issues of conventional control are discussed in 

Section III. In Section IV, an energy based virtual damping 

control is proposed. The proposed control is assessed in Section 

V and finally, Section VI draws conclusions. 

II. SYSTEM LAYOUT 

The investigated three-terminal hybrid DC network is 

illustrated in Fig. 1, where the HB-MMC is adopted for Station 

1 while the FB-MMC is used for Station 2 and 3. DCCBs are 

equipped at the DC terminals of the HB-MMC station for DC 

fault isolation, shown as DCCB 12 and 13 in Fig. 1. 

Considering the fault current controllability of the FB-MMC 

and to reduce the capital cost of protection equipment, DCSs 

are connected at the DC terminals of the FB-MMCs, shown as 

DCS 21, 23, 31, and 32. Station 1 controls the DC voltage of 

the DC network while Station 2 and 3 operate on active power 

control mode. All the three stations are modelled as MMC 

average-value model [16] with 320 HB (Station 1) and 320 FB 

(Stations 2 and 3) submodules per arm, respectively. The 

DCCB is represented as hybrid DCCB with fault current 

breaking time of 5 ms [17]. The DCS is modelled as SF6 puffer 

circuit breaker and can only open when its current is less than 

100 A [14, 15, 18]. Each DC transmission cable is represented 

by 10 π-section transmission line models. The detailed 

parameters of the considered hybrid DC system are listed in 

Table I.  
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Fig. 1.  Meshed hybrid DC network. 

 

III. FAULT CHARACTERISTICS OF THE HYBRID DC NETWORK 

The fault characteristics of the investigated hybrid DC 

network are presented in this section, considering both the 

situations when the FB-MMCs are blocked and actively 

controlled, respectively.  

A. Fault Characteristics with FB-MMC Blocking 

FB-MMCs have DC fault blocking capability and thus, DCSs 
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may be used for the protection of the DC network based on FB-

MMCs to reduce the cost of protection equipment. To isolate 

the fault, the currents flowing through DCSs need to be quickly 

suppressed to around zero, before opening the DCSs. For radial 

DC network where only one DC cable is connected at the 

terminal of the station as illustrated in Fig. 2, the DC fault 

currents i2 and i21 can be quickly suppressed to zero following 

the blocking of the FB-MMC and thus, DCS 21 can be fast 

opened at around zero current. However, for the considered 

meshed DC network, the fault currents exhibit different 

behaviors, as will be discussed in this subsection.  
 

TABLE I 
CONVERTER AND CABLE PARAMETERS 

Parameters Symbol Nominal Value 

Rated DC voltage 𝑉𝑑𝑐 ±400 kV 

Power rating of Station 1 𝑃1 2600 MW 

Power rating of Station 2 𝑃2 1300 MW 

Power rating of Station 3 𝑃3 1300 MW 

No. of SMs per arm for 

Station 1, 2, 3 
𝑁 

320 

SM capacitance for Station 
1, 2, 3 

𝐶𝑠𝑚 
3.8 mF, 1.9 mF, 1.9 mF 

Arm inductance 𝐿𝑎𝑟𝑚 0.05 pu 

Station 1 terminal inductance  𝐿1 100 mH 

Station 2 & 3 terminal 
inductance  

𝐿2 
30 mH 

R, L and C per unit length of 
cable 

𝑅𝑐𝑎𝑏𝑙𝑒  
𝐿𝑐𝑎𝑏𝑙𝑒  
𝐶𝑐𝑎𝑏𝑙𝑒 

3 mΩ/km 

0.5 mH/km 

0.2 µF/km 

Number of π-sections 𝑁𝑝𝑖 10 
 

Cable 1

L21

G2

Station 2

i2i21

vf v2

 

Fig. 2.  DC fault protection based on FB-MMCs and DCSs in a radial DC 

network. 

