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Impact of Grid Topology on Pole-to-ground
Fault Current in Bipolar DC Grids: Mechanism
and Evaluation

Yingmin Zhang, Wenxin Zhang, Qiao Peng, Baohong Li, Yan Tao, Min Zhang, Tianqi Liu, and
Frede Blaabjerg

Abstract—The fault current level analysis is important for bi-
polar direct current (DC) grids, which determines the operation
and protection requirements. The DC grid topology significant-
ly impacts the current path and then the fault current level of
the grid, which makes it possible to limit the fault current by
optimizing the grid topology. However, the corresponding dis-
cussion in the literature is indigent. Aiming at this point, the im-
pact of grid topology, i.e., the connecting scheme of converters,
on the pole-to-ground fault current in bipolar DC grids, is in-
vestigated in this paper, and the ground-return-based and me-
tallic-return-based grounding schemes are considered, respec-
tively. Firstly, the decoupled equivalent model in frequency do-
main for fault current analysis is obtained. Then, the impacts of
converters with different distances to the fault point on the
fault current can be analyzed according to the high-frequency
impedance characteristics. Based on the analysis results, a sim-
plified fault current index (SFCI) is proposed to realize the fast
evaluation of impact of grid topology on the fault current level.
The SFCI is then applied to evaluate the relative fault current
level. Finally, the simulation results validate the model, the anal-
ysis method, and the SFCI, which can effectively evaluate the
relative fault current level in a direct and fast manner.

Index Terms—Bipolar DC grid, pole-to-ground fault, grid to-
pology, fault current evaluation, simplified fault current index.

I. INTRODUCTION

HE modular multilevel converter (MMC) with high
voltage and large capacity has become the primary
choice in practical high-voltage direct current (HVDC) proj-
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ects [1], [2], including point-to-point DC systems and DC
grids. In the MMC-based DC grids, the DC fault analysis
should be specially addressed, as the insulated gate bipolar
transistors (IGBTs) in the MMCs are vulnerable and sensi-
tive to DC fault current [3], [4]. Thus, the DC fault current
should be evaluated and limited for the stability and safety
of the DC grids.

Conventionally, symmetric monopole configuration is
more popular for the DC grids due to simplicity and relative-
ly low cost. Thus, the analysis, calculation, and limitation of
fault current in symmetric monopole DC grids are widely
discussed in the literature. For example, an approximated an-
alytical model for pole-to-ground fault calculation in sym-
metrical monopole DC grids is presented in [5], and the
fault protection strategies are proposed in [6], [7]. Moreover,
the DC fault characteristics of medium-voltage DC systems
[8] and distribution systems [9] are investigated, which main-
ly concentrate on the fault detection and ride through meth-
ods [10], [11].

With the ascending demand for reliability and flexibility,
the bipolar configuration of DC grids emerges [12]. Com-
pared with the symmetric monopole DC grids, the bipolar
ones are more complicated with more components, which
makes the fault current analysis more challenging. To ex-
plore the fault current characteristics of bipolar DC grids,
lots of attempts have been made in the literature. Specifical-
ly, a pole-to-pole fault current calculation method based on
the differential equations is proposed in [13], and the key
components impacting the fault current are discussed. How-
ever, the high-order differential equations for fault current
calculation introduce cumbersome computation, limiting the
application in the large-scale DC grids. To solve the compu-
tation issue, a state space model to calculate the pole-to-pole
fault current of bipolar DC grids with multiple converters is
proposed in [14]. Although the analytical fault current ex-
pression cannot be directly obtained in such a method, its nu-
merical solution can be resolved with high accuracy and effi-
ciency. With the state space model, the impact of the con-
verter control strategy on the fault current is further investi-
gated [15].

Notably, most of the discussion on fault current in bipolar
DC grids focuses on the pole-to-pole fault. Although the
pole-to-pole fault is usually the most severe for bipolar DC
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grids, the most frequent fault is pole-to-ground fault. It
could also sharply increase the instantaneous current and
should be carefully addressed for the DC grid security [16].
Nevertheless, the analysis on the pole-to-ground fault in bi-
polar DC grids is indigent, where only a few explore the cal-
culation of the pole-to-ground fault current based on the
state space model [17], [18]. Moreover, most of the research
on the pole-to-ground fault current is realized in symmetric
monopole DC grids, as mentioned above. Thus, it is urgent
to explore the pole-to-ground fault current characteristics in
bipolar DC grids.

