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Abstract—Pole-to-ground (PTG) fault analysis is of vital im-
portance for high-voltage direct current (HVDC) grid. Howev-
er, many factors are not considered in the existing studies such
as the asymmetrical property of PTG fault, the coupling issue
between DC transmission lines and the complexity of the struc-
ture of DC grid. This paper presents a PTG fault analysis meth-
od, which is based on common- and differential-mode (CDM)
transformation. Similar to the symmetrical component method
in AC system, the transformation decomposes the HVDC grid
into CDM networks, which is balanced and decoupled. Then, a
transfer impedance is defined and calculated based on the im-
pedance matrices of the CDM networks. With the transfer im-
pedance, analytical expressions of fault characteristics that vary
with space and time are obtained. The proposed PTG fault anal-
ysis method is applicable to arbitrary HVDC grid topologies,
and provides a new perspective to understand the fault mecha-
nism. Moreover, the analytical expressions offer theoretical guid-
ance for PTG fault protection. The validity of the proposed
PTG fault analysis method is verified in comparison with the
simulation results in PSCAD/EMTDC.

Index Terms—High-voltage direct current (HVDC) grid, pole-
to-ground (PTG) fault, common- and differential-mode(CDM)
transformation, DC ciruit breaker (DCCB).

1. INTRODUCTION

OWADAYS, the modular multi-level converter based

high-voltage direct current (MMC-HVDC) grid is at-
tractive for renewable power integration [1] and global ener-
gy interconnection [2]-[4]. It can be configured by either sym-
metrical monopole or bipolar structure. Compared with the
monopole structure, the symmetrical bipolar configuration
shows advantages in bulk power transmission and DC fault-
tolerate control [5]. Thus, the symmetrical bipolar based MMC-
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HVDC grid, which has been recently adopted in the Zhangbei
Project, China, becomes the research focus of this paper.

In HVDC grid, the pole-to-ground (PTG) fault is one of
the most common DC-side faults. To protect the grid, lots of
studies have been conducted, which can be summarized into
two solutions [6]-[10]. The first solution is based on MMCs
with the handling capability of DC fault. However, this solu-
tion needs to block the insulated gate bipolar transistors (IG-
BTs) [6] or regulate the DC grid voltage to zero [7], [8],
which will cause a temporary interruption of the active pow-
er transmission. The other solution relies on DC circuit
breakers (DCCBs). The faulty DC lines can be selectively
isolated with DCCBs, and the healthy DC parts can maintain
continuous operation [9], [10]. On this basis, this solution is
considered as a promising candidate for future large-scale
HVDC grid [2]. Figure 1 shows the typical protection se-
quence of the DCCB-based solution under PTG fault, where
t,=5 ms; t,~150-500 ms; ;=100 ms. The transient pro-
cess is divided into three stages. Stage 1 is fault detecting
and DCCB opening; Stage 2 is DC line deionizing; and
Stage 3 is DC power flow recovering. Although Stage 1 is
quite short (typically around 5 ms), fault transient voltage
and current stresses are mainly concentrated in this stage.
Thus, PTG fault analysis at Stage 1 can provide theoretical
guidance for the selection of DC equipment and the parameter
setting of protection relays, which is of vital importance for
the HVDC grid.

Aiming at the fault analysis at Stage 1, the numerical and
analytical calculations are two effective ways. From the as-
pect of numerical calculation, some electromagnetic transient
(EMT) simulation work is documented in [11], [12], where
accurate characteristics of PTG fault are presented. However,
this analysis lacks profound understanding of the fault mech-
anism, and is quite time-consuming, especially for large-
scale HVDC grid. As for the analytical calculation, it can
theoretically reveal the regularities underlying the fault char-
acteristics. However, there also exist the following difficul-
ties. Firstly, the PTG fault is a typical DC-side asymmetrical
fault. The transient voltage and fault current in positive and
negative poles are unbalanced. Secondly, with the mutual in-
ductance between DC transmission lines, the fault transient
processes of positive and negative poles are coupled. Third-
ly, HVDC grid can be constructed with a variety of topolo-
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gies including the radial type, the meshed type and a hybrid
of the two types. Hence, it is hard to form a unified descrip-
tion that is suitable for arbitrary HVDC grid topologies.

DC fault occurs
4
DCCB opens
15}
DCCB recloses

Is DC fault
detected again?

Does reclosing time
exceed preset value?

Y
DCCB opens
5]

‘ DC power flow recovers ‘

End
t): fault detecting & DCCB opening; #,: DC line deionizing
13: DC power flow recovering

Fig. 1.
fault.

Typical protection sequence of DCCB-based solution under PTG

The conducted studies focus on the above difficulties in
analytical calculation at Stage 1. In line-commutated convert-
er (LCC) based HVDC system, a common- and differential-
mode (CDM) transformation is firstly proposed in [13] to
overcome the imbalance and coupling issues. Based on that,
fault transient overvoltage is analyzed in [13]. Characteris-
tics of the initial values of traveling waves are investigated
in [14]. And frequency responses of terminal current and
voltage of the converter are presented in [15]. However,
these studies merely focus on the two-terminal system, while
the complexity of the structure of the DC grid is not consid-
ered. Reference [16] proposes a pole-to-pole (PTP) fault cur-
rent calculation method for MMC-HVDC grid. However,
this method is unsuitable for the PTG fault scenario because
the attentions are not paid to the factor of mutual inductance.

In this paper, as a further attempt to analytically present
the PTG fault characteristics at Stage 1 of the protection se-
quence, two contributions are made: (1) considering the con-
cept of CDM transformation and the complexity of DC grid
structure, a generic PTG fault analysis method is proposed,
which is suitable for arbitrary HVDC grid topologies; 2
based on the proposed method, analytical expressions of the
fault characteristics that vary with space and time are de-
rived, which is expected to be applied to the selection of DC
protection equipment and parameter setting of protection re-
lays.

The rest of this paper is organized as follows. The basic
principle of CDM transformation is introduced in Section II.

Based on that, a PTG fault analysis method is proposed in
Section III and Section IV gives the analytical expressions
of PTG fault characteristics. Then, a simulation study based
on Zhangbei Project in China is conducted in Section V for
verification. Section VI briefly discusses the practical appli-
cation of the proposed method of PTG fault analysis. Final-
ly, Section VII draws the conclusions.

II. BASIC PRINCIPLE OF CDM TRANSFORMATION

In LCC-HVDC, the DC-side PTG fault will also cause the
imbalance and coupling issues [13]-[15]. The CDM transfor-
mation proposed in [13] is an effective tool for analyzing
the asymmetrical phenomenon, which shows a similar func-
tion as the symmetrical component method in AC system. In
this section, the basic principle of CDM transformation is
briefly reviewed for a better understanding of the proposed
analysis method. Taking DC current as an example, the trans-
formation can be expressed as:

[ii} %B —ﬂm (1)

where the subscripts p and n are the positive and negative
pole components, respectively; and the superscripts 3 and A
are the CDM components. With the transformation, a pair of
unbalanced positive and negative pole currents can be de-
composed into two couples of balanced CDM components.
This property is employed in the following sections to ana-
lyze the PTG fault.

III. CDM TRANSFORMATION BASED PTG FAULT ANALYSIS
METHOD

In this section, based on the CDM transformation, a PTG
fault analysis method is proposed. The main idea contains
two aspects. Firstly, to address the imbalance and coupling
issues, the HVDC grid is transferred into CDM networks.
Secondly, from the perspective of CDM components, a trans-
fer impedance based analysis is performed. Thus the analyti-
cal expression of the PTG fault point current is obtained.
Figure 2(a) shows an arbitrary HVDC grid. It contains n
nodes and b branches. The nodes consist of m active nodes
(with MMC connected) and n—m passive nodes (without
MMC connected). Without the loss of generality, a PTG
fault is assumed to occur at the negative pole of DC line.
The fault point is defined as the (n+1)" node.

A. CDM Transformation of HVDC Grid

1) DC Transmission Lines

The DC transmission line can be modeled as the distribut-
ed frequency-dependent (FD) model [14]-[16] or the lumped
RL model [17], [18]. Figure 3 shows a comparison of DC
fault current when the lumped RL model and the distributed
FD model are adopted. Figure 3(a) is in the scenario of low-
fault resistance (0.01 Q) while Fig. 3(b) is in the scenario of
high-fault resistance (15 Q). It is found that the fault current
employing the lumped RL model is the average approxima-
tion of the fault current employing distributed FD model.
Moreover, although transient oscillation is observed in the
scenario adopting FD model, it decays with time. And the at-
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tenuation of the oscillation trends to be more obvious in the
scenario of large fault resistance. Based on the aforemen-
tioned average approximation and the attenuation effect, the
transient oscillation has little impact on the calculation of
the maximum fault current value. Thus, the lumped RL mod-
el, previously used in [17], [18], is adopted in this paper for
the current stress estimation.
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Fig. 2. Symmetrical bipolar based MMC-HVDC grid. (a) Grid Topology.
(b) DC transmission line. (¢) MMC station. (d) Fault boundary condition.
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Fig. 3. DC fault current comparison under different fault resistance scenari-

o0s. (a) Fault resistance is 0.01 Q. (b) Fault resistance is 15 Q.

Figure 2(b) shows the RL model of DC transmission line,
where nodes j and k are the terminals of the transmission
line; G represents the ground; V; and ¥, are the voltages
(with respect to ground) of nodes j and k, respectively; i, is
the branch current; L, and M. are the self and mutual

‘jk,line Jk,line
inductances of branch jk, respectively; R, .. is the line resis-

jk,line
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tance; and L, , and L, are the DC reactors close to node j
and node £, respectively. Based on Fig. 2(b), the KVL equa-
tion is written as:

|: ij‘” B Vk,p:| = R/'k, line |:l;[k’p:| +
Vj,n - Vk. n l Jhkon

L/'k, de + Lk/’, de + lea line Mk line :| i |:i‘/'k,p:| (2)
Mk. line L ke T Lk/'. at ij», line de ijk. n

In (2), the non-diagonal elements of the coefficient matrix
are not zero, which implies the coupling of positive and neg-
ative poles. Thus, the PTG fault characteristics cannot be
solved independently from positive or negative poles. To ad-
dress the problem, the transformation in (1) is applied, and
(2) is transferred to (3):

)
VjA _ VkA - jk, line l]Ak
|:ij,41'(' + ij dc + szk. line O :|i|:l/zk:| (3)
0 Ly ge + Ly ge + L e dt L

'ji 'jk. line
z —
L/If. ine L/'k line + M/’k, line
A — —
ij, line — ij, line Jjk line

It can be observed that (3) is under the perspective of
CDM components, where the coupling terms in the coeffi-
cient matrix have disappeared.

2) MMC Stations

As indicated in Section I, this study focuses on Stage 1 of
the PTG fault protection sequence (about 5 ms). At this
stage, the MMC station is still in the normal operation
mode. Some fault transient controls such as the blocking and
fault ride through control, do not need to be considered. In
[19], the RLC model is employed to calculate the fault char-
acteristics of MMC. However, further elaboration presents
that the voltage variation of DC-side equivalent capacitor at
this stage is within 0.1 p.u., as listed in the Appendix A.
Hence, the RLC model can be further equivalent to an RL
model, as shown in Fig. 2(c), where ¥, is the rated DC volt-
age; I, is the DC current; and R, and L, are the DC-side
equivalent resistance and inductance, respectively. The sub-
script i represents the " (i=1,2,...,m) MMC station. Figure
4 shows the DC fault current comparison between RL model
and detailed switching model in different operation modes.
The comparison is under the precondition that the MMC is
not blocked (arm currents are limited to 1.7 p.u.). It is found
that during the initial 5 ms, the maximum error between the
two modes is within 10%. Thus, it is accurate enough to esti-
mate the fault current of MMC by RL model.
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Fig. 4. DC fault current comparison between RL model and detailed

switching model. (a) Rectifier operation mode. (b) Inverter operation mode.
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Based on Fig. 2(c), the KVL equation can be written as:

AR
= L— —R,|
|: Vi.n:| |:_ Vda dt , ll n (4)
With CDM transformation, (4) is transferred as:
v 0 d[ir i
1 — _Li 1 _R 1
el Fealielll

3) Fault Boundary Condition
When a negative PTG fault occurs, the fault boundary
condition is depicted in Fig. 2(d). It can be expressed as:
=0
iy (©)

.fl(n+ 1).n

Loty

14

(n+1),n —

where R, is the fault resistance. Transforming (6) into its
CDM components, we can obtain:

i) Tt =0
) A B A
Vi = Vi _Rf(l(nﬂ) _l(n+l))

Then, combining (3), (5) and (7), the transformed DC
transmission lines, MMC stations and PTG fault boundary
condition constitute the CDM networks, as shown in Fig. 5.
At this point, from the perspective of CDM components, the
imbalance and coupling issues do not exist, which is of bene-
fit to the following analysis of PTG fault.