 

Considering the permanent pole-to-pole DC fault at the 

middle of Cable 1 as illustrated in Fig. 1, all the three stations 

are immediately blocked once the DC fault is detected by the 

respective station based on local measurements [19]. DCCB 12 

and 13 are then opened to protect the HB-MMC based Station 

1 from overcurrent.  

In addition to DCCB 12, DCS 21 also needs to open at around 

zero current to completely isolate the faulty Cable 1. Following 

the blocking of the FB-MMCs (Station 2 and 3), their DC 

terminal currents, i.e. i2 and i3 are quickly suppressed to zero, 

as shown in Fig. 3 (a) for the case of a DC fault at Cable 1 at 

0.7 s. Even though DCCB 12 and 13 have opened, significant 

currents still flow through the DCSs and cables, as the 

distributed capacitors of the DC cables provide circulating 

paths for the fault current, as illustrated in Fig. 4. Thus, the 

current i21 flowing through DCS 21 decays slowly, due to the 

low resistance of the fault current circulating path in Fig. 4. As 

shown in Fig. 3 (b), it takes over 130 ms for the currents i21 to 

decrease to the range of ±100 A, leading to significant delay for 

the fault isolation (by opening DCS 21) and the restoration of 

the healthy part of the system. 
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Fig. 3.  DC fault currents during the pole-to-pole DC fault applied at Cable 1 in 

the meshed DC network at t=0.7 s: (a) DC current of Station 2 and (b) DC 

current flowing through DCS 21. 
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Fig. 4. Illustration of fault current circulating path through distributed 

capacitors of DC cables. 

 

B. FB-MMC Active Fault Current Control 

Instead of blocking the FB-MMCs during DC faults, active 

control of the fault current is proposed in [14], where the FB-

MMC directly controls the fault current flowing through DCS 

by regulating the DC voltage output of the FB-MMC, as shown 

in Fig. 5. In this design, the DCS current i21 is regulated by a PI 

controller to adjust the DC voltage v2 of the FB-MMC. As 

shown in Fig. 2, by regulating the voltage difference between 

v2 and the fault voltage vf which is around zero during a low 

resistance fault, the current i21 flowing through the DCS can be 

quickly suppressed to zero when only one DC cable is 

connected with the FB-MMC.  

 

L PI
Vdc_offset

i21=0

i21
Vdcref

Vdc 1/2

1/2

Fault Control

Nominal Control

 
Fig. 5.  Control diagram of DC line fault current control. 
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When multiple cables are connected at the DC terminal of 

the FB-MMC, the interaction between the adjacent cables pose 

a challenge for such control approach. Considered Station 2 of 

the meshed DC network in Fig. 1 as an example, where both 

Cable 12 and 23 are connected at the DC terminal of Station 2, 

the Station 2 FB-MMC tries to suppress the DCS current i21 to 

zero by regulating the output voltage v2. However, the 

regulation of v2 also affects the current flowing through Cable 

3 in a similar manner as that shown in Fig. 4.  

For instance, when the current i21 flows to the fault as shown 

in Fig. 6 (a), the FB-MMC needs to generate a negative voltage 

v2 to suppress i21 to 0. However, the voltage v2 shown in Fig. 6 

(d) also causes the discharge of Cable 3 and the discharging 

current i23 shown in Fig. 6 (c) potentially flows through DCS 

21 and feeds the fault, leading to the increase of the DCS current 

i21.  
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Fig. 6.  Waveforms of the hybrid DC network with conventional control, where 

the DC fault is applied at t=0.7 s: (a) DC line current i21, (b) DC terminal current 

i2, (c) DC line current i23, (d) DC voltage v2, (e) active power P2 of Station 2 

and (f) energy absorbed by Station 2. 