In addition to the fault current calculation, the fault cur-
rent limitation measurements in bipolar DC grids are also im-
portant. Accordingly, the thyristor-based DC fault current
limiter with inductor inserting-bypassing capability [19], thy-
ristor-based bridge-type fault current limiter [20], and DC
circuit breaker with fault current limitation capability [21]
have been investigated. However, most of the measurements
require additional hardware or components, which inevitably
increases the cost of the DC grids. A more economical solu-
tion for fault current limitation is to design the DC grid to-
pology, as the capacitor and inductance of converter affect
the fault current through the DC lines. It is addressed in [22]
that the fault current level of symmetric monopole DC grid
could be effectively reduced by optimizing the DC grid to-
pology. This fault current limitation method is independent
of additional hardware, and the cost of the DC grid may
even decrease. However, as the configurations, topologies,
and grounding schemes are different between the symmetri-
cal monopole and the bipolar DC grids, the results obtained
in [22] cannot be directly applied to the bipolar DC grids,
which should be further explored.

In light of the above, this paper will discuss the impact of
grid topology on the pole-to-ground fault current in bipolar
DC grids. More specifically, the mechanism of the impact
and the simplified evaluation method of grid fault current
level will be addressed. The rest of the paper is organized as
follows. Firstly, the impact of the grid topology on the fault
current in bipolar DC grids with ground returns is investigat-
ed in Section II, and the simplified index for relative fault
current evaluation is proposed. Then, the impact of the grid
topology on the fault current in bipolar DC grids with metal-
lic returns is addressed in Section III with the simplified in-
dex to evaluate the relative fault current level. Section IV
validates the analysis methods and the proposed evaluation
indices through simulation. Finally, concluding remarks are
given in Section V.

II. IMPACT OF GRID TOPOLOGY ON FAULT CURRENT IN
BIPOLAR DC GRIDS WITH GROUND RETURNS

For a DC pole-to-ground fault, the path of the fault cur-
rent is from the grounding point to the fault point. Thus, the
grounding schemes of DC grids significantly affect the pole-
to-ground fault currents. The grounding schemes of DC
grids consist of ground-return-based and metallic-return-
based grounding schemes. When the DC grid is with metal-
lic returns, the grounding points of all the converters are con-
nected by the metallic wires, and only one grounding point
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is required. As for the ground-return-based grounding
scheme, there is no metallic wire to connect all the convert-
ers. Thus, each converter should have an independent
grounding point.

As the grounding schemes impact the fault current in dif-
ferent ways, the topology impact mechanism will be dis-
cussed separately with respect to different grounding
schemes. Notably, topology in this paper represents the con-
nection of converters on the DC side, i.e., the distribution of
DC lines. The DC grids with ground returns will be focused
in this section, while the DC grids with metallic returns will
be addressed in Section III.

A. Pole-to-ground Fault Current Analysis Based on Decou-
pled Equivalent Model

The configuration of a bipolar DC grid with ground re-
turns is shown in Fig. 1, where L, is the neutral line reac-
tance; L, is the inductance of the DC reactor; R, and L, are
the DC line resistance and inductance, respectively; R, and
L, are the arm resistance and inductance, respectively; N is
the number of submodules (SMs); and MMCp and MMCn
represent the positive and negative MMCs, respectively.

MMCp

MMCp

Ly R,
L"
Ground return
L L,
Ground return
L, -
\S
L
% Lo MMCn
Ld
-|K} e
Ld L() R()
MMCn
o Positive pole
1 Ly Ry L,
-3
| MMCp
| L Ground
@l_ return
L
Rt ¢ | I
MMCn
(b
Fig. 1. Configuration of bipolar DC grid with ground returns. (a) Ground-

return-based grounding scheme in four-terminal DC grid. (b) Typical bipolar
MMC and DC line with pole-to-ground fault. (c¢) MMCp and DC line with
pole-to-ground fault.
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The configuration of the ground-return-based grounding
scheme in a four-terminal DC grid is shown in Fig. 1(a).
The typical bipolar MMC with DC line with a pole-to-
ground fault is shown in Fig. 1(b), where the MMC is con-
figured with a ground return for asymmetrical operations
[23]. Due to the ideal grounding point at the midpoint be-
tween the positive and negative poles of each converter, all
the converters are equipotential at the grounding points. It is
equivalent to connecting the neutral points of converters by
ideal wires, which isolates two poles in the pole-to-ground
fault. Thus, the analysis of pole-to-ground faults can be real-
ized by focusing on a single pole. In this paper, the positive
pole is focused to illustrate the modeling and analysis. The
configuration of MMCp and DC line with pole-to-ground
fault is shown in Fig. 1(c).

After a pole-to-ground fault, the fault DC line should be
isolated by DC circuit breakers within several milliseconds
(1-3 ms in current projects, and 3 ms is considered in this
paper) to guarantee the global security. During this short pe-
riod, the fault current is mainly contributed by the discharge
of the capacitors in the SMs [24], and the AC current feed-
ing can be ignored due to large counter electromotive force
on the arm reactors [14]. The fault current in this stage can
be calculated by the decoupled equivalent resistance-induc-
tance-capacitor (RLC) model of the MMC and the faulty DC
line [22], [25], as shown in Fig. 2.

Uch () [f

.
3 .
l Sch

Steady-state 1/(sC,,)
circuit

o

Fault circuit

Fig. 2. Decoupled equivalent RLC model of MMC and faulty DC line for
pole-to-ground fault analysis.

The fault current is formed by two components, i. e.,
steady-state component and fault component (/, and I; in
Fig. 2, respectively), which can be calculated by the steady-
state and fault circuits. More specifically, the steady-state
component of the fault current is decided by the power flow,
which is determined by the circuit parameters as well as con-
trol strategies. When calculating the fault component of the
fault current, the transient dynamics of the inductors and ca-
pacitors should be considered. To achieve this, the fault com-
ponent can be calculated by the fault circuit in frequency do-
main, as shown in Fig. 2, where U, is the steady-state DC
voltage; —U, /s is the instantaneous step signal feeding to
the fault point at the fault moment [26]; R, L, and C,, are
the equivalent resistance, inductance, and capacitance of the
MMC and DC line, respectively; and Z; is the equivalent
line impedance. The equivalent parameters are obtained
as:
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Ry= 3R,
2
Leq_ §L1TI+LH (1)
3
Ce= 5 Cnm
Zy=Ry+s(Ly+L,) Q)

where C,, L., and R are the capacitance, reactance, and re-
sistance of an SM, respectively.

Notably, as mentioned above, the steady-state component
of the fault current is largely impacted by the control strate-
gies and parameters. Nevertheless, the fault component is
barely affected by the controllers, of which the response
time is generally above dozens of milliseconds, e.g., the volt-
age controller, the phase-locked loop (PLL), and the current
controller. Thus, the impact of different control strategies
and parameters on the fault current is not considered in this
paper. As for the valve or SM controllers, they may signifi-
cantly vary the fault current path, and then the fault current
may be impacted, which is, however, out of the scope of
this paper.

Based on the decoupled equivalent model, the steady-state
and fault components of the fault current can be analyzed in-
dependently. Then, the fault component is focused in the cur-
rent and following subsections. Moreover, unless specified,
the fault current in this paper indicates the fault component.

B. Impact Analysis of Grid Topology on Fault Current
Based on High-frequency Equivalent Impedance

As indicated in [27], the DC grid topology impacts the
fault current mainly through the equivalent impedance. Thus,
the impact of the grid topology on the fault current can be
investigated by analyzing the grid equivalent impedance. Be-
fore that, the impact of different converters on the fault cur-
rent should be addressed. Based on the decoupled equivalent
model shown in Fig. 2, a chained DC grid for analysis of
the impact of grid topology on the fault current is construct-
ed, as shown in Fig. 3, where Z_,, Z_,, ..., Z,,, are the con-
verter equivalent impedances obtained from (1); and Z, Z,,,
-++s Z, 1y, are the equivalent impedances of the lines connect-
ing two converters. Notably, the meshed grid can also be rep-
resented by such a structure by breaking up the loops accord-
ing to [26], while the chained DC grid is adopted here for
the simplicity of analysis.

The fault current varies when the equivalent impedance
from the sources to the fault point changes. Thus, the con-
verters can be classified according to their location with re-
spect to the fault point. In this paper, we define the convert-
ers directly connected to the fault point as adjacent convert-
ers (e.g., Converter 1 in Fig. 3), and the converters directly
connected to the adjacent converters as sub-adjacent convert-
ers (e.g., Converter 2 in Fig. 3). The rest converters are de-
fined as distant converters (e.g., Converters 3 and 4 in Fig.
3). The equivalent sum impedances corresponding to differ-
ent converter connection schemes, i.e., Z,, Z,, ..., Z,, in Fig.
3, can be obtained as:
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Converter

4
\‘ b— 7z, —
\ Zy
\ Zs
Zy
Ztn

Fig. 3. Chained DC grid for analysis of impact of grid topology on fault
current.

eqn

Zy= \(Zant Ze )2y s 2 )2y e (B)

where the symbol “//”” denotes the paralleling of impedance.

To theoretically investigate the impact, the high-frequency
equivalent impedance analysis method is applied [26], [28].
Specifically, the fault current in the first several milliseconds
(e.g., 3 ms) after faults are mainly decided by the high-fre-
quency characteristic of the equivalent impedance of the
fault circuit, as the high-frequency zone in the frequency do-
main corresponds to the early dynamic after faults in the
time domain. According to [29], the region above 100 Hz in
the frequency domain significantly affects the fault current
value in the first few milliseconds. Thus, the fault current
characteristics can be analyzed by investigating the high-fre-
quency equivalent impedance above 100 Hz.

To compare the equivalent impedances of the sets consist-
ing of different types of converters, a case study is conduct-
ed in the DC grid, as shown in Fig. 3, and the system param-
eters are given in Table I, where C,, is the equivalent total
capacitance of all the SMs, i.e., Cg,=NC,,. Notably, the DC
lines are overhead lines, of which the traveling-wave process
is not considered, as the main objective of this paper is to in-
vestigate the impact of the DC grid topology on the fault
current level. In the case study, it is considered that the
MMC will not be blocked within 3 ms after faults, and the
DC lines between converters are of the same length. More-
over, the master-slave control strategy is adopted (Converter
1 is the DC voltage control terminal and the rest is to con-
trol the active power).

TABLE I
SYSTEM PARAMETERS OF DC GRID

Lm Rm CSM Ln Ld RO LO N Udc
(mH) (@) (@F) (@mH) @H) (@ (mH V)
50 027 15 300 150 1.98 164 200 =400

Based on (3), the equivalent sum impedance of DC grids
in Fig. 3 with ground returns and different numbers of con-
verters are calculated, as shown in Fig. 4. It can be observed
in Fig. 4 that Z, (equivalent sum impedance of only adjacent
and sub-adjacent converters) and Z, (equivalent sum imped-
ance of all the converters) are remarkably close to each oth-
er (the error is less than 3% at 100 Hz with the reference as
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Z,). Thus, it can be inferred that the adjacent and sub-adja-
cent converters can almost represent all the converters with
respect to the contribution to the pole-to-ground fault current
in bipolar DC grids with ground returns. Then, it is reason-
able to consider only the adjacent and sub-adjacent convert-
ers in the fault current evaluation. Moreover, when the im-
pact of grid topology on fault current is considered, the DC
grid with more adjacent and sub-adjacent converters with re-
spect to the fault point will have higher fault current level.

400
300
200+

100 H

0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

Equivalent sum impedance ()

Fig. 4. Equivalent sum impedance of DC grids in Fig. 3 with ground re-
turns and different numbers of converters.

It should be noted that the DC lines contribute to the
equivalent sum impedance of the system as well, as shown
in Fig. 3. Thus, the DC lines also impact the fault current
level of the DC grid. However, the DC line inductance is
usually much smaller than the inductance of the neutral line
and the DC reactor. Hence, the impact of the converters on
the fault current is more significant than the DC lines. Then,
the impact of the DC lines on the fault current can be repre-
sented by the converters in the above analysis. When the DC
line inductance is greater than that shown in Table I, which
is a relatively large value for the current DC grid projects,
the impact of the DC lines on the fault current should be
specifically addressed.

C. Simplified Fault Current Index for Fast Fault Current
Level Evaluation in DC Grid with Ground Returns

Although the fault current can be analytically calculated
based on the state space model, the calculation requires bur-
densome computation, especially when the number of con-
verters increases. Thus, the state space model is not cost-ef-
fective and computation-efficient to be adopted for the analy-
sis of the impact of grid topology on the fault current level,
i.e., the maximum fault current value of the DC grid. To
tackle this issue, a simplified index that can evaluate the rel-
ative fault current levels of different DC grids in a simple
and fast way is required. According to the previous analysis,
the pole-to-ground fault current in the DC grid with ground
returns is mainly impacted by the adjacent and sub-adjacent
converters. Then, the distant converters and connecting lines
can be ignored in such a case, as shown in Fig. 5, where i
and j denote the adjacent converters, and x, y, p, ¢, m, n de-
note the sub-adjacent converters.
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Fig. S.
fault analysis.

When a pole-to-ground fault occurs on line #j, the equiva-
lent impedance from the fault point to node 7, defined as Z,
can be obtained from Fig. 5 as:

1
1 1 1 1

+ + +
+Zeqm Zl.p+Zeqp ZiX+Zeqx Z,

Zy= +Z,

“4)
Zim qi
where Z, is the impedance from node i to the fault point; Z_
is the equivalent impedance of the line connecting nodes i
and x; and the rest parameters are defined in the same man-
ner.

Note that the inductance impedance is usually much high-
er than the resistance and capacitance impedances in high-

frequency domain, as shown in Fig. 6.

250

- -2LgtL,

7Ln
200 Com .

RO

7Rm
150}
100} : 3r

Impedance magnitude ()

250 L L L
0 20 40 60 80

100
Frequency (Hz)
Fig. 6. Magnitudes of resistance, inductance, and capacitance impedances

in frequency domain.

Thus, the impedances in (4) can be replaced by the induc-
tances for simplification, which obtains the fault current in
time domain as:

Useo/s Uieo

s(L,+L T Ly+Ly
(Lo+Ls)

I(t)=L" (5)

Simplified equivalent model of a DC grid considering only adjacent and sub-adjacent converters and corresponding DC lines for pole-to-ground

where L, is the parallel equivalent inductance of the adja-
cent converters and the sub-adjacent converters as well as
the connecting lines. It should be noted that (5) is obtained
by considering only the adjacent and sub-adjacent converters
in the fault current analysis, which is viable according to pre-
vious analysis. In such a case, Ly in (5) consists of only the
arm inductance of the adjacent and sub-adjacent converters
and the line inductances between the two types of convert-
ers. Thus, Ly can be used for the fault current analysis in the
early fault stage, e.g., within 3 ms after the fault. In the ear-
ly stage, the fault current rising trend is approximately lin-
ear. Moreover, the closer the concerned time point is to the
fault time, the more accurate the fault current characteristics
are according to (5).

Considering that the fault current is conversely proportion-
al to the impedance, the relative fault current levels of differ-
ent DC grids can be evaluated by comparing their equivalent
sum impedances. As the maximum fault current usually ap-
pears at the converter terminal on a DC line, L, in (5) can
be ignored.

Then, the simplified fault current index (SFCI) of DC grid
with ground returns (SFCI-G) is defined as:

SFC]—G.:% (6)
y L):

For a DC grid with m lines, a total of 2m SFCI-G values
should be calculated to obtain the maximum fault current
with this topology. Then, the maximum SFCI-G (indicated
as SFCI-G™) can be used to represent the fault current lev-
el of this topology, which can be further used for DC grid to-
pology design and optimization in terms of fault current limi-
tation. Notably, SFCI-G is not the numerical fault current. In-
stead, it is used to evaluate the possible maximum fault cur-
rent for a DC grid with certain topology and certain fault
point.

It can be observed in (6) that only the topology of the DC
grid, steady-state parameters, and the fault point location
should be given in the calculation of SFCI, where the itera-
tive calculation is avoided.
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III. IMPACT OF GRID TOPOLOGY ON FAULT CURRENT OF
BIPOLAR DC GRID WITH METALLIC RETURNS

A. Equivalent Model Transformation for Pole-to-ground
Fault Analysis

The metallic return scheme is another basic grounding
scheme for bipolar DC grid. A typical four-terminal bipolar
DC grid with metallic returns is shown in Fig. 7, where R,
and L, are the grounding resistance and inductance of the
metallic returns, respectively. The neutral points of all the
converters are connected by metallic wires with impedance,
and all the converters share a common grounding point.

MMCp MMCp

Ly Ly2/ L2 Ry2 L,

L, L,
7 {} Ly Ly |Ry  Lq _'K}
% Lo"“MMCn LoFa MMCn
Lyg ™0 L, "o
d
{} s {}
Ly Ly R, Ly

MMCn

Fig. 7. Typical four-terminal bipolar DC grid with metallic returns.

Different from the DC grid with ground returns, the DC
grid with metallic returns cannot be analyzed by directly ag-
gregating the equivalent impedances of converters, as they
are not physically in parallel due to the impedances of the
metallic wires. Instead, the DC grid equivalent model should
be transformed before the fault current analysis. Specifically,
three transformation processes are required, which will be
exemplified in a four-terminal DC grid as shown in Fig. 8.

1) Transformation 1: Ignoring Healthy Pole

In a DC grid with metallic returns, the impedances of the
metallic wires are much smaller than the sