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Abstract—The single-phase-to-ground (SPG) fault at the valve 

side of the converter transformer is one of the most critical faults 
threatening the operation of bipolar half-bridge modular-
multilevel-converter-based multi-terminal direct-current (HB-
MMC MTDC) systems. Following a valve-side SPG fault, the 
upper-arm submodule (SM) capacitors in the faulty converter may 
suffer a serious overvoltage, and the grid-side fault currents may 
experience no zero-crossings. The existing protection methods 
generally rely on tripping the grid-side alternate-current circuit-
breaker (ACCB), which cannot fully isolate the fault. The healthy 
poles and stations may encounter severe disturbance and be all 
blocked, which will lead to a power outage of the entire MTDC 
system. This paper proposes an ACCB-independent scheme based 
on thyristor-pairs and damping SMs to address these problems. 
Antiparallel thyristor-pairs are connected in series within the 
upper and lower arms in each phase. Serial damping SMs are 
connected within the lower arms to help the lower-arm thyristor 
pairs cut off the fault currents. Although the proposed additional 
devices inevitably cause conduction losses, they can effectively 
protect the faulty converter and healthy circuit in the MTDC 
system. Simulations in PSCAD/EMTDC have been conducted to 
verify the effectiveness of the proposed strategy. 

Index Terms—Single-phase-to-ground fault, multi-terminal 
direct-current, modular multilevel converter, thyristor-pair, 
converter protection. 

I. INTRODUCTION

ODULAR multilevel converter (MMC) based high-
voltage direct-current (HVDC) technology has been an 

attractive alternative of line commutated converter (LCC) based 
HVDC due to its modularity, scalability, superior harmonic 
performance, and no risk of commutation failure, etc. [1]-[3]. 
Among variable MMC topologies, the half-bridge submodule 
(SM) based MMC (HB-MMC) has been primarily deployed in 
recent multi-terminal HVDC (MTDC) projects owing to their 
lower power losses and fewer capital costs compared with other 
MMCs with different topologies [4]. Examples include 
Zhangbei ±500 kV four-terminal HVDC grid [5]. However, 
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MMC-MTDC systems still face some challenges, including the
coordinated control of converters, DC grid protection, and
regulation and standardization issues [6].

The fault-tolerant operation capability of HB-MMC MTDC 
is one of the most significant technical challenges. Research 
efforts have been made on the DC fault analysis and protection 
in MMC-MTDC systems [7]-[8]. The clearance of DC faults in 
an HB-MMC MTDC system can be achieved using alternate-
current (AC) or DC circuit breakers (CB) [9]-[10]. However, 
converter station internal AC faults have drawn less attention 
compared with DC faults, although they may cause more severe 
consequences. The single-phase-to-ground (SPG) fault at the 
converter valve side is one typical station internal AC fault, 
usually permanent and caused by transformer wall bushing 
insulation failure. 

Although the probability of the SPG fault is low, it may bring 
severe damages to the equipment and system [11]-[21]. In 
LCC-HVDC systems, the SPG fault on the inverter side may 
lead to commutation failure [12]-[13]. In MMC HVDC systems, 
the converter will be blocked immediately to protect the 
vulnerable IGBTs once the SPG fault is detected. However, the 
fault currents can still flow through the arms due to the 
freewheeling diodes in SMs. For example, the post-fault 
currents in HB-MMC HVDC systems will flow through the 
upper-arm SMs to charge the upper-arm SM capacitors, which 
may cause severe SM overvoltage [17]-[20]. Meanwhile, there 
will also be fault current through HB-MMC’s lower arms. In 
this case, large DC offsets may be generated in lower-arm and 
valve-side fault currents due to the continuous unidirectional 
conduction of the freewheeling diodes in lower-arm SMs, 
which may cause grid-side non-zero-crossing fault currents. 
The most challenging difficulty is that the grid-side ACCBs 
may fail to interrupt such non-zero-crossing currents [17], [18]. 
Therefore, the valve-side SPG fault should be addressed by 
proposing proper protection schemes.  

Protection methods have been proposed in the existing 
literature to address the above problems [14]-[20], [22]. In [14], 
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an auxiliary grounding ACCB with a resistor is installed on the 
grid-side of the converter transformer to generate zero-
crossings in the grid-side currents through creating a grid-side 
three-phase-to-ground fault. However, the created three-phase-
to-ground fault may cause severe disturbance on the AC grid. 
In [17], one mixed-SM based method is proposed, which uses 
HB-SMs in the upper arms and FB-SMs in the lower arms. 
Although this topology can eliminate the issue of grid-side non-
zero-crossing currents, the SM capacitors in the upper arms will 
still suffer severe overvoltage. An LR circuit as the DC 
grounding of the HB-MMC is proposed in [18] to create grid-
side zero-crossing current. However, the application of the LR 
circuit in the bipolar HB-MMC HVDC may worsen the 
overvoltage in the upper-arm SM capacitors and cause great 
disturbance on the healthy pole. A method of creating a three-
phase fault at the valve side using the lower-arm fast bypass 
switches has been proposed in [15]. Zero-crossings will appear 
in the grid-side currents due to the created valve-side three-
phase symmetrical fault. Then, the grid-side ACCBs will be 
able to interrupt the grid-side currents. However, in this scheme, 
the IGBTs face a high risk of overcurrent during the action of 
the auxiliary arm switches [15]. Another similar scheme uses 
inversely paralleled thyristor-pairs in the lower-arm SMs to 
create three-phase symmetrical fault currents, which can be 
interrupted by the ACCB [16]. Moreover, this scheme can also 
clamp the overvoltage in upper-arm SMs.  

However, the fault isolation in the abovementioned solutions 
still relies on the tripping of the grid-side ACCB, in which the 
slow operation of ACCBs may affect the effectiveness of the 
protection. It is well-known that ACCB may take 
approximately 100 ms to complete the mechanical opening 
process [23]-[24]. Even with modern fast ACCB, it may take 2-
3 line frequency cycles. During the opening process of ACCB, 
large fault currents with DC offsets will be generated and flow 
through the converter lower arms and transformer, which may 
result in severe damages to the semiconductor devices and the 
transformer. Besides, the opening of ACCB cannot fully clear 
the fault, so that the healthy poles and stations may encounter 
severe disturbance and be all blocked. Therefore, an ACCB-
independent scheme that can completely isolate the faulty 
station from the heathy system should be proposed. 

