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Abstract——Symmetrical monopolar configuration is the pre‐
vailing scheme configuration for modular multilevel converter 
based high-voltage direct current (MMC-HVDC) links, in 
which severe DC overvoltage or overcurrent can be caused by 
the DC faults. To deal with the possible asymmetry in the DC 
faults and the coupling effects of the DC lines, this paper ana‐
lyzes the DC fault characteristics based on the phase-mode 
transformation. First, the DC grid is decomposed into the com‐
mon-mode and the differential-mode networks. The equivalent 
models of the MMCs and DC lines in the two networks are de‐
rived, respectively. Then, based on the state matrices, a unified 
numerical calculation method for the fault voltages and cur‐
rents at the DC side is proposed. Compared with the time-do‐
main simulations performed on PSCAD/EMTDC, the accuracy 
of the proposed method is validated. Last, the system parame‐
ter analysis shows that the grounding parameters play an im‐
portant role in reducing the severity of the pole-to-ground 
faults, whereas the coupling effects of the DC lines should be 
considered when calculating the DC fault currents associated 
with the pole-to-pole faults.

Index Terms——Symmetrical monopolar DC grids, modular 
multilevel converter (MMC), pole-to-ground fault, pole-to-pole 
faults, phase-mode transformation, fault current and voltage es‐
timation.

I. INTRODUCTION 

VOLTAGE source converter based high-voltage direct 
current (VSC-HVDC) grids are a powerful candidate 

for the integration of massive amounts of renewable energy 
and the interconnection of asynchronous AC grids [1], [2]. 
Due to the high reliability and flexibility, the modular multi‐
level converter (MMC) has drawn more and more attention 
from both academia and industry [3]. Among the commis‐
sioned MMC-HVDC links, symmetrical monopolar configu‐
ration is the most widely-used scheme [4]-[6]. However, the 
MMC-based DC grid, which is a development trend of the 
VSC-HVDC, is facing challenges caused by the DC 
faults [7].

Typical DC faults include pole-to-ground (PTG) faults and 
pole-to-pole (PTP) faults [8]. PTG faults make the symmetri‐

cal monopolar DC grids suffer from pole imbalances and 
therefore severe overvoltage on the healthy pole. PTP faults 
are more likely to result in severe overcurrent. For the prop‐
er design of system parameters and protection configuration, 
it is vital to evaluate the overvoltage and the overcurrent lev‐
els caused by the DC faults with some calculation methods. 
A majority of researches have paid attention to the calcula‐
tion of PTP faults as they pose stringent requirements on the 
breaking current of DC circuit breakers (DCCBs) [9] - [11]. 
Some studies on PTG faults in symmetrical monopolar DC 
grids have also been performed. The mechanism of the over‐
voltage caused by DC faults is explained in [12], while sys‐
tem studies related to insulation coordination aspects of DC 
cable systems and converter equipment are conducted in 
[13]-[16] and [17], respectively. The overvoltage at the cable 
terminations is studied for selected fault types by simula‐
tions in these studies. To calculate the maximum overvolt‐
age, MMC is modeled considering the relative size between 
the impedance of MMC and the grounding device in the 
fault network in [18].

Generally speaking, the research on the calculation of tran‐
sient characteristics with PTG faults in symmetrical monopo‐
lar DC grids has not been deeply studied, considering the 
following difficulties: ① the asymmetrical property of PTG 
faults and the coupling effects of DC lines make the fault 
characteristics of the positive and negative poles unbalanced 
and coupled; ② the variety of topologies increases the diffi‐
culty in forming a unified method for arbitrary HVDC grids. 
Up to now, for the proper design of system parameters and 
selective protection employing DCCBs, an analytical calcula‐
tion method dealing with the pole imbalances and coupling 
issues for symmetrical monopolar DC grids has not been 
studied. In this paper, this problem is solved and the further 
attempt is also performed to analyze the fault characteristics 
for both PTG and PTP faults in symmetrical monopolar DC 
grids. The main contributions are as follows.

1) The common-mode and differential-mode equivalent 
models of the MMC-based DC grid are derived from the 
original circuits based on the phase-mode transformation. 
The phase-mode transformation is widely used in the AC 
transmission systems with the coupled multiple lines to de‐
rive their decoupled models. In this paper, the phase-mode 
transformation is adopted to deal with the asymmetrical prop‐
erty of PTG faults and the coupling effects of DC lines, and 
the original MMC-based DC grid can be decomposed into 
decoupled common-mode and differential-mode networks.
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2) The general way based on the state matrices is pro‐
posed to study the fault characteristics suitable for arbitrary 
HVDC topologies. By listing the basic differential equations 
of the networks, the analysis on the variation of the fault 
characteristics with different system parameters can be easily 
conducted. This is helpful for the proper design of system 
parameters such as the grounding parameters and the cou‐
pling parameters.