@
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-mode 2Ry -mode
- passive passive
network of | .o > network of |
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L h l . L

Fig. 5.  CDM networks.

B. Impedance Matrix Deduction of CDM Networks

In this part, the impedance matrices of CDM networks are
derived. Firstly, the admittance of DC lines and MMC sta-
tions are expressed in the form of 1/(Ls+R), where s is the
Laplace operator. Then, based on the structure of HVDC
grid, the admittance matrices of CDM networks are written
as ¥* and Y*. By inverting ¥* and ¥*, the impedance matri-
ces can be obtained.

A zZ5 Zi

Zz :(Y):)—] _ ZZZI ZZZZ Zzz(n+1) (8)
Z(Zn+1 Z(?H—l)2 Z(?r+l)(n+l)
zh oz VATHRN

VA =(YA)—1 — ZZA‘ Z2A2 ZzA(n+1 (9)
Z(iﬂ)l Zﬁ,”)z Z(?r+l)(n+l)_

However, it should be noted that the Laplace operator s in
Y* and Y* cannot be substituted by jw directly since Stage 1
of the PTG fault protection sequence is a transient process.
As a result, the inverting process will be very complicated if
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the grid resistance is considered.

Fortunately, the voltage drop on the grid resistors, includ-
ing the DC-side equivalent resistor of the converter and the
DC line resistor, is much smaller than those on the inductors
during Stage 1. Thus, the grid resistors are neglected in this
paper, and the inverting process of admittance matrices is
largely simplified.

C. Transfer Impedance Based PTG Fault Analysis

According to the superposition theorem, the voltage of
(n+1)™ node can be expressed as the sum of the voltage gen-
erated by each fault excitation source. Thus, based on Fig. 5,
the voltage of the fault point is written as:

VACI
VA z Zd ZIAVH-I)_ZA

(n+1) =

(10)

where z, is the DC-side equivalent impedance of the "
MMC station. Meanwhile, the relation between 7, and

=A
(n+ D)+ DEns 1)
i=1 i

A .
i(,41) can also be expressed as:

VA
A .y (n+1)
Loy =l )™ A0 oy (11)
: 2R/'+Z(§+l)(n+l)
Substituting (10) into (11), we can obtain:
VdAClZA n+ Z
i,y =—i 2 /28 (12)
)= Ly = A
2R +Zn+l)(n+l) +Z(n+l)(n+l)
Then, the transfer impedance z,, is defined as:
Zii = Zi (2R/ +Z(n+l)(n+l) +Z(ﬁ+ 1)(n+1))/Zi(An+l) (13)
Hence, (12) is simplified as:
iy =Tty = D Vit 2 (14)
i=1

The value of z,, is determined by the structure and param-
eters of the HVDC grid, which can be calculated by the de-
duced impedance matrices. From (14), it is seen that the ana-
lytical expression of fault current can be acquired as long as
the transfer impedance is calculated. But (14) is expressed in
frequency domain. To obtain the analytical expression in
time domain, the calculated transfer impedance z,, is rewrit-
ten in form of (R, +sL,,), where R, and L, are the equiva-
lent resistance and inductance of Zji respectively. Thus, the

PTG fault current in time domain is deduced as:

& dei L
l(n+1) ZR(I ( Bl ))

IV. ANALYTICAL EXPRESSIONS OF PTG FAULT TRANSIENT
VOLTAGE AND CURRENT

(15)

A
Ly =

Section III proposes a CDM transformation based PTG
fault analysis method, where the analytical expression of
fault point current that varies with time is obtained. In this
section, further analysis of the fault characteristics that vary
with space is presented.

A. Distribution of Fault Transient Voltage in HVDC Grid

In this part, the distribution of fault transient voltage
along arbitrary branch is deduced. As shown in Fig. 6, x is
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defined as the ratio between the distance from the studied
point to the branch node with the largest index and the total
branch length. The transient voltage of any node in the
CDM networks can be derived as the sum of its initial value
and the voltage increment which is generated by the fault
current:

I/i2 = I/120 _l.(zn+l)Zl%n+l) (16)
ViA = Vi,AO - i(AnJrl)Zi?nJrl) (17)

where the subscript 0 means the initial value. It can be ob-
tained with the steady-state power flow calculation method
[20]. Thus, the distribution of fault transient voltages along
branch jk is written as:

L kde (1_x ) LjAk line L/g:,dc +xL'AA; line
Ve=— 7 Ve — L VA (18)
J J
L.+ (=x)L%,. Ly g +xL% 0
pE o Sk ( ) e 1 b de hiine 1 (19)
x LZ k LZ 7
jk jk

where L, is the inductance of branch jk with the consider-
ation of DC reactors, satisfying Ly =L, . +L, , +L} ;. and
LJAIL :ij,dc +L/q'.dc +L1Ak, line®

Then, with inverse CDM transformation, the transient volt-

ages in positive and negative poles are obtained as:
V.‘Q ¥4 = I/xz + VKA

20
Vo= V-V (20)

) (l - x)Lj['v_k, line Xszk, line X

] ?—@—W\—?—W—f—g—?
- Lk e g i Ly
: ‘ . :
o 6
(a)

) (I1=x)L ,’i, line xLﬁc, line .
Je—o— """
{ Lk de e L |

V/A VxA VkA

? ¥ §
& b

(b)

Fig. 6. Distribution of fault transient voltage along branch jk. (a) Common-
mode branch. (b) Differential-mode branch.

B. Distribution of Fault Current in HVDC Grid

In this part, the arbitrary branch current in the HVDC grid is
deduced. Based on (18) and (19), any branch current in CDM
networks can be acquired. Take branch jk as an example, we
can obtain:

z z z z

s V; - Vk ) .5 Zj(n+l)_Zk(n+l)

= s T hko Tl oz (21

Jjk Jjk

A A A A

A V; - Vk N A Zj(n+l)_Zk(n+l)

D= & TLio " Lusy A (22)
Zj Zj

where z; is the impedance of branch jk, satisfying z,=sL,.
For branches that connect active node i (=1, 2, ..., m) and
the ground, (21) and (22) are also applicable and can be re-
written as:

525
b3
—VE A
Y i .y .y i(n+1)
=7 =lLotley 5 (23)
Z; i
_ya zZ4
A i A A i(n+1)
L= A =liot ey, (24)

Thus, with inverse CDM transformation, the fault currents
in positive and negative poles are obtained:

. ) A

iy, =15 +1

Jkp T Cjk T Tk

{ =ity (25)
Lign =L — Lk

. s A

i, =0 +1i;

p Y i

it 26)
Lin=0L —1;

Although (25) and (26) do not involve the space variable
x, they are the fault currents at different DC lines in the
CDM networks, which still contain the space information.

V. COMPARATIVE STUDY WITH SIMULATION

To verify the validity of the proposed fault analysis meth-
od, a symmetrical bipolar four-terminal MMC-HVDC grid is
built in PSCAD/EMTDC. It is based on Zhangbei Project in
China, and its configuration is shown in Fig. 7. The MMC
station employs the average value model, which can reduce
the computational efforts with satisfactory accuracy [21].
The configuration of the average value model is depicted in
Appendix B, and parameters of the MMC stations are listed
in Table I.

Line 12

Studied
S DCCB

Line 34

~p- DC line reactor (150 mH); -~ Neutral line reactor (300 mH)
% DCCB; [& MMC Station

Fig. 7. Symmetrical bipolar based four-terminal MMC-HVDC grid.

TABLE I
PARAMETERS OF MMC STATIONS

Parameter Value

S1 S2 S3 S4

Rated DC voltage (kV) +500 +500 +500 +500
Rated AC voltage (kV) 260 260 260 260
Rated active power (MW) 1500 —-1500 3000 -3000
Rated reactive power (Mvar) -300 -300 -600 -600
Number of SMs 218 218 218 218

“SM capacitance (mF) 8 8 15 15

*Arm inductance (mH) 100 100 50 50
“Arm resistance (Q) 1.32 1.32 0.66 0.66

Note: “ indicates that considering the symmetry, parameters of positive

MMC are listed.
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The DC transmission line adopts the distributed FD model
for precisely reflecting the EMT process [22]. The parame-
ters of RL model based DC line are those of the FD model
at 200 Hz [14]. The resistance per unit length is 0.0028 €/
km; the self-inductance per unit length is 1.924 mH/km; and
the mutual inductance per unit length is 0.996 mH/km.