 

The issues related to the above described control interaction 

can also be explained from the perspective of energy. The active 

power P2 of Station 2 is calculated as 

 2 2 2P v i  (1) 

and oscillates, as shown in Fig. 6 (e). When P2 is negative, 

Station 2 absorbs energy from the DC network, contributing to 

the suppression of the DCS current i21. However, when P2 is 

positive, Station 2 injects energy from the AC gird to the DC 

side, leading to the increase of the overall fault currents/energy 

that circulate in the DC grid. This is also demonstrated by the 

absorbed energy E2 of Station 2 from the DC network, as shown 

in Fig. 6 (f), which is obtained by integrating the active power 

P2 from 0.7 s onwards. At the initial stage after the fault 

occurrence, E2 increases and Station 2 absorbs energy from the 

DC grid but during some periods, it decreases, indicating that 

Station 2 injects energy back to the DC grid. Consequently, this 

delays the suppression of the DCS current i21, as shown in Fig. 

6 (a). 

IV. PROPOSED ENERGY BASED VIRTUAL DAMPING CONTROL 

A. Control Strategy  

The DC switches can only be opened at around zero current 

when the DC network is totally de-energized. Thus, from the 

perspective of energy, the fault isolation speed is heavily 

determined by speed of de-energization of the DC network by 

the fault current control algorithm. In the aforementioned 

conventional control, the FB-MMCs potentially inject energy 

to the DC network, leading to slow decrease of the fault currents 

flowing through the DCSs. To tackle this issue, an energy based 

virtual damping control is proposed in this section.  

The basic concept of the propose control is that the FB-

MMCs are actively controlled during DC faults to absorb 

energy from the DC network as quickly as possible while avoid 

injecting energy into the DC network to indirectly suppress the 

DCS current to zero. As shown in Fig. 7, the proposed control 

regulates the DC terminal current of the FB-MMC i2 instead of 

directly controlling the DCS current as used in the other 

methods. This removes the current control issue highlighted in 

the previous section. The reference i2ref is set such that the FB-

MMC behaves as a DC damping resistor Rv, i.e. its value is 

given as:  

 2 2

1
ref

v

i v
R

 . (2) 

As the DC terminal voltage v2 oscillates around zero during 

faults, the FB-MMC absorbs DC current from the meshed DC 

network when v2 is positive, and injects current to the DC grid 

when v2 is negative. Thus, the FB-MMC always absorbs energy 

from the DC network so as to accelerate the de-energization, 

leading to fast decrease of the DC fault currents circulating in 

the meshed DC network. Assuming i2=i2ref and from (2), the 

absorbed energy of the FB-MMC is  

 
2

2 2 2 2

1

v

P v i v
R

  . (3) 

Thus, the virtual DC damping resistor Rv emulated by the FB-

MMC effectively avoids the aforementioned interaction issue 

between adjacent cables and potential energy injection from the 

AC grid to the DC network. Once the DC grid is de-energized 

by the FB-MMC, the DCS can be open at around zero to isolate 

the fault. 
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As shown in Fig. 7, the DC offset of the arm voltages vuabc 

and vlabc is set at 0.5Vdc during normal operation. In the event of 

a DC fault, the proposed energy based virtual damping control 

is activated after fault detection to regulate the DC terminal 

current i2 by manipulating the DC offset in the arm voltage, as 

illustrated in Fig. 7, where Vdc_v is the output of the proposed 

virtual damping controller, and L is the equivalent inductance 

of the FB-MMC and is equal to 2 3armL L  [20, 21]. 

In addition, the conventional method [14] tries to control the 

DCS current directly which requires accurate fault location to 

decide which DCS current should be suppressed to zero. This 

introduces significant delay for the initiation of the fault current 

control and further leads to slow fault isolation. Also, it is likely 

that only the FB-MMC connected directly to the faulty cable 

contributes to the suppression of the fault current flowing 

through the DCS. 

 
Fig. 7.  Proposed energy based virtual damping control. 

 

In contrast, the proposed virtual damping control does not 

rely on the information of fault location and can be immediately 

initiated once the DC fault is detected by the FB-MMC based 

on local measurements. In addition, all the FB-MMCs 

automatically absorb residual energy from the DC network with 

the proposed control, yielding faster de-energization and fault 

isolation.  

Fig. 8 compares the DC current i21 flowing through DCS 21 

with the conventional control and the proposed virtual damping 

control. The time when i21 is controlled into the range of ±100 

A is significantly reduced from over 50 ms to less than 15 ms 

by the proposed control. Thus, DCS 21 can be opened within 

15 ms after fault initiation, leading to fast fault isolation as 

shown in Fig. 8, where tDCCB represents the opening time of 

DCCB 12 and 13, and tDCS1 and tDCS2 indicate the opening time 

of DCS 21 with the proposed control and the conventional 

control, respectively. 

 
Fig. 8.  Comparison of the DCS 21 currents i21 with conventional control and 

proposed control. 

 

In addition to FB-MMCs, the proposed control is also 

applicable for other alternatives with negative voltage 

generating capability, e.g. hybrid MMCs [22], cross-connected 

SM based MMCs [23, 24], etc. 

B. Influence of the Virtual Damping Resistance Rv  

The FB-MMC with the proposed control is equivalent to a 

virtual resistor Rv connected with a voltage source v2 and its 

absorbed power is depicted by (3). Thus, with lower virtual 

resistance Rv, the FB-MMC can absorb the residual power of 

the DC grid quicker, yielding faster fault current suppression, 

as demonstrated in Fig. 9 (a). However, lower virtual resistance 

Rv incurs large DC current i2 as depicted by (2) and shown in 

Fig. 9 (b) which has to be handled by the FB-MMC. Therefore, 

the tradeoff between performance and converter current stress 

must be considered carefully when tuning the virtual resistance.  
 

 
Fig. 9.  Influence of the virtual damping resistance Rv on the proposed control: 

(a) current flowing through DCS 21, (b) DC terminal current of Station 2 and 

(c) energy absorbed by Station 2. 

 

To avoid overcurrent, a saturation block is used to limit the 

DC terminal current reference i2ref at 1.4 pu as shown in Fig. 7. 

For higher current limit, e.g. 2 pu, the FB-MMC is allowed to 

generate larger DC terminal current and thus can potentially 

absorb the residual energy from the DC network quicker, 

leading to faster de-energization and fault isolation. 

Considering the tradeoff between system performance and 

converter current stress, the limit of the DC terminal current 

reference is set at 1.4 pu in this paper. As seen in Fig. 9 (b), the 

maximum DC current is limited to 2.7 kA (1.4 pu).  

Fig. 9 (c) displays the energy absorbed by Station 2 with 

different virtual damping resistance Rv. The absorbed energy of 

Station 3 exhibits similar behavior to that of Station 2 and is not 

presented. With lower virtual resistance Rv, the FB-MMC 

absorbs the residual energy from the DC grid quicker for fast 

de-energization, which is in agreement with Fig. 9 (a). When 

higher Rv is used, it takes longer to suppress the circulating 

current through the DC network and thus, more energy is 

dissipated by the DC cable resistors and less needs to be 

absorbed by the FB-MMCs. Consequently, as observed in Fig. 
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9 (c), the energy absorbed by the FB-MMCs with Rv=800 Ω is 

slightly lower than that with Rv=50 Ω, considering constant 

residual energy of the DC network that needs to be dissipated 

by either DC cables or FB-MMCs. However, as the DC 

terminal current is limited at 1.4 pu, Rv value less than 50 Ω 

simply leads to current limit and thus no further improvement 

on the control performance can be achieved. Virtual damping 

resistance Rv is thus set at 50 Ω for both Station 2 and 3. 

V. SIMULATION RESULTS 

To assess the effectiveness of the proposed virtual damping 

control, a permanent pole-to-pole DC short circuit fault is 

applied at the middle of Cable 1 at t=0.7 s, as illustrated in Fig. 

1. The faulty DC line is isolated using a combination of DCCB 

12 and DCS 21 with the assistance of FB-MMC Stations 2 and 

3, as follows:  

 After fault detection [19], HB-MMC based Station 1 is 

blocked while DCCB 12 and 13 open within 5 ms to break 

the fault current. 

 FB-MMC based Station 2 and 3 remain operational with 

the proposed virtual damping control to quickly suppress 

the DC fault current. 

 When the DC current flowing through DCS 21 is reduced 

within ±100 A, DCS 21 is opened for fault isolation. 

After isolation of the faulty Cable 1, the system resumes 

power transmission through Cable 2 and 3. The system 

performances during fault clearance and recovery are addressed 

in the following subsections A and B, respectively. 
 

 
Fig. 10.  Waveforms of (i) Station 2 and (ii) Station 3 during fault clearance: (a) DC voltage, (b) DC current, (c) DC power and (d) energy absorbed by FB-

MMC. 

 

  
Fig. 11.  Waveforms of Station 1 and DCSs during fault clearance under the proposed and conventional controls: (a) DC voltage of Station 1, (b) DC current of 

Station 1, (c) active power of Station 1, (d) arm currents of Station 1, (e) DC current of DCS 21 and (f) DC current of DCS 23. 
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A. Fault Clearance Using DCSs and FB-MMCs with the 

Proposed Virtual Damping Control 

Simulated waveforms for Station 2 and 3 are shown in Fig. 

10, while Fig. 11 shows the results of Station 1 and the currents 

flowing through the DCSs. In Fig. 11 (e) and (f), the currents of 

DCS 21 and 23 using the proposed method and the conventional 

control [14] are compared. 

After the DC fault occurrence at t=0.7 s, the DC voltage of 

the DC grid collapses, as shown in Fig. 10 (a). Station 1 detects 

the fault at t=0.702 s and is blocked immediately. Large fault 

currents flow through the antiparallel diodes of Station 1 to the 

fault. DCCB 12 and 13 at the DC terminal of Station 1 open at 

tDCCB=0.704 s to break the fault current from Station 1, as 

displayed in Fig. 11 (b) and (d) for the DC current and arm 

currents of Station 1.  

The FB-MMC based Station 2 and 3 detect the fault at 

t=0.701 s and 0.702 s respectively and switch to the proposed 

virtual damping control mode. The DC terminal currents i2 and 

i3 are controlled to follow the DC terminal voltages v2 and v3, 

as can be seen in Fig. 10 (a) and (b) where i2 and i3 exhibit 

similar shape (the DC current is limited to 1.4 pu of the 

respective rated converter current as previously described) to 

those of v2 and v3 in the virtual damping control mode. Thus, 

the power P2 and P3 of Station 2 and 3 are always negative and 

the FB-MMC stations only absorb energy from DC grid as 

displayed in Fig. 10 (c). The issue of potentially re-injecting 

power from AC gird to the DC network shown in Fig. 6 is 

effectively avoided. This is also demonstrated by the energies 

absorbed by the FB-MMCs as shown Fig. 10 (d), which keep 

increasing until the system is completely de-energized.  

The circulating fault currents that flow through the DCSs, 

DC cables and their distributed capacitors are quickly 

suppressed to zero, as shown in Fig. 11 (e) and (f). Then DCS 

21 is opened at around zero currents at tDCS1=0.715 s for fault 

isolation after the fault is located at Cable 1. In comparison, the 

conventional control needs longer time to suppress the DC fault 

currents flowing through DCS 21 and 23, leading to slow fault 

isolation, as observed in Fig. 11 (e) and (f). As DCCB 12 and 

13 open at t=tDCCB for both the control methods, the DC voltage, 

DC current, active power and arm currents of Station 1 with 

conventional control are similar to those with the proposed 

control shown in Fig. 11 (a)-(d) and thus are not presented.  

As Station 3 is adjacent to the longest Cable 2, its absorbed 

energy is greater than that of Station 2, as seen in Fig. 10 (d). 

The DC current of Station 3 is limited within 1.4 pu to avoid 

converter overcurrent while the Station 2 DC current remains 

below the limit of 1.4 pu, as observed in Fig. 10 (b). 