The remainder of this paper is organized as follows. Sec‐
tion II derives the equivalent model of MMCs and DC lines 
in the common-mode and differential-mode networks. The 
fault behavior is investigated simultaneously. Section III es‐
tablishes the connection of the common-mode and differen‐
tial-mode networks according to different fault boundary con‐
ditions. Section IV gives the unified method for computing 
the DC fault currents and voltages by listing the state matri‐
ces. In Section V, time-domain simulations of PTG faults 
and PTP faults in a four-terminal DC grid are carried out 
based on PSCAD/EMTDC to verify the accuracy of the pro‐
posed method. The research on the influence on the fault 
characteristics by the variation of the grounding parameters 
and the DC line mutual inductance are conducted then. Sec‐
tion VI draws the conclusions.

II. HVDC GRID MODELING BASED ON PHASE-MODE 
TRANSFORMATION 

A. Basic Principle of Phase-mode Transformation

In the symmetrical monopolar HVDC system, PTG faults 
are treated as asymmetrical faults, whereas PTP faults be‐
long to symmetrical faults. The phase-mode transformation 
proposed in [19], [20] is able to cover the fault transient 
analysis for both the symmetrical and asymmetrical faults.

The basic principle for phase-mode transformation is that 
an arbitrary pair of the positive-pole and negative-pole vari‐
ables can be decomposed into one couple of the common-
mode and differential-mode variables, as shown in Fig. 1, 
where the symbols “p” and “n” denote the positive pole and 
negative-pole variables, respectively; and the subscripts 
“com” and “dif” denote the common-mode and differential-
mode variables, respectively.

Taking the positive-pole and negative-pole currents as an 
example, the transformation can be expressed as:
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It can be found in Fig. 1 that the common-mode currents 

are just the unbalanced components between the positive-
pole and negative-pole currents that flow through the earth, 
which are actually the zero-sequence components. The differ‐
ential-mode currents are the balanced components flowing 
only through the DC lines, which are actually the positive-se‐
quence components. In other words, the phase-mode transfor‐
mation resolves the positive-pole and negative-pole values in‐
to the zero-sequence and positive-sequence components, re‐
spectively. Thus, the symmetrical monopolar HVDC system 
can be represented in terms of their zero-sequence and posi‐
tive-sequence networks connected in different ways depend‐
ing on the types of the DC faults.

B. Phase-mode Transformation of MMC Stations

At present, there are three main grounding schemes for 
symmetrical monopolar HVDC systems. The first one is 
grounding through star-connected reactors and a large resis‐
tor at the AC side. The second one is adopting a resistor at 
the neutral point of transformer (delta/star configuration) at 
the AC side. The third one is using two large resistors in par‐
allel at the DC side [21]. The fault characteristics at the DC 
side of the first and the second grounding schemes are simi‐
lar. A zero-sequence fault current could flow through the 
grounding devices causing pole imbalances in these two 
grounding schemes [22]. The third grounding scheme would 
result in additional losses and the two serial DC resistors 
would probably lead to the voltage imbalance due to a cer‐
tain amount of resistance deviation. In high-voltage and 
large-capacity MMC-HVDC systems, the former two ground‐
ing schemes are widely used in many practical projects. 
Since the first and the second grounding schemes have simi‐
lar DC fault characteristics, in this paper, the first grounding 
scheme is taken as an example for phase-mode transforma‐
tion.

In the symmetrical monopolar MMC-HVDC system, the 
first grounding scheme consists of the star-connected ground‐
ing reactors L0 with a series-connected grounding resistor R0 
at the valve side of the converter transformer, as illustrated 
in Fig. 2 [6]. The MMC consists of six arms, where the up‐
per and lower arms in the same phase form a phase unit. 
Each arm consists of two parts, i.e., N series-connected iden‐
tical sub-modules (SMs) and an arm inductor Larm. The equiv‐
alent arm resistor and the SM capacitor are denoted as Rarm 
and C0, respectively.