As shown in Fig. 7, two negative PTG faults (<, and F,)
are assumed to occur in the middle of Line 24 and Line 12
at 1.5 s, respectively. The node numbers of F, and F, are 5
and 5, respectively. The fault resistance of F, is set to 15 (),
while that of F), is set to 0.01 ). Meanwhile, considering the
interruption time of DCCB, the duration of Stage 1 is set to
be 5 ms. During PTG fault, the DCCBs in HVDC grid are
assumed not to open, which aims to see the correctness and
accuracy of the PTG fault analysis at Stage 1.

A. Validation of MMC Average-value Model

A comparative study between the detailed switching mod-
el of MMC and the average value model is performed to an-
alyze their steady state and fault transient performance. Both
models adopt the parameters listed in Appendix B, Table B1.
The equivalent capacitance of each arm in average value
model is C/N. Figure 8 shows the comparison results.

1.0 .
508
&
g 06
k]
2 04r
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0.76 0.77 0.78 0.79 0.80
t(s)
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4
=3
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O ol
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0 1 1 1 1 1 -
1.498 1.500  1.502 1.504  1.506  1.508 1.510
t(s)
--e-- Average value model; —— Detailed switching model
(W]
Fig. 8. Comparison between detailed switching model and average value

model. (a) Arm voltage of phase A at steady state. (b) DC current during DC
fault.

Figure 8(a) is the arm voltage of phase A in steady state.
Compared with the detailed switching model, the average
value model neglects the nearest level modulation (NLM)
process. Without considering the NLM process, the perfor-
mance of average value model matches well with that of the
detailed switching model. Actually, if the number of SMs in-
creases to several hundred (e.g., 200), the mismatch caused
by the NLM process will be largely decreased. Figure 8(b)
is the DC current during DC fault. The fault characteristics

of the average value model still match well with that of the
detailed switching model. Combining Fig. 8(a) and (b), it
can be concluded that the average equivalence is accurate
and adequate for the reason on steady-state and fault tran-
sient characteristics.

B. Comparison Between Analytical PTG Fault Characteris-
tics and Simulation Results

The fault F, is taken as an example. According to the pro-
posed analysis method, the HVDC grid is transformed into
Fig. 9, which consists of fault boundary condition and CDM
networks. Neglecting the resistance, the impedance matrices
are written as:

[0.20 0.05 0.08 0.03 0.04]

0.05 0.22 0.03 0.06 0.14
Z*=s5|0.08 0.03 0.19 0.05 0.04 (27)

0.03 0.06 0.05 0.21 0.13

10.04 0.14 0.04 0.13 0.35]

[0.18 0.06 0.07 0.04 0.05]

0.07 0.18 0.04 0.07 0.13
Z"=s5(0.07 0.04 0.17 0.06 0.05 (28)

0.04 0.07 0.06 0.18 0.12

L0.05 0.13 0.05 0.12 0.24]

Common-mode Fault boundary Differential -mode
network condition network
Fig. 9. Transformed CDM networks and fault boundary condition.

Substituting the impedance matrices into (13), the transfer
impedances are acquired as z;, ~(210.12+4.135)Q,
2, ~(198.61+3.905) Q, z,,~(87.73+1.725)Q, z;,~(82.36+
1.625) Q. Then, based on (15)-(19) and (21)-(24), the CDM
components of PTG fault transient voltage and current are
deduced. Furthermore, with inverse CDM transformation,
the fault characteristics in positive and negative poles are ob-
tained, and the validity is verified by comparison with the
simulation results.

Figures 10 and 11 show the comparison of the calculated
and simulated fault current and node voltage, respectively.
Both simulation and calculation results are presented in per
unit values, where the current base is 3 kA and the voltage
base is 500 kV. In Figs. 10 and 11, transient oscillation compo-
nents and their attenuation effect can be observed in the simu-
lated fault current and voltage. The oscillation phenomena is
due to the interaction between DC line inductance and stray ca-
pacitance, and the attenuation effect is determined by the DC
resistance. Without consideration of the transient oscillations,
the calculated curves match highly with the simulated results
at Stage 1 of the protection sequence (5 ms), which verifies
the validity of the proposed fault analysis method.
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It should be pointed out that the transient oscillation com-
ponents are associated with the frequency-dependent parame-
ters of DC line [15], [22]. Analytical description of the oscil-
lations is quite complicated and difficult. Although this pa-
per does not take the oscillations into consideration, the pro-
posed analysis can still be applied to the selection of DC
equipment, which will be presented in the following section.