In practical engineering projects, converter-embedded 
devices, such as SMs with damping resistors installed within 
HB-MMC arms are used to protect converters from DC faults 
(e.g. the Zhoushan ±200 kV five-terminal HVDC grid) [25]-
[27]. Moreover, several novel MMC topologies that integrate 
DCCB functions have also been proposed [28]-[30]. In [28], a 
thyristor-pair branch is installed within HB-SMs to achieve DC 
fault self-clearing. However, the application of the damping 
SMs and thyristor-pairs to address station internal SPG faults in 
HB-MMC MTDC has not attracted wide attention.  

The contributions of this paper include: 
1) An ACCB-independent scheme based on thyristor-pairs 

and damping SMs is proposed to address the valve-side SPG 
faults. Antiparallel thyristor-pairs are connected in series within 
the upper and lower arms in each phase. Damping SMs are 
connected in series within the lower arms to accelerate the 

damping of the lower-arm currents and help the thyristor-pairs 
turn-off.  

2) The proposed scheme can quickly cut off the fault currents 
and isolate the fault without relying on the grid-side ACCB. 
Thanks to this fast fault isolation, the upper arm overvoltage 
can be effectively alleviated. 

3) The proposed scheme can greatly mitigate the impact after 
a valve-side SPG fault on the operation of the healthy stations 
in the MTDC grid. 

The rest of this paper is structured as follows. The 
characteristics of upper- and lower-arm post-fault currents are 
analyzed in Section Ⅱ. The proposed protection method is 
analyzed in Section Ⅲ. Then simulation results in 
PSCAD/EMTDC verify the feasibility of the proposed scheme 
in Section Ⅳ. Finally, Section Ⅴ concludes the paper. It should 
also be highlighted that although the proposed thyristor pairs 
and damping SMs can also be used for DC fault protection, the 
parameter design of this scheme for DC protection falls out of 
the scope of this work. 

II. ANALYSIS OF VALVE-SIDE SINGLE-PHASE-TO-GROUND 
FAULTS  

In this paper, the analysis is carried out for the positive pole 
of one station in a bipolar MTDC system. The conclusions can 
be applied to the negative pole due to the symmetry of the two 
poles. This section mainly analyzes the characteristics of upper- 
and lower-arm currents of the faulty converter. 

A. Converter Topology 
Fig. 1 depicts a typical converter in the positive pole of a 

bipolar HB-MMC MTDC grid. As shown in Fig. 1(a), each 
phase of the converter consists of the upper and lower arms. The 
single-phase arm topology is shown in Fig. 1(b). Vdc is the 
positive-pole DC voltage. ux_upper, ux_lower, ix_upper, and ix_lower (x 
= a, b, c) are the equivalent SM voltages and currents in upper 
and lower arms. ux and ix are the valve-side voltages and 
currents. ix_circ is the circulating current. R and L are the arm 
resistor and inductor.  
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Fig. 1.  A typical converter topology in the positive pole of a bipolar HB-MMC 
MTDC grid. (a) Converter topology. (b) Equivalent circuit of single-phase arm.  
 

The valve-side SPG fault is assumed to occur in Phase A, as 
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shown in Fig. 1(a). Due to the symmetry among the three phases, 
the faults on the other phases are similar to the fault in Phase A. 
After the occurrence of the fault, fault current loops may be 
formed through the DC grounding, arms, valve-side windings 
of the converter transformer, and the fault point. Due to the 
small loop impedance, the fault current will increase 
dramatically. To protect the vulnerable IGBTs, the converter 
overcurrent protection will be activated immediately to block 
the converter. However, fault currents can still flow through the 
freewheeling diodes in the SMs. Consequently, the upper-arm 
SM capacitors may suffer overvoltage, and lower arms may 
experience large fault currents with DC offsets, which have 
been analyzed in [15]-[17]. The following analysis mainly 
focuses on the arm current characteristics after the valve-side 
SPG fault to discuss the conditions of cutting off these currents. 
By quickly cutting off the arm currents within the MMC, the 
SPG fault will be isolated without using the grid-side ACCB.  

B. Analysis of Upper-Arm Currents 
The fault current paths in the upper arms are depicted in Fig. 

2. Cequ is the equivalent capacitance of all SM capacitors in each 
arm. During steady-state operation, the total voltage on all SM 
capacitors in each arm is Vdc. The root-mean-square (RMS) 
value of valve-side AC line voltage can be expressed as: 

  ( 0.866,  0 1)
2n dc
mU V m     ,    (1) 

where μ is the maximum DC voltage utilization rate. It can be 
seen from (1) that the AC line voltage is lower than Vdc. 
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Fig. 2.  Equivalent circuits after blocking the converter shown in Fig. 1. (a) 
Charging current paths in an upper-arm SM. (b) Upper-arm fault current paths. 
(c) Valve-side voltages. (d) Upper-arm currents. 
 

When the SPG fault occurs, the faulty-phase valve-side 
voltage ua will reduce to zero. Because of the delta connection 
of the valve-side windings in the converter transformer, the 
post-fault valve-side phase voltages of the healthy phases, ubꞌ 
and ucꞌ, will change to the pre-fault line voltages, uba and uca, as 

illustrated in Fig. 2(c). Assuming that the DC voltage and the 
SM capacitor voltage are unchanged at the moment of the fault 
occurrence, the voltages across the diodes D1, D3, and D5 will 
be -Vdc, uba-Vdc, and uca-Vdc, which are always negative. And the 
voltages across the diodes D1ꞌ, D3ꞌ, and D5ꞌ will be 0, -uba, and -
uca. Therefore, diodes D1, D3, and D5 will suffer reverse voltage 
and will be forced to be turned off. However, D3ꞌ and D5ꞌ will 
turn on, and the fault currents will charge the corresponding SM 
capacitors during every negative half-cycle of the post-fault 
valve-side voltages. D1ꞌ will be turned on if the DC voltage Vdc 
encounters overvoltage during the fault, and therefore, the SM 
capacitors in the faulty phase will be charged as well. Therefore, 
the upper arm SM capacitors, especially the ones in the non-
faulty arms, will suffer overvoltage, which should be addressed 
as soon as possible.  

The charging current loop, as the dotted lines show in Fig. 
2(b), is formed by the DC transmission line, antiparallel diodes 
(D1ꞌ, D3ꞌ, and D5ꞌ), arm resistors and inductors, and the fault 
grounding. In the first cycle after the fault, if the arm resistor 
and the DC voltage change during this short time are ignored, 
the differential equation of the charging current loops during 
the SM capacitors charging processes in the healthy-phase 
upper arms can be expressed by: 

2
_upper

equ _upper2  ( , )
2 sin( )

x
dc x x

x n x

d u
V LC u u x b cdt
u U t 


     
   

,    (2) 

where uxꞌ and θxꞌ are post-fault voltage and phase angle of the 
healthy phases, Vdc is the DC voltage when the fault occurs.  The 
initial conditions of the charging process can be expressed as: 

_upper _upper
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(0 ) (0 )
(0 ) (0 ) 0

x x dc

x x

u u V
i i
    
    

,     (3) 

where ix_upper=Cequdux_upper/dt.  
According to (2) and (3), the SM capacitor voltage and upper 

arm currents can be written as:  
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,  (5) 

where equ=1/ LC .  

Taking phase B as an example, the upper arm capacitors will 
stop being charged once the antiparallel diode D3ꞌ is turned off 
by the reverse voltage force. Their total voltage will reach a 
maximum value, given by: 

_ upper _ max max | | 3 2b dc b dc nu V u V U +  +  .   (6) 
It can be seen from (6) that the overvoltage in upper-arm 

capacitors can reach to 1.5Vdc when ignoring the voltage drop 
on the arm resistor and inductor. Moreover, the operational 
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mode of the faulty station and the time delay for protection 
action will affect the overvoltage level. If the valve-side SPG 
fault occurs in the power-receiving converter with DC voltage 
control, the power-sending converter station will transmit 
power to the faulty station continuously, which will aggravate 
its upper-arm SM capacitor overvoltage. If the power-sending 
converter takes Δt to block the IGBTs based on either its local 
protection or a blocking signal received from the faulty 
converter through communications, the voltage change ΔVdc of 
the upper-arm SM capacitors in the faulty converter can be 
obtained using the following equation: 

2 2
equ equ

3 3( )
2 2dc dc dcP t C V V C V  +  - .    (7) 

As ΔVdc<<Vdc, the second-order terms in (7) can be neglected. 
Therefore, ΔVdc can be expressed as: 

equ3dc
dc

P tV
C V


  .        (8) 

Based on (7)-(8), the overvoltage of the upper-arm capacitors 
can reach higher than 1.5Vdc. The overvoltage is also affected 
by the energy transmitted from the power-sending converter: 
that the higher the transmitting power (P) and the longer the 
time (Δt) it takes to stop transmitting such power are, the higher 
the voltage increase of the SM capacitors will be [20]. In the 
MTDC system, the healthy converter stations are expected to 
keep operating when faults occur on other stations. However, 
this will exacerbate the upper-arm overvoltage of the faulty 
converter because the power-sending converter may keep 
sending power to the faulty power-receiving converter. 
Therefore, it is necessary to clear the fault and isolate the faulty 
converter from the healthy circuit as soon as possible.  

According to (5), the upper-arm currents will become zero 
during every positive half-cycle of the valve-side voltages, 
which can be seen from Fig. 2(d). This long discontinuous 
conduction time can be used to interrupt the upper-arm fault 
currents. Antiparallel thyristor-pairs connected in series within 
the upper arms are proposed in Section III of this paper to 
achieve fault clearance. After the converter is blocked, the 
firing pulses of the thyristors will be removed. Then the 
thyristors will turn off automatically during the discontinuous 
conduction time of ix_upper. 

C. Analysis of Lower-Arm Currents  
The current path in a lower-arm SM is shown in Fig. 3(a), and 

the fault current paths in lower arms are shown in Fig. 3(b). 
When the fault occurs, the voltages across the diodes D4ꞌ, D6ꞌ, 
and D2ꞌ will be -Vdc, uba-Vdc, and uca-Vdc, which are always 
negative. The voltages across the diodes D4, D6, and D2 will be 
0, -uba, and -uca. Therefore, D4ꞌ, D6ꞌ, and D2ꞌ will suffer reverse 
voltage and will be forced to be turned off. However, D6 and D2 
will conduct during the negative half-cycles of the valve-side 
voltages. D4ꞌ will not be turned off until the current flowing 
through it decays to zero. The characteristics of lower-arm 
currents will be analyzed in the following.  

The equivalent voltage loop equation in the healthy phases 
can be expressed as:  

_lower
_lower  ( , )

2 sin( )

x
x x

x n x

di
u L Ri x b cdt
u U t 


   

   

,    (9) 

The initial conditions of (9) can be assumed as: 
_lower _lower _lower(0 ) (0 )x x xi i I    ,    (10) 

where Ix_lower is the current when the converter is blocked.  
The lower-arm currents can be calculated and expressed as 

(11) by substituting (10) into (9): 
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where Ax can be ignored, and Bx approximately equals to 
2 /nU L  considering R is small. Therefore, (11) can be 

simplified as: 
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Fig. 3.  Equivalent circuits after blocking the converter shown in Fig. 1. (a) 
Current paths in a lower-arm SM. (b) Lower-arm fault current paths. (c) Valve-
side voltages. (d) Lower-arm currents. 
 

Due to the continuous unidirectional characteristic of diodes, 
the currents in the lower arms will only be the positive item in 
(12). The maximum DC offsets in the healthy-phase currents 
will occur when θx′=0. Ignoring the decay of the currents, the 
RMS value of the post-fault lower-arm currents may reach 
Ix_lower+√2Un/(ωL), which relates to the arm inductance and the 
values of lower-arm currents and valve-side line voltage at the 
instant when the converter is blocked. The RMS value can 
approximately reach 10-20 kA in the Zhangbei project 
discussed in this paper. The fault currents will continuously 
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flow through the diodes if the valve-side SPG fault is not 
cleared. The diodes may have to stand such large currents for 
more than 2-3 line frequency cycles even after applying the 
conventional protection methods and fast ACCBs. Therefore, 
the fault current paths in the lower arms have to be cut quickly 
as well. The aperiodic component in the lower-arm currents will 
decay very slowly due to the small resistance in the current loop, 
resulting in a short discontinuous conduction time of the fault 
current, as shown in Fig. 3(d). As a result, the thyristor-pairs 
cannot quickly cut off the lower-arm current paths. Therefore, 
damping SMs are applied to accelerate the decay of the currents 
and help the quick turn-off of the thyristor-pairs. The proposed 
protection scheme will be analyzed in detail in the next section. 

D. Impact of Grounding Schemes on the Healthy Stations 
DC grid grounding schemes are of vital importance for the 

operation and control of MMC-MTDC systems. According to 
the analysis of lower-arm currents, fault currents will flow into 
the fault point and return to the lower arm through the DC 
grounding. Therefore, different grounding modes may have 
impacts on the fault characteristics of healthy stations. For the 
return path, either ground currents via ground return (GR) or a 
single point grounded dedicated metallic return (DMR) can be 
used for bipolar HVDC systems [31]. Fig. 4 shows these two 
different return paths in a four-terminal MTDC system. 
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Fig. 4.  A four-terminal MTDC system. 
 

It can be seen that the four stations will be independently 
grounded if GR is utilized. If there is a valve-side SPG fault at 
the positive pole of MMC2, it will only affect the positive poles 
of the healthy stations through the charging process of upper-
arm SM capacitors in the faulty converter. However, if DMR is 
utilized, the voltage potential of the DMR circuit will be raised 
since large fault currents will flow through the common 
grounding in the DMR circuit, as the dotted line in Fig. 4 shows. 
If the DMR is utilized, the potential of DC neutral points at each 
station (Un0_MMC1, Un0_MMC2, Un0_MMC3, and Un0_MMC4,) can be 
expressed as: 
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,    (13) 

where If is the fault current flowing into the fault grounding. Z12, 

Z13, Z24, and Z34 are the equivalent impedance of each metallic 
return. Z∑ is the sum of Z12, Z13, Z24, and Z34. Rn0 is the 
equivalent resistance of the grounding electrode. 

The DC voltages of the healthy stations can be expressed as: 
P_MMC P P n0_MMC

N_MMC N n0_MMC
,  ( =1, 2, 3, 4)dc m dc dc m

dc m dc m

V V V U
mV V U

   
  

,  (14) 

where VdcP_MMCm and VdcN_MMCm (m=1, 2, 3, and 4) are the rated 
DC voltage. ΔVdcP is the voltage increase caused by the 
charging of upper-arm SM capacitors of the faulty station as 
analyzed in Section Ⅱ. B. Therefore, the DC voltage of positive 
poles in healthy stations will experience overvoltage due to the 
charging process and the voltage increase of the DMR circuit. 
Meanwhile, the DC voltages of the negative poles will also 
reflect the potential increase of the DC neutral point.  

As a consequence, the valve-side SPG faults have impacts on 
the healthy stations especially when DMR is utilized. Therefore, 
fast fault clearance for valve-side SPG faults is requested. 

III. PROPOSED PROTECTION SCHEME 
Considering the characteristics of the upper- and lower-arm 

currents, a thyristor-pair- and damping-SM-based SPG fault 
protection scheme is proposed.  

A. Thyristor-Pair- and Damping-SM-Based Protection 
Scheme 

The proposed topology is shown in Fig. 5. The antiparallel 
thyristor-pairs are installed in the upper and lower arms. The 
damping SMs are only installed in the lower arms to help the 
thyristors cut off the fault currents, as shown in Fig. 5(a). 
During normal operation, the thyristors and IGBTs in the 
thyristor-pairs and damping SMs are in ON-state. Therefore, 
the resistors in the damping SMs will be bypassed. These 
additional devices will not affect the operation and control 
scheme of the MMC apart from bringing power losses. 

The fault clearance process is shown in Fig. 5(b). Once a 
valve-side SPG fault occurs, the converter overcurrent 
protection will block the faulty converter. The detection of vale-
side SPG faults has been studied in [21]. The criterion of 
discriminating a valve-side SPG fault can be expressed as: 

0 _upper _lower m3 ( ) threshold=0.1 , ( = , , )
c

x x
x a

i i i I x a b c


   ,   (15) 

where 3i0 is the zero-sequence current at the valve-side of the 
converter transformer and can be calculated using the upper- 
and lower-arm currents. During normal operation, 3i0 equals 
zero because the three phases are balanced. Once a valve-side 
SPG fault occurs, the zero-sequence current path will be created, 
and 3i0 will increase instantly. Therefore, 3i0 can be used to 
detect valve-side SPG faults. Moreover, as 3i0 is the zero-
sequence current at the valve-side of the converter transformer, 
it ensures the reliable activation of the proposed protection 
scheme without triggering other AC fault protection set-up. 
Theoretically, the setting of the threshold should be close to 
zero. Considering the transforming error of current 
transformers (CTs) and the precision of devices, some margin 
should be reserved. Therefore, the threshold is set as 0.1Im, in 
which Im is the amplitude of valve-side AC phase current in 
normal operation. 
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Once the valve-side SPG fault is detected, the proposed 
protection will be triggered. The IGBTs in the damping SMs 
will be blocked, and the triggering pulses of the thyristors will 
be removed. The fault current paths in the upper and lower arms 
will be quickly cut off when the thyristor-pairs are turned off, 
as the arm currents show in Fig. 5(c) and (d). It should be 
mentioned that although the proposed protection scheme can 
protect the converter quickly, as this SPG fault is usually 
permanent, the grid-side ACCBs also need to be opened to 
isolate the converter from the AC grid, as shown in Fig. 5(b).  