In Fig. 2, urj and irj ( j = a, b, c; r = p, n) are the upper- and 
lower-arm voltages and currents, respectively; ivj is the AC 
output current of MMC in phase j; uvj is the AC voltage at 
the point of common coupling (PCC) in phase j; and i0 is 
the current flowing through the grounding device at the 
valve side. According to the Kirchhoff’s voltage law, the 
mathematical model in phase j could be derived as:

uvj - Larm

dipj

dt
-Rarmipj + upj = up (2)

uvj - Larm

dinj

dt
-Rarminj - unj = un (3)

Based on (2) and (3), the mathematical equations (4) and 
(5) describing the model of MMC at the DC side can be de‐
rived, and the details are shown in Appendix A.
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Fig. 1.　Phase-mode transformation of branch currents.
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where uCeqdif is the average value of the total arm voltages in 
three phases; and uCeqcom is the average value of the imbal‐
ance between the upper- and lower-arm voltages in three 
phases. The zero-sequence component of the valve-side volt‐
age uv0 can be expressed as:

uv0 =
L0

3
di0

dt
+R0i0 =-

2L0

3
dicom

dt
- 2R0icom (6)

For the second grounding scheme, uv0 could be calculated 
by the common-mode currents and the resistor of the trans‐
former star winding at the secondary side. To obtain the DC-
side equivalent common-mode and differential-mode models, 
the following reasonable assumptions are conducted. Firstly, 
the high-order harmonic components (twice the fundamental 
frequency and above) in the circulating current are ignored 
[23]. Secondly, the high-order harmonic components of the 
output voltage of the upper and lower arms are omitted [24]. 
Finally, the fundamental modulated signal of MMC is sym‐
metrically balanced [25]. The modulation signal mj in phase 
j is defined as:

mj =M cos(ωt + φ j ) (7)

where M is the modulation ratio; ω is the fundamental angu‐
lar frequency; and φ j is the initial phase.
1)　Differential-mode Network

The upper- and lower-arm voltages satisfy the following 
relationships [26]:
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where uå
pj and uå

nj are the total voltages of N SM capacitors 
in the upper and lower arms, respectively; and mpj and mnj 
are the SM input ratios of the upper and lower arms, respec‐
tively.

Then the expression describing the dynamic characteristic 
of uCeqdif can be derived as (10). For simplicity, the voltage 
imbalance between the upper and lower arms is ignored.

uCeqdif =
1
6 ∑j = abc

( )upj + unj =
1
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Then, taking the derivative of (10) and substituting (8) 
and (9) into it, (11) can be derived as:
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where ps is the active power transmitted from AC side to 
DC side. As described in (12), it can be approximately calcu‐
lated under the active power control and DC voltage con‐
trol [27].

ps =
ì
í
î

P ref
s active power control

1.5usdi
ref
sd DC voltage control

(12)

where P ref
s  is the reference power; usd is the d-axis voltage; 

iref
sd = kp( )uref

dc - udc( )t + k i∫( )uref
dc - udc( )t dt is the d-axis refer‐

ence current, and kp and k i are the proportional and integral 
coefficients of the DC voltage controller, respectively; udc is 
the DC voltage of MMC; and uref

dc  is the reference DC volt‐
age of MMC.

Then, based on (5) and (11), the differential-mode equiva‐
lent model of MMC could be derived, as shown in Fig. 3.

12C0/Nps
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uCeqdif udif

idif Rarm/3Larm/3

Fig. 3.　Differential-mode equivalent model of MMC.
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Fig. 2.　Basic structure of MMC.
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2)　Common-mode Network
Based on the above assumptions, the currents through the 

upper and lower arms can be expressed as:
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Then, the currents through the SM capacitors can be de‐
rived as:
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where icpj is the SM capacitor current in the upper arm of 
phase j; and icnj is the SM capacitor current in the lower arm 
of phase j.

Therefore, the DC and fundamental frequency fluctuation 
of the SM capacitor voltages in the upper and lower arms 
can be calculated as:
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where the superscripts 0 and 1 represent the DC and funda‐
mental components, respectively; and idc is the steady-state 
current of the DC lines.

Then, the voltages of the upper and lower arms could be 
derived as:
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where ucN is the rated voltage of SM capacitors.
Therefore, uCeqcom is expressed as:

uCeqcom =
1
6 ∑j = abc

( )upj - unj =-
N

24C0
∫( )ip + in dt =-

N
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It can be seen from (18) that the unbalanced current be‐
tween the positive and negative poles drives the asymmetry 
of pole voltages. This zero-sequence current also causes the 
imbalance of the SM capacitor voltages in the upper and the 
lower arms. Based on (4), (6), and (18), the common-mode 
network of MMC could be derived, as shown in Fig. 4.