C. Influence of DC Inductance on Calculation Accuracy

The influence of DC inductance on the calculation accura-
cy is investigated. Take the fault F, as an example, and the
fault point current i;, is observed. Figure 12 shows the com-
parison of the calculated and simulated fault current with dif-
ferent neutral line reactors. It can be found that the calcula-
tion accuracy decreases with the reduction of DC line induc-
tance (neutral line reactor). This is because the fault current
rises more rapidly with a reduction of DC line inductance.

Comparison of calculated fault current for fault 7, with simulated current. (a) Branch 12. (b) Branch 13. (¢) Branch 34. (d) Branch 25. (e) Branch

Therefore, the variation of sub-module capacitor voltage ex-
ceeds 0.1 p.u., which results in an invalid DC-side equiva-
lence of MMC station. However, the breaking capacity of
DCCB is limited. As shown by the black dashed line in Fig.
12, with the reduction of DC line inductance, the duration
time of Stage 1 is shortened. At Stage 1 of each scenario,
the calculated results still match well with the simulation.
Thus, it can be concluded that the proposed PTG fault analy-
sis method has a satisfactory calculation accuracy with differ-
ent DC line inductances.

1

o
No= O

|
I

Fault current (p.u.)
[

'
W
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-6 Stage 1

-7 . . . . . .
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——0 mH (calculated); — 150 mH (calculated); — 300 mH (calculated)
----0 mH (simulated); - - -- 150 mH (simulated); - - -- 300 mH (simulated)

Fig. 12. Comparison of calculated and simulated fault current with differ-
ent neutral line reactors.

D. Application of Proposed Fault Analysis Method

As mentioned above, the proposed fault analysis method
can be used to select the DC protection equipment such as
DCCB:s. In this section, it is illustrated by a case.

Take the selection of DCCB at the negative pole of line
12, which is marked with red in Fig. 7, as an example. The
selection procedure is presented in Fig. 13. Firstly, consider-
ing rapid dynamic performance, a relatively small DC induc-
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tance (the neutral line reactor equals to 100 mH in this case)
is selected. Since the DCCB should be able to isolate any
negative PTG fault on line 12 within limited duration of
Stage 1 (5 ms) and guarantee the continuous operation of
the MMC stations, the maximum fault current i;;, and the
maximum arm current of S1 with different fault locations on
line 12 are calculated based on the proposed analysis meth-
od, respectively. Calculation results are shown in Fig. 14,
where the abscissa axis means the ratio of the distance be-
tween the fault location and node 1 to the total length of

line 12.

Select a relative small DC inductance
T

gl
Calculate the fault DC line current and MMC arm current
based on the proposed analysis method

Identify the requirement area for DCCB breaking capacity
and the MMC blocking threshold

Does the lowest
requirement exceed the state-of-the-art
DCCB or the maximum arm current
exceed the blocking
threshold?

4{ Increase the DC inductance ‘

Fig. 13.

Select a reasonable DCCB
in requirement area

End

Flowchart of DCCB selection.
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Fig. 14.  Maximum fault current /5, and maximum arm current of S1 with
different fault locations and neutral line reactors. (a) Maximum fault current
i}s,- (b) Maximum arm current of S1.

As shown in Fig. 14(a), based on the maximum value of
i\s, and considering the transient oscillations, the require-
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ment area for DCCB breaking capacity, which is marked
with shadow in Fig. 14(a), can be identified. Meanwhile, the
blocking threshold of S1 is depicted as the dashed line in
Fig. 14(b). If the lowest requirement for DCCB exceeds the
state-of-the-art DCCB or the maximum arm current exceeds
the blocking threshold, the DC inductance should be in-
creased to lower the requirement, which is shown as the pur-
ple and blue lines in Fig. 14(a) and (b). The corresponding
DCCB can be selected until the available DCCB can satisfy
the lowest requirement and does not cause the blocking
of S1.

VI. DISCUSSION

In Section V, the proposed analysis method is applied to
the selection of DCCB. In this section, other practical appli-
cations are discussed.

A. Optimal Design of DC Inductance

Both the dynamic performance and fault protection re-
quirements need to be considered for the design of DC in-
ductance [23]. In Section V, the fault current calculation ac-
curacy with different DC inductances has been verified.
Thus, the maximum fault current with different DC induc-
tances can be calculated. In the scenarios with limited break-
ing capacity of DCCB, the calculated maximum fault current
can be used to identify the limited value of DC inductance
[24], which is important for the optimal design of DC induc-
tance.

B. Parameter Setting of DC Terminal Protection Relays

It should be pointed out that the proposed analysis method
is not suitable for the parameter setting of DC line protec-
tion relays, since the transient oscillations are not consid-
ered. However, it is applicable for the setting of DC terminal
protection relays.

The DC terminal protection relays of MMC are mainly
based on the instantaneous values of arm current and DC ter-
minal voltage. Although the transient oscillations are not con-
sidered in the proposed analysis method, the transient oscilla-
tions would be filtered out by the DC line reactors and DC-
side shunt filters [22]. Thus, the proposed fault analysis
method can still be used to calculate the instantaneous val-
ues of MMC arm current and DC terminal voltage. Based
on that, parameters of DC terminal protection relays can be
properly set.

VII. CONCLUSION

This paper investigates the PTG fault characteristics in a
symmetrical bipolar based MMC-HVDC grid. A CDM trans-
formation based PTG fault analysis method is proposed.
Compared with the existing work, the factors including the
asymmetrical property of PTG fault, the coupling between
DC transmission lines and the complexity of the structure of
DC grid are all considered. Based on the analysis method,
analytical expressions of the PTG fault characteristics that
vary with space and time are obtained. Simulation results
show that the calculated fault characteristics are accurate and
can be applied to the selection of DC protection equipment.
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APPENDIX A

The time constant of SM capacitor 7 is defined as the ra-
tio of the energy stored in the sub-modules (SMs) to the rat-
ed active power:

CoVi  CuVa
Ty, 2,

where C,, is the DC-side equivalent capacitance. The typical

r (A1)

value of 7 is around 50 ms. At Stage | of the fault protection
sequence, the DC current variation can be approximately con-
sidered to be linear. Thus, the voltage variation of DC equiva-
lent capacitor is expressed as:
1
AV,=—
dc C

eq

T 1
fo Al dt=———Al,T (A2)

e stagel
2C,

where AV, is the voltage variation; A/, is the DC current in-
crement; and T, is the time durations of Stage 1 (typically
around 5 ms). The following are the deviations of the maxi-
mum voltage variation of MMC AV, in rectifier and inverter
operation modes, respectively.
1) Rectifier Operation Mode

Considering only the fundamental DC frequency compo-
nents, the maximum arm current of MMC during the fault
can be expressed as:

Lommax = Lac/3+ 1,/ 2+ AL, /3 (A3)
where the positive direction of 7, is the direction that flows
out from DC terminal; and 7, is the amplitude of AC current,
satisfying 0.75ml, cos@=1,, m and 6 are the modulation in-
dexes and power factor angle, respectively. In order to main-
tain the continuous operation of MMC, /,,,, is generally limited
to 2 p.u. during Stage 1 [10]. Meanwhile, if the circulated cur-
rent injection control is considered [25], the limitation will be
stricter. Therefore, in this paper, a limitation of 1.70 p.u. is ad-
opted. Assuming m=0.9, cos =1, the current increment can

be estimated as:

A, <0.71, + 1.41, /(mcos ) =2.261,, (A4)
Substituting (A1) and (A4) into (A2), we can obtain:
AV,.<0.06V, (A5)

2) Inverter Operation Mode
Similarly, the maximum arm current of MMC during the
fault is expressed as:

Lo ==L /3+1,/2+AL,/3

arm, max

Substitute the limitation of 1.7 p.u. into (A6), it yields:

(A6)

AL, <271, + 1.41,/(mcos 6) ~4.261,, (A7)
Thus, the maximum voltage variation can be obtained:
AV, <01V, (A8)

Combining (A5) and (AS), it is concluded that the voltage
variation of DC equivalent capacitor during Stage 1 is with-
in 0.1 p.u..

APPENDIX B

TABLE BI
PARAMETERS OF DETAIL SWITCHING MODEL AND AVERAGE-VALUE MODEL

Parameter Value
Rated DC voltage (kV) 500
Rated AC voltage (kV) 260
Rated DC current (kA) 1.5
Arm inductance (mH) 100
Arm resistance (Q) 1.32
Sub-module capacitance (mF) 1
Number of sub-modules 20
ﬁ\ [dc ipa iph ipr
! + + +
T @j : @j : @i
! = = =
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Fig. B1. Configuration of average-value model based MMC.
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