The post-fault control strategy of the healthy stations is also 
important to ensure the secure operation of the healthy parts in 
the MTDC system. In the existing research, the healthy 
converters are suggested to be blocked as soon as possible to 
limit the overvoltage of the upper-arm SM capacitors in the 
faulty converter. Otherwise, the non-blocked healthy converter 
will continue to send power to the faulty converter, which may 
exacerbate the SM overvoltage [16], [20]. However, in the 
proposed method, the thyristor-pairs can cut off the charging 
currents only within one power frequency cycle (20 ms) after 
the fault. At the same time, the non-blocked healthy converter 
will not experience severe SM capacitors overvoltage. 
Therefore, it is unnecessary to block the healthy converters.  

To keep the DC bus voltage constant, it is necessary to ensure 
at least one healthy station is able to keep regulating the DC 
voltage. For other healthy stations in PQ controlling mode 
(active and reactive power controlling mode), the references of 
the active power should be reset and reduced properly to 

prevent overcurrent caused by overload. The post-fault control 
strategy is shown in the green shading in Fig. 5(b).  

B. Parameter Design 
As analyzed in Section II, due to the DC offsets in the lower-

arm currents, damping SMs are used to help the thyristor-pairs 
cut off the fault current. Theoretically, large resistance in the 
damping SM will accelerate the decay of the fault currents. 
However, it may also cause overvoltage on the semiconductor 
devices in the damping SMs. Therefore, a proper design of the 
resistor in the damping SM is essential.  

As analyzed in Section II.C, the most serious condition will 
occur when θx′=0. To simplify the analysis, the lower-arm 
currents considering the damping SMs can be written as: 

( ) ( )

_lower _lower
2 [ cos ] 

D DR R R R
t tnL L

x x
U

i I e e t
L




 
 

   ,  (16) 

where RD is the equivalent sum resistance of the damping SMs. 
It can be seen from (16) that the lower-arm current consists 

of an aperiodic component with the time constant as τ = 
L/(R+RD) and a periodic component. The decay of the aperiodic 
component will help the current waveform appear 
discontinuous conduction. Fig. 6 illustrated the waveforms of 
(16) when 1/τ = 0, 1, 2, 5, 10, 20, 50 (1/s), assuming that Ix_lower 
equals to zero. It can be seen that the discontinuous conduction 
time of the current is getting longer with the increase of RD.  

According to [32], the turn-off of thyristors generally takes 
hundreds of microseconds which is approximatively equivalent 
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to 10° considering a certain margin. Based on Fig. 6, the 
discontinuous conduction angle will be larger than 10° when 1/τ > 
1. However, Ix_lower is generally larger than zero, and the most 
severe case is that Ix_lower equals the threshold of the converter 
overcurrent protection. As a result, the aperiodic component 
will be larger than that described in Fig. 6. Therefore, the 
selection of RD should be designed with the actual parameters 
from the project.  

Assuming that the number of the damping SMs is ND, the 
largest voltage applied to each damping SM during the fault 
clearance process can be expressed as: 

_lower
2 2( )n

D x D D IGBT
UU I R N U
L

   ,    (17) 

where UIGBT is the maximum withstand voltage of IGBT. It can 
be seen from (17) that the voltage on the damping SMs will 
increase with the increase of RD. Therefore, a number of ND 
damping SMs should be connected in series to share the voltage 
force. The selection of ND should satisfy (17). 
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Fig. 6.  Waveforms of lower-arm currents under different RD. 
 

The thyristor-pairs also need to withstand large voltages. The 
maximum voltage across the lower-arm thyristor-pairs will be 
the maximum of the post-fault valve-side voltage. And the 
maximum voltage across the upper-arm thyristor-pairs will be 
the sum of the post-fault valve-side voltage and the voltage 
difference (Vdiff) between the DC line voltage and upper-arm 
SM total voltage. Therefore, a number of NT thyristor pairs 
should be connected in series within the upper and lower arms 
to share the voltage force. NT should satisfy: 

( 2 )diff n T ThyV U N U  ,       (18) 
where UThy is the maximum withstand voltage of the thyristor. 

Although the overvoltage on damping SMs and thyristor 
pairs can be solved by increasing ND and NT, the capital cost and 
conduction losses will then be increased. Therefore, the 
selection of ND and NT should consider the IGBT and thyristor 
withstand voltage and the minimization of capital cost and 
conduction losses. The cost of the proposed method mainly 
comes from the semiconductor devices in the thyristor-pairs 
and the damping SMs. Assuming that the costs of the thyristor 
and IGBT are KThy and KIGBT. The total cost of the proposed 
method can be expressed as:  

(6 3 ) 3Total T D Thy D IGBTK N N K N K        (19) 

The series thyristor pairs and damping SMs will increase the 
power losses under normal operation: conduction losses of the 
IGBTs and thyristors when they are in the ON-state. The extra 
power losses caused by the additional devices in the converter 
can be expressed as follows [34]:  
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t
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P V t I t t dt
T
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     (20) 

where x=TP, TD, and ID, which represents the thyristors in 
thyristor pairs, the thyristors in damping SMs, and the IGBTs 
in damping SMs. τx(t) is the pulse function, τx(t)=1 means the 
device is on, and τx(t)=0 means the device is off. T0 is the line 
frequency cycle, Φx is the effective on-state time of a device in 
a line frequency cycle, Vx(t) is the voltage drop of a device when 
the operating current is Ix(t), ax, bx, cx are the fitted coefficients 
of the V-I curve of a switching device, which relate to the 
junction temperature. The total power losses caused by the 
additional devices can be expressed as: 

6 3 3

loss
1 1 1

T D DN N N

TPi TDi IDi
i i i

P P P P
  

         (21) 

The parameter selection of the proposed method should 
satisfy (16)-(18), and the overall optimization goal of the 
parameter design is to minimize the capital cost and conduction 
losses expressed as (19) and (21). This protection method and 
the parameter design will be verified based on the Zhangbei 
four-terminal HB-MMC MTDC project in Section IV. 

IV. SIMULATION STUDIES AND ANALYSIS 
In this section, simulations will be carried out in 

PSCAD/EMTDC to verify the above analysis and protection. 

A. System Modeling 
The HB-MMC MTDC shown in Fig. 7 has been built in 

PSCAD. The converter parameters are obtained from the 
Zhangbei four-terminal ±500 kV HVDC project [5]. As the 
number of SMs will not affect the equivalent circuit of the 
MMC once it is blocked, a 41-level MMC is used in this study 
to ensure acceptable simulation efficiency. However, the SM 
capacitance is selected to ensure the same equivalent SM 
capacitance Cequ as the Zhangbei project to reflect the same SM 
capacitor charging behavior in the practical project. Parameters 
of the overhead line (OHL) model are taken from [35]. The 
parameters and dimensions of the OHL model are given in the 
Appendix. The AC systems are modeled as ideal AC sources 
with short-circuit impedances RS+jLS. The XS/RS and the AC 
system short-circuit ratio is assumed to be 10. System 
parameters are provided in Table I. In the system, MMC2 
operates in a DC voltage and reactive power (VdcQ) controlling 
mode, and MMC1, MMC3, and MMC4 operate in an active and 
reactive power (PQ) controlling mode. 

B. Case Studies 
1) Simulation analysis during a valve-side SPG fault 

The upper-arm SM capacitors may suffer much worse 
overvoltage if the faulty converter station operates in the VdcQ 
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controlling mode and is absorbing power from the DC circuit. 
To verify the fault analysis during the worst fault conditions, an 
SPG fault with a small fault resistance (0.001 Ω) has been 
applied in phase A of the VdcQ controlling MMC2, as shown in 
Fig. 7. The fault occurs at t = 2.005 s. The overcurrent 
protection scheme is employed in the simulation: the faulty 
converter will be blocked immediately if any arm current 
becomes over 4.5 kA. The other converters remain unblocked.  

Fig. 8 illustrates the upper- and lower-arm SM capacitor 
voltages, arm currents, post-fault valve-side voltages, and grid-
side currents of the faulty VdcQ controlling station (MMC2). As 
shown in Fig. 8(a), the upper-arm SM capacitors are 
overcharged during the negative half-cycles of the post-fault 
voltage. During the period shown in the figure, the capacitor 
voltage has reached a maximum of 1.80 p.u. Fig. 8(b) illustrates 
that the capacitor voltages of lower-arm SMs become constant 
when MMC2 is blocked. However, since the DC voltage 
controlling station MMC2 is blocked, the DC voltage will 
continuously increase, as shown in Fig. 8(g). Therefore, the 
upper-arm SM capacitors will keep being charged until the fault 
is cleared, which results in the upper-arm charging currents as 
shown in Fig. 8(c).  

Since the charging process is periodic during every negative 
half-cycle of the valve-side voltages, the charging current will 
drop to zero when the process reaches a steady state. Therefore, 

a long discontinuous conduction time can be seen in the upper-
arm currents, as shown in Fig. 8(c). Because only positive 
currents can flow through the lower-arm diodes, as shown in 
Fig. 8(d), the lower-arm currents contain large DC offsets, and 
the discontinuous conduction time is very small. Furthermore, 
the grid-side suffers non-zero-crossing fault currents within 150 
ms after the fault, as shown in Fig. 8(f), which brings great 
challenges for the grid-side ACCB to isolate the fault.  

Fig. 9 illustrates the fault current flowing through the 
antiparallel diodes and the I2t of the diodes after the fault. The 
peak value of the current and the I2t are 12.7 kA and 
7.48×106A2s. The I2t capacity of the diodes is given in TABLE 
Ⅰ and has a value of 15.7×106A2s [36]. As shown in Fig. 9(b), 
the I2t will continuously increase until the fault is cleared, which 
may exceed the I2t capacity of the diodes. Therefore, it is 

MMC1

MMC3

MMC2

MMC4

positive pole
metal return
negative pole

SPG
Fault

 
Fig. 7.  Bipolar HB-MMC four-terminal MTDC system. 
 

TABLE I 
PARAMETERS OF THE BIPOLAR HB-MMC FOUR-TERMINAL MTDC 

Parameters Values 
Capacity of each pole (MW) 1500 
Rated DC voltage (kV) ±500 
Rated AC voltage (kV) 230 
AC grid frequency (Hz) 50  
Transformer ratio (kV/kV) 230/260  
Transformer leakage reactance (p.u.) 0.15 
Number of SMs in each arm 40 
DC terminal inductor (H) 0.15  
SM capacitance (mF) 2.5  
Arm inductance L (H) 0.04  
Arm resistance R (Ω) 0.1  
AC system equivalent resistance RS (Ω) 0.35092 
AC system equivalent reactor LS (H) 0.01117  
Parameters of IGBTs (kV/kA) 4.5 kV/3 kA 
Threshold of converter overcurrent 
protection (kA) 

4.5 

Parameters of diodes (kV/kA) 4.5 kV/2.62 kA 
I2t of Diodes (106A2s) 15.7 

Length of the OHL (km) 

MMC1-MMC2: 207.9 
MMC1-MMC3: 49.9 
MMC2-MMC4: 192.7 
MMC3-MMC4: 217.6 
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necessary to solve the problem of non-zero-crossings and clear 
the fault as soon as possible. 
2) Verification of the proposed protection scheme  

To quickly clear the fault without relying on ACCBs and 
alleviate the SM overvoltage, the proposed protection scheme 
is used in the system shown in Fig. 7. After blocking the 
converter, the initial condition of the lower-arm current Ix_lower 
in (16) will be 4.5 kA. Substituting the actual parameters of the 
Zhangbei Project to (17), according to the analysis in Section 
III.B, the sum resistance of the damping SMs is set as 10 Ω.  

The detection of the valve-side SPG fault is carried out 
through monitoring 3i0. It can be seen in Fig. 10 that 3i0 
increases significantly once the fault occurs. When 3i0 exceeds 
the threshold after blocking the converter for 0.5 ms, the 
proposed protection method will be implemented. A 100 ms 
time delay is used to simulate the operating time of the ACCB 
[23]-[24] to fully isolate the fault from the AC grid. Moreover, 
MMC4 is set as the new VdcQ controlling station to stabilize the 
DC voltage. The transmitted powers of MMC1 and MMC3 are 
changed from 1500 MW to 750 MW to ensure the secure 
operation of the healthy converter stations after the fault 
occurrence. The effect of the protection is shown in Fig. 11. 

Based on the analysis in Section II, the currents flowing 
through the upper arms exhibit a long discontinuous conduction 
time when the charging process reaches a steady state. The 
simulation results, as shown in Fig. 8(c), also show this 
characteristic. Therefore, the upper-arm thyristor-pairs can cut 
off the charging current path during the current discontinuous 
conduction period, as shown in Fig. 11(c). Subsequently, the 
charging process is suspended, and the voltages of upper-arm 
SM capacitors stabilize at a maximum of 1.39 p.u. as shown in 
Fig. 11(a). Meanwhile, the DC current reduces to zero, as 
shown in Fig. 11(h), and the DC voltage stabilizes at the rated 
DC voltage 500 kV (1.02 p.u.) about 50 ms after the fault, as 
shown in Fig. 11(g). Besides, Fig. 11(b) illustrates that the 
capacitor voltages of lower-arm SMs become constant once the 
converter is blocked, which is similar to Fig. 8(b).  

The interruption of the lower-arm currents relies on the 
damping SMs to accelerate the attenuation of aperiodic 
components due to the large DC offsets. It can be seen in Fig. 
11(d), the aperiodic component in lower-arm currents decays 
rapidly owing to the damping SMs, and the current waveform 
quickly shows a large discontinuous conduction angle so that 
the lower-arm thyristor-pairs can cut off the current at t = 2.03 
s. Once the lower-arm currents are cut off, the grid-side currents 
reduce to zero, as shown in Fig. 11(f). The grid-side voltage 
becomes zero until the ACCB tripped at t = 2.115 s, as shown 
in Fig. 11(e). It can be seen from comparing Fig. 11(e) and (f) 
that the cut-off of the fault current does not rely on the tripping 
of ACCB.  

As analyzed in Section III.B, the number of the thyristor-
pairs and the damping SMs depend on the voltage applied to 
them. Fig. 12 shows the voltages on the upper- and lower-arm 
thyristor-pairs and the damping SMs. Due to the quick 
clearance of the fault, the voltage difference (Vdiff) between the 
DC line voltage and the total voltage of the upper-arm SMs will 
be smaller than the valve-side post-fault line voltage and can be 
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Fig. 10.  Characteristics of 3i0 during a valve-side SPG fault at MMC2. 
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ignored. Therefore, the maximum voltage on the upper-arm 
thyristor-pairs approximately equals the valve-side line voltage. 
Substituting the parameters of Zhangbei projects to (17)-(18), 
the maximum voltage on the thyristor-pairs and the damping 
SMs are 260√2 kV and 123 kV, which are consistent with the 
simulation results in Fig. 12. The parameters of the widely used 
thyristor are 8.5 kV/5 kA. The parameters of the IGBTs used in 
the Zhangbei project are 4.5 kV/3 kA. Therefore, each upper 
and lower arm should use 45 thyristor-pairs. Each lower arm 
should use 30 damping SMs, each with a resistor of 0.33 Ω. 
3) Responses of the healthy station during the fault 

Since the valve-side SPG fault occurs in the station, it is 
hoped that the protection should only block the faulty station 
and cut off the connection between the faulty station and the 
system. Meanwhile, the healthy converter stations should not 
be affected. Figs. 13 and 14 illustrate the responses of MMC4 
during the SPG fault at MMC2 before and after the protection 
method is employed.  

It can be seen in Figs. 13(a) and (b) that the voltages of the 
lower- and upper-arm SMs will continuously increase after the 
fault, so does the DC voltage, as shown in Fig. 13(e). The arm 
currents are similar to the normal operation, as shown in Figs. 
13(c) and (d). However, the DC current, as shown in Fig. 13(f), 
decreases as the DC voltage increases to maintain the active 
power. In general, the converter will be blocked when the 
capacitor voltage is higher than 1.2 p.u. Therefore, the receiving 
stations will both be blocked, and then the sending stations 
should also be blocked to avoid power surplus. As a result, a 
blackout may occur to the entire MTDC system.  

After applying the protection scheme, the arm SM capacitor 
voltages are controlled to stabilize at the rated values, as shown 

in Figs. 14(a) and (b). Since a receiving-end converter station is 
blocked, the active power reference values of the sending-end 
converter stations are adjusted to half of the original value, so 
the arm currents of MMC4 will not increase, as shown in Figs. 
14(c) and (d). It can be seen in Figs. 14(e) and (f) that the DC 
voltage and current stabilize at the rated value about 100 ms 
after the fault. Therefore, the proposed method effectively 
avoids the outage of the entire system. 
4) Comprehensive comparison with other schemes 

As analyzed above, the upper-arm SM capacitor overvoltage, 
grid-side non-zero-crossing currents, and impacts on the 
healthy stations are the main problems caused by the valve-side 
SPG faults. To ensure the occurrence of grid-side current zero-
crossings and limit the overvoltage of upper-arm SM capacitors, 
several protection methods have been proposed to protect the 
converters against valve-side SPG faults, such as the auxiliary 
ACCB based protection [14], the LR circuit based protection 
[18], the mixed-SM based protection [17], the bypass-switch 
based protection [15], and the double-thyristor based protection 
[16]. Fig. 15 gives the arrangements of the five methods. 

To ensure the occurrence of grid-side current zero-crossings, 
the auxiliary resistor RAUX in Fig. 15(a) has been set as 5 Ω. The 
LG and RG in Fig. 15(b) have been set as 0.4 H and 20 Ω to 
ensure the grid-side zero-crossing can last longer than 60 ms for 
the operation of the grid-side ACCB. The mixed-SM based 
method in Fig. 15(c) applies HB-SMs in the upper arms and FB-
SMs in the lower arms. The bypass-switch based method uses 
the fast bypass switch installed parallel with the lower-arm SMs, 
as Fig. 15(d) shows. The double-thyristor based method is 
shown in Fig. 15(e). The abovementioned methods must be 
combined with the opening of the ACCBs to isolate the fault 
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Fig. 13.  Fault behavior of MMC4 without using the proposed protection 
scheme. (a) Upper-arm SM voltages. (b) Lower-arm SM voltages. (c) Upper-
arm currents. (d) Lower-arm currents. (e) DC voltage. (f) DC current. 

Fig. 14.  Fault behavior of MMC4 using the proposed protection scheme. (a) 
Upper-arm SM voltages. (b) Lower-arm SM voltages. (c) Upper-arm 
currents. (d) Lower-arm currents. (e) DC voltage. (f) DC current. 
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from the AC grid, in which fast ACCBs are utilized and the 
operation time is set as 60 ms. To make a comprehensive 
comparison between the proposed method with these 
conventional protection schemes, Fig. 16 illustrates the 
simulation results of grid-side currents, upper-arm voltage, 
lower-arm currents, DC voltages, and currents of the positive 
and negative poles (VdcP, VdcN, IdcP, and IdcN) under different 
protection methods. 
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Fig. 15.  The arrangements of the five studied protection methods. (a) The pole 
arrester and auxiliary ACCB based method. (b) The LR-circuit based method. 
(c) The mixed-SM based method. (d) The bypass-switch based method. (e) The 
double-thyristor based method. 
 

It can be seen from Fig. 16 that all of the methods can create 
zero-crossings in grid-side currents. Considering the fast 
ACCBs can open within 2 or 3 times line-frequency cycles, the 
auxiliary ACCB based method takes longer time (about 120 ms) 
to clear the fault as the auxiliary ACCB has to be closed before 
the main ACCB opens to ensure the generation of grid-side 
current zero-crossings. It can be seen from Fig. 16(a) that, the 
overvoltage and overcurrent can be mitigated once the ACCB 
opened. However, the healthy pole in the auxiliary ACCB based 
method experiences large disturbances as the VdcN and IdcN show 
in Fig. 16(a). Besides, a large disturbance on the AC system will 
be caused by the created grid-side three-phase fault. It can be 
seen in Fig. 16(b) that the LR circuit based method also causes 
large disturbance on the healthy pole, which is mainly because 

that fault currents flow through the LR circuit and therefore 
raise the DC side voltage potential of the converter.  

Comparing the proposed method and the five conventional 
methods, the overvoltage of the proposed method [1.39 p.u. in 
Fig. 11(a)] is alleviated better than other methods, such as the 
auxiliary ACCB based method [1.44 p.u. in Fig. 16(a)] and the 
LR circuit based method [1.64 p.u. in Fig. 16(b)]. Although the 
mixed-SM based method does not lead to overcurrent in the 
lower arms due to the blocked current path by the FB-SMs, the 
severe upper-arm overvoltage [1.93 p.u. in Fig. 16(c)] and high 
capital cost are the main limitations of this method.  

As for the bypass-switch based and double-thyristor based 
methods, the upper-arm overvoltage [1.69 p.u. in Fig. 16(d) and 
1.65 p.u. in Fig. 16(e)] is higher than the proposed method [1.39 
p.u. in Fig. 11(a)]. The utilization of grid-side fast ACCB in 
these two methods also contributes to mitigating the 
overvoltage compared with using slow ACCBs. However, the 
upper-arm fault current paths cannot be fully cut off after 
opening the ACCB. The transmitted power from the power-
sending station makes the DC voltage and upper-arm SM 
capacitor voltage continuously increase even after opening the 
ACCB. Besides, the bypass-switch and double-thyristor based 
methods lead to a more severe and long-lasting lower-arm 
overcurrent than the proposed method [as shown in Fig. 11(c)], 
which increases the risk to thyristors and diodes.  

In summary, the proposed method performs better in 
suppressing upper-arm overvoltage and lower-arm overcurrent 
and results in the least impact on the healthy pole compared 
with other conventional methods. Although the capital cost and 
power losses are increased, they can be minimized by 
optimizing the parameter design.   

V. CONCLUSION 
In order to achieve fast and reliable protection against valve-

side SPG faults in bipolar HB-MMC MTDC systems without 
using the grid-side ACCB and affecting healthy converter 
stations, this paper proposes an ACCB-independent scheme 
based on thyristor-pairs and damping SMs. The characteristics 
of the currents flowing through the upper and lower arms have 
been theoretically analyzed. The discontinuous conduction time 
in the first cycle of the arm currents can be used to isolate the 
converter. Based on the analysis, arm thyristor-pairs are 
proposed to cut off the arm currents during the discontinuous 
conduction time. To accelerate the damping of the lower-arm 
fault currents and help the thyristor-pairs turn off, damping SMs 
are installed within the lower arms of the converter. The 
proposed scheme can quickly cut off the arm fault currents 
without relying on the ACCBs, and therefore, the system can be 
quickly protected. Although the proposed protection scheme 
causes conduction losses and increases system complexity, it 
can effectively protect the faulty converter and healthy circuit 
in the MTDC system. The minimization of the power losses and 
system complexity caused by the proposed method will be the 
future work. The simulation results in PSCAD match well with 
the theoretical analysis and therefore, verify the effectiveness 
of the proposed protection. 
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APPENDIX 
The parameters and dimensions of the OHL used in this 

paper are shown in Fig. 17. 

 
Fig. 17.  OHL configuration and dimensions. 
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