C. Phase-mode Transformation of DC Lines

The lumped π-type model shows a little bias in estimating 
the fault characteristics compared with the frequency depen‐
dent model. Therefore, considering the sufficient accuracy, 

the π-type equivalent model of a DC line used in [9], [27], 
[28] is employed in this paper, as shown in Fig. 5, where Ldc 
is the smoothing reactor; Rij, Lij, and Cij are the equivalent re‐
sistance, inductance, and capacitance of the π-type model, re‐
spectively; and CMij and Mij are the mutual capacitance and 
inductance of the DC lines, respectively.

The equations governing the characteristics of DC lines 
can be written as:

é
ë
êêêê ù

û
úúúúuip - ujp

uin - ujn

= é
ë
êêêê ù

û
úúúúLij Mij

Mij Lij

d
dt

é
ë
êêêê ù

û
úúúúiijp

iijn

+Rij
é
ë
êêêê ù

û
úúúúiijp

iijn

(19)

d
dt

[ uip uin ujp ujn ]
T = diag ( 2
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d
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[ uip - uin ujp - ujn ]
T = diag ( 1
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where uip, uin, ujp, and ujn are the positive-pole and negative-
pole node voltages, respectively; iicp, iicn, ijcp, and ijcn are the 
branch currents through the grounding capacitance Cij/2; iiCM 
and ijCM are the branch currents through the phase-to-phase 
capacitance CMij; iijp and iijn are the positive-pole and nega‐
tive-pole currents of RL branches, respectively; and iip, iin, ijp, 
and ijn are the positive-pole and negative-pole branch cur‐
rents through nodes i and j, respectively.

It can be observed from (19)-(22) that the coupling issue 
makes it hard to solve the fault characteristics of the positive 
or negative pole independently. However, it can be dealt 
with by applying the phase-mode transformation.
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Fig. 4.　Common-mode equivalent model of MMC.
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Thus, based on (23) and (24), the correspondingly decou‐
pled equivalent models of DC lines are given in Fig. 6.

III. FAULT BOUNDARY CONDITIONS 

Based on the phase-mode transformation, the original net‐
work can be represented with two independent networks. 
And they are connected through the fault boundary condi‐
tions based at the various types of faults. The following 
types of faults at the DC side are mainly considered in this 
paper, i.e., PTG faults and PTP faults.

A. PTG Faults

The simplified diagram of the PTG fault is shown in Fig. 
7(a), where Rf is the grounding resistor. When a positive 
PTG fault occurs, the instantons boundary conditions satisfy:

{ufp =Rfifp

ifn = 0
(25)

The corresponding fault conditions for the common-mode 
and differential-mode components are expressed as:

ì
í
î

ïï
ïï

ufcom + ufdif =Rf( )ifcom + ifdif

ifcom - ifdif = 0
(26)

Equation (26) makes it easy to form the connection of the 
common-mode and differential-mode networks, as shown in 
Fig. 7(b). All desired voltages and currents can be calculated 
with the circuit in Fig. 7(b). It should be noted that when a 
PTG fault occurs on the negative pole, (25) should be modi‐
fied as:
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ufcom - ufdif =Rf( )ifcom - ifdif

ifcom + ifdif = 0
(27)

Equation (27) shows that under a negative PTG fault, the 
common-mode and differential-mode networks should be 
connected in parallel via 2Rf.

B. PTP Faults

When a PTP fault occurs, the fault boundary conditions 
are depicted in Fig. 8(a), which can be expressed as:

{ifp =-ifn

ufp - ufn = ifp Rf

(28)

By making phase-mode transformation to (28), we can ob‐
tain:

ì
í
î

ïï

ïïïï

ifcom = 0

ufdif =
Rf

2
ifdif

(29)

Therefore, it is easy to provide the connection between 
the common-mode and differential-mode networks under 
PTP faults with (29), as shown in Fig. 8(b).

IV. FAULT CURRENT AND VOLTAGE CALCULATION 

According to the transformed model of MMCs, DC lines, 
and fault boundary conditions, the equivalent networks of 
the whole grid can be established. And from the perspective 
of the individual networks, the pole imbalance and coupling 
issues are solved, which is beneficial for computing the fault 
current and voltage.

In the equivalent circuit model of a symmetrical monopo‐
lar DC grid with arbitrary topologies, there are four kinds of 
circuits, including the equivalent model of MMC and line-to-
ground capacitance (circuit ①), the π-type equivalent model 
of DC lines (circuit ②), the line-to-ground capacitances of 
line connections (circuit ③), and the fault boundary condi‐
tions (circuit ④), as shown in Fig. 9. The state matrices for 
fault currents and voltages are easy to be obtained. Since the 
differential-mode and common-mode networks are only dif‐
ferent in the MMC parameters and DC line parameters, in 
this section, we only give the list of the state equations for 
the differential-mode network.

Here, MMC nodes and line connection nodes are named 
from 1 to n. The positive direction of the currents is defined 
as flowing out of the nodes, whereas the positive direction 
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Fig. 6.　Decoupled equivalent models of DC lines. (a) Differential-mode 
equivalent model. (b) Common-mode equivalent model.
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of the currents through the branches are defined from node i 
to node j. The defined nodes and currents are expressed in 
Fig. 9. In Fig. 9, i, j, p, q, s, t, f, and m are the defined 
nodes. The current symbols with the subscript “L” mean the 
currents through the smoothing reactors, such as iiqL, iipL, iijL, 
ijiL, iftL, and ifsL. The current symbols without the subscript 
“L” mean the branch currents through the DC lines such as 
iij. The voltage symbols with the subscript “M” are the volt‐
ages through the equivalent capacitor of MMC. The voltage 
symbols without the subscript “M” are the voltages through 
the equivalent capacitor of the DC lines.

A. Circuit ①
For circuit ① , the state variables for currents are those 

flowing through smoothing reactors from nodes to DC lines.

i̇Ldc = [  i̇ ijL i̇ ipL i̇ iqL  ] T
(30)

The state variables for voltages are those of the capacitors.

u̇ = [  u̇Mi u̇Mj  u̇ij u̇ji  ] T
(31)

Therefore, the state matrix is expressed as:

i̇Ldc =L1 [ iLdc iLR u]T (32)

Cu̇ =A[ iLdc iLR is ]
T (33)

where iLdc == [ ] iijL iipL iiqL  T
 is the branch current 

vector through the smoothing reactors; iLR ==
[ ] iij iip iiq  T

 is the branch current vector through 

π-type sections; u = [ ] uMi uMj  uij uji  T
 is 

the voltage vector across the capacitors; C =
diag [ ] Ci Cj  Cij /2 + 2CMij Cij /2 + 2CMij   is 
the network capacitance matrix; and is =[ isi isj  ]T is 
the equivalent current source vector. The elements in A and  
L1 are expressed in (34) and Table I, respectively. In Table I, 
k ∈ i means node k is directly connected to node i; and m 
means the number of such nodes. Their matrix forms are 
shown in Appendix B.

Aij =
ì

í

î

ïïïï

ïïïï

1 current flowing into capacitor Cii of C

-1 current flowing out of capacitor Cii of C

0 others

(34)

B. Circuit ②
For circuit ② , the state variables for currents are those 

flowing through π-type sections of DC lines.

i̇LR = [  i̇ ij i̇ ip i̇iq  ] T
(35)

Then, the state matrix can be written as:

i̇LR =L2 [ iLR u]T (36)

The elements in L2 are given in Table II and the matrix 
form is shown in Appendix B.

C. Circuit ③
For line connection nodes, there are only circuits com‐

posed of line-to-ground capacitances. However, if virtual 
MMCs are assumed to be connected as shown in Fig. 9 (in‐
dicated by dotted line), then the state matrix equations for 
circuit ③ can be listed just in the same way as circuit ① . 
And the equivalent parameters Lj and Cj are set as infinity, 
whereas Rj and isj are set as 0.

D. Circuit ④
As described in Section III, the fault boundary conditions 

are to connect the differential-mode and common-mode net‐
works. This part is different from the former three circuits, 

TABLE I
ELEMENTS IN L1 CORRESPONDING TO ROW OF i̇Ldc

Variables

Branch current

Capacitor voltage

iikL (k∈i)

ipqL (p≠i)

iik

ipq

uij

uik (k ∈ i&k ≠ j)

uMi

uMp

upq

Element

-
Ri

Ldc +mLi

0

0

0

-
Ldc + ( )m - 1 Li

( )Ldc +mLi Ldc

Li

( )Ldc +mLi Ldc

1
Ldc +mLi

0

0

i j

q
p m

f
s

t

Differential-

mode network

iiqL
iipL

iijL ijiL

isj

iij

u
Mi u

Mj
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L
dc

L
dc

Lij Rij
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Lj

Rj

i
si

? ? ?

? ? ?

Cij/2+2C
Mij

ifsL

ifsLcom

iftLcom

uft
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uij uji

if

iftL ?

Csf /2

Ctf /2

2Rf

Common-

mode network

Ci
Li

L
0i

R
0i

Ri ufscom

uftcom

Fig. 9.　Equivalent model of whole DC grid under PTG faults.

TABLE II
ELEMENTS IN L2 CORRESPONDING TO ROW OF i̇LR

Variables

iij

uij

uji

Element

-
Rij

Lij -Mij

1
Lij -Mij

-
1

Lij -Mij
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which depends on the fault type, for example, a positive 
PTG fault occurs on line lst. This produces a new line con‐
nection node f and new voltage state variables in both two 
networks. However, the new variables ifsL and iftL in the dif‐
ferential-mode network will not be state variables. Thus, 
there should be supplementary algebraic equations.

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

Csf

2
u̇fs = ifsL + isf

Ctf

2
u̇ft = iftL + itf

ufs = uft

(37)

{ifsL + iftL = ifsLcom + iftLcom

ufs + ufscom =-2Rf (ifsL + iftL ) (38)

For other types of faults, just replace (38) with the fault 
boundary equations. For the common-mode network, only 
some parameters need to be modified: is is replaced with 0; 
Li and Ri are substituted for Li + L0i and Ri + R0i, respectively; 
Lij - LMij and Cij /2 + 2CMij are replaced with Lij + LMij and 
Cij /2, respectively. The fault voltage and current can be com‐
puted by the sums and differences of the node voltages and 
branch currents in the differential-mode and common-mode 
variables.

V. CASE STUDIES 

A. Test System

To verify the accuracy of the proposed method in calculat‐
ing the fault voltages and currents in symmetrical monopolar 
DC grids, the simulations of a four-terminal MMC-based 
DC grid are conducted by PSCAD. Figure 10 gives the struc‐
ture of this grid. The main parameters are listed in Table III.

PTG faults in symmetrical monopolar DC grids result in 
severe overvoltage and pole imbalances, whereas PTP faults 
generate very large short-circuit currents. Therefore, the DC 
grids should isolate the faults as quickly as possible. In fact, 
for DC grids using DCCBs to deal with DC faults, one of 
the basic principles is that the converter station should not 
be blocked before DCCB opening [25], [29], [30]. General‐
ly, due to the communication system, the DCCBs receive the 
action signal and then execute the command with a delay. 
When the DC faults are isolated by the DCCBs, the voltage 
and current are supposed to be decreased. Therefore, this pa‐

per focuses on the fault characteristics prior to the action of 
DCCBs. The duration is taken as 10 ms in this paper [9].

B. Validation Results

1)　PTG Faults
As shown in Fig. 10, a PTG fault at the outlet side is set 

on line l13. According to the proposed method based on the 
derived models, the state equations (32), (33), and (36)-(38) 
are solved by MATLAB. The fault currents and voltages are 
calculated in two cases with low fault resistance (Rf = 0.01 
Ω) and high fault resistance (Rf = 100 Ω). The calculation re‐
sults and simulation results by PSCAD/EMTDC are shown 
in Fig. 11, where u1n is the healthy PTG voltage of MMC1; 
u4n is the healthy PTG voltage of MMC4; i13 is the current 
through line l13; i24 is the current through line l24, and simula‐
tion and calculation values are distinguished by superscripts 
“s” and “c”, respectively.

The branch currents and voltages of the remote and near‐
by DC lines are depicted. In Fig. 11(a) and (c), the maxi‐
mum relative error for fault voltages does not exceed 2.5%, 
whereas the error for fault current is less than 3%. This indi‐
cates the fault currents and voltages obtained from the calcu‐
lation and simulation are in satisfactory match with negligi‐
ble errors. Similar conclusions can also be drawn from the 
case of high fault resistance.

MMC1

PTG

PTP

n
1

n
3

n
4n

2

300 km

300 km

200 kml
12

l
13

l
34

l
24

MMC2

MMC3

MMC4
400 km

Fig. 10.　Four-terminal symmetrical monopolar MMC-based DC grid.

TABLE III
MAIN CIRCUIT PARAMETERS OF TEST SYSTEM

Converter 
stations

DC 
transmis‐
sion lines

Control 
mode

Items

Rated voltage of AC system

Nominal ratio of transformer

Leakage inductance of transformer

Smoothing reactor

Rated capacity (MMC1&MMC3)

Rated capacity (MMC2&MMC4)

Grounding inductance

Grounding resistance

Rated DC voltage

Arm inductor (MMC1&MMC3)

Arm inductor (MMC2&MMC4)

SM capacitor (MMC1&MMC3)

SM capacitor (MMC2&MMC4)

Number of SMs per arm

Resistance

Self-inductance

Mutual-inductance

Capacitance

MMC1

MMC2

MMC3

MMC4

Values

220 kV

220 kV/210 kV

15%

300 mH

750 MVA

1500 MVA

3 H

1000 Ω

±200 kV

66 mH

32 mH

12000 μF

18000 μF

150

0.014 Ω/km

0.82 mH/km

0.24 mH/km

0.01367 μF/ km

Q = 0 Mvar, 
P =-600 MW

Q = 0 Mvar, 
P =-1200 MW

Q = 0 Mvar, 
Udc =±200 kV

Q = 0 Mvar, 
P = 1500 MW
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2)　PTP Faults
As shown in Fig. 10, a PTP fault at the outlet side is set 

on line l24. The simulation and calculation results in two cas‐
es with low fault resistance (Rf = 0.01 Ω) and high fault resis‐
tance (Rf = 100 Ω) are shown in Fig. 12, where u2 is the PTP 
voltage of MMC2; u3 is the PTP voltage of MMC3; i12 is 
the current through line l12; and i24 is the current through 
line l24. The relative errors for the PTP voltages are less than 
1%, whereas the relative errors for the branch currents of the 
DC lines are no more than 0.3%. This proves the accuracy 
in estimating the fault characteristics under PTP faults.
3)　Analysis of Results

The error between the simulation and calculation comes 
from the assumptions for ignoring the high-order harmonic 
components in deriving the MMC model. And the π-type 
model of the DC lines also leads to some bias arising from 
neglecting the impacts of frequency on line parameters and 
traveling wave phenomena. Besides, the errors for the fault 
currents and voltages are more obvious beyond 10 ms after 
the fault because the assumptions on which the model is de‐
rived are broken.

It should also be noted that the maximum overvoltage of 
the healthy pole under the PTG faults has not yet appeared 
within 10 ms, as shown in Fig. 11. The maximum fault cur‐
rent under the PTP faults has not appeared either, as shown 
in Fig. 12. This relates with the configuration and action of 
the protection system, such as the action time of circuit 
breakers. Though the maximum values have not appeared in 
the observation time range, the development of the fault cur‐
rent and voltage before the action of DCCBs could be clear‐
ly observed. Therefore, the proposed method is available for 
protection system design since the development process de‐
termines the maximum overvoltage and overcurrent.

Above all, it can be concluded that the proposed method 
based on phase-mode transformation is able to provide accu‐
rate fault currents and voltages before the protection action 
under the PTG and PTP faults. Besides, it is appropriate to 
use this method for the design of system parameters.

C. Sensitivity Analysis of System Parameters

For PTG faults, the zero-sequence currents result in the 
imbalances between the SM capacitor voltages of different 
poles, which are the currents through the grounding devices 
at the AC side. Besides, the healthy pole suffers from seri‐
ous overvoltage. But reasonable configuration of system pa‐
rameters may improve this situation. For PTP faults, the 
fault current can be several times the normal current. It is of 
special interest for DCCB design to know the dynamic pro‐
files of in the stage of fault current system design.
1)　Influence of Grounding Parameters

Due to the fact that the zero-sequence currents only occur 
under asymmetrical faults, for PTP faults, there are no such 
pole imbalance issues. Here, the severity of the PTG fault in 
DC grid with varying grounding device parameters can be 
observed in Fig. 13.

The maximum grounding current and the maximum over‐
voltage are contradictory to each other. Besides, the ground‐
ing reactor has weaker effect in reducing the grounding cur‐
rent and overvoltage compared with the grounding resis‐
tance. They can be chosen to guarantee that the overvoltage 
and grounding current are within their specified ranges. The 
selected system parameters are able to release the burden of 
protection system. Besides, the parameters can also be opti‐
mized if other factors such as cost and steady-state power 
loss are taken into account with some optimal algorithms.
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2)　Influence of Mutual Inductance of DC Lines
The influence of the mutual inductance variation for PTP 

faults is shown in Fig. 14. As illustrated in Fig. 14, the mutu‐
al inductance is bad for limiting the fault current. This is be‐
cause there is a strong demagnetization effect due to the op‐
posite direction of the currents through lines of the positive 
and negative poles. Besides, there is a positive linear correla‐
tion between the maximum current and the mutual induc‐
tance. Therefore, the mutual inductance is vital for determin‐
ing the capacity of DCCB under PTP faults.

As depicted in Fig. 15(a), compared with the grounding 
device, the mutual inductance plays little role in reducing 
the pole imbalances or the overvoltage for PTG faults. It 
should also be noted in Fig. 15(b) that the time for the peak 
fault current varies with the mutual inductance, but the am‐
plitude nearly remains the same. Therefore, it can be con‐
cluded that mutual inductance variation of DC lines could be 
neglected in the design of grounding parameters or the pro‐
tection system parameters for PTG faults.

VI. CONCLUSION 

This paper offers a way to analytically study the PTG and 
PTP fault characteristics for symmetric monopolar MMC-
based HVDC grids. Following conclusions can be drawn 
through both theoretical analysis and simulation studies.

1) Based on the phase-mode transformation, the coupling 
issues and pole imbalances are eliminated in the derived 
common-mode and differential-mode networks. Compared 
with PSCAD/EMTDC simulations, for cases of high and 
low fault resistance, the errors for the fault voltages and cur‐
rents under PTG faults are less than 3%, whereas the errors 
under PTP faults are less than 1%, which shows sufficient 
accuracy.

2) Parameter variation analysis can be easily conducted re‐
lying on the calculation method based on state equations. It 
is shown that under PTG faults, the grounding resistance is 
more significant than the grounding reactor in reducing the 
pole imbalances and overvoltage. Under PTP faults, the max‐
imum fault current increases linearly with the mutual induc‐
tance.
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APPENDIX A 

For each phase, there is an equation in the same form as (2) 
and (3). By adding the three-phase equations of (2) and (3), we 
can obtain:

∑
j = abc

uvj - Larm

d ∑
j = abc

ipj

dt
-Rarm ∑

j = abc

ipj + ∑
j = abc

upj = 3up
(A1)

∑
j = abc

uvj - Larm

d ∑
j = abc

inj

dt
-Rarm ∑

j = abc

inj - ∑
j = abc

unj = 3un
(A2)

According to the Kirchhoff’s current law, the arm currents 
satisfy the following relationship:

ì

í

î

ïïïï

ï
ïï
ï

∑
j = abc

ipj = ip

∑
j = abc

inj = in

(A3)

For unbalanced AC systems, the sum of the three-phase volt‐
age is three times that of a single zero-sequence voltage.∑

j = abc

uvj = 3uv0 (A4)

Substituting (A3) and (A4) into (A1) and (A2), we can ob‐
tain:

uv0 -
Larm

3
dip

dt
-

Rarm

3
ip +

1
3 ∑j = abc

upj = up (A5)

uv0 -
Larm

3
din

dt
-

Rarm

3
in -

1
3 ∑j = abc

unj = un (A6)

Adding (A5) and (A6), we have:

uv0 -
Larm

6

d ( )ip + in

dt
-

Rarm

6 ( ip + in ) + 1
6 ∑j = abc

( )upj - unj =

up + un

2
(A7)

Subtracting (A6) from (A5), we have:

-
Larm

6

d ( )ip - in

dt
-

Rarm

6 ( ip - in ) + 1
6 ∑j = abc

( )upj + unj =
up - un

2
(A8)

According to (1), we have:

ì

í

î

ï
ïï
ï

ï
ïï
ï

uv0 -
Rarm

3
icom -

Larm

3
dicom

dt
+ uCeqcom = ucom

uCeqcom =
1
6 ∑j = abc

( )upj - unj

(A9)

ì
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î

ï
ïï
ï

ï
ïï
ï

-
Rarm

3
idif -

Larm

3
didif

dt
+ uCeqdif = udif

uCeqdif =
1
6 ∑j = abc

( )upj + unj

(A10)

APPENDIX B 

i̇Ldc = L1[ ]iLdc iLR u
T

= [ ]L1a L1b L1c [ ]iLdc iLR u
T

(B1)

where 

L1a =
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