With the proposed control, the FB-MMCs act as damping 

resistors and absorb energy from the DC network to accelerate 

its de-energization in the event of a DC fault, leading to quick 

suppression of the DCS currents and thereby fast fault isolation. 

B. System Recovery  

 

 
Fig. 12.  Waveforms of (i) Station 2 and (ii) Station 3 during system recovery: (a) DC voltage, (b) DC current, (c) active power, (d) AC currents and (e) arm 

currents. 
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Fig. 13.  Waveforms of Station 1 during system recovery under the proposed and conventional controls: (a) DC voltage, (b) DC current, (c) active power and (d) 

AC currents. 

 

The complete protection and recovery process using the 

proposed virtual damping control is shown in Fig. 12 and Fig. 

13. After isolation of the faulty Cable 1 from the DC network 

as described in the above subsection, the FB-MMC based 

Station 2 and 3 switch to DC voltage control mode at t=0.72 s 

to charge Cable 2 and 3 and ramp the DC voltage to the rated 

value in 20 ms, as seen in Fig. 12 (a). The HB-MMC at Station 

1 is de-blocked t=0.725 s to restore its terminal voltage to the 

nominal value, as shown in Fig. 13 (a). When the DC voltage 

across DCCB 13 is close to 1 pu, it is reclosed at t=0.74 s, 

reconnecting Station 1 to the DC grid. During the DCCB 13 

reclosing process, the DC grid voltages and currents do not see 

disturbance as shown in Fig. 12 (a) and (b). Station 1 takes 

control of the DC voltage of the DC grid, and Station 2 and 3 

subsequently switch back to active power control mode and 

ramp up the active power to the rated value in 60 ms, as shown 

in Fig. 12 (c) and Fig. 13 (c).  

During the DC fault and DC grid restoration, the AC and arm 

currents of the stations remain well regulated without 

significant overshoots, as demonstrated in Fig. 12 (d) and (e). 

The fault isolation time that the proposed DC fault ride-through 

scheme offers in this illustration is around 15 ms (i.e. 

tDCS1=0.715 s), much shorter than those from other methods, 

e.g., FB-MMC blocked (120 ms), control of common-mode 

components of arm currents (75 ms) [9, 10], and conventional 

fault current control (50 ms, i.e. tDCS2=0.75 s) [14], as listed in 

Table II. Thus, the system can quickly recover with the 

proposed control, as compared in Fig. 13. 
 

TABLE II 

COMPARISON OF FAULT ISOLATION TIME WITH DIFFERENT METHODS 

Control Methods Fault Isolation Time 

Proposed control 15 ms 

Conventional fault current control [14] 50 ms 

Control of common-mode components of 

arm currents [9, 10] 
75 ms 

All converters blocked 120 ms 

VI. CONCLUSION 

Conventional active fault current control of FB-MMC during 

DC faults aims to directly suppress the DC current in the faulty 

cable for fast fault isolation using DC switches. However, for 

meshed DC grid, due to the coupling and interconnection of the 

DC cables, such method may lead to energy injection by the 

FB-MMC to the DC network which deteriorates the fault 

current suppression during DC faults. A new energy based 

virtual damping control for FB-MMC is proposed to fast 

suppress the fault current that circulates within the meshed 

MTDC system. In the proposed control, the terminal current of 

the FB-MMC is controlled to follow the terminal voltage during 

DC faults to act as a virtual resistor to quickly absorb the 

residual energy from the DC network, thus the issue of 

conventional active fault current control is effectively avoided. 

The operating mechanism of the proposed control is revealed 

from the energy perspective and the design principle of the 

virtual resistance is discussed. The simulation results in a three-

terminal meshed DC system demonstrate that the fault isolation 

time is significantly reduced from around 50 ms to 15 ms 

compared to conventional active fault current control, 

alleviating interruption of power transmission during DC faults.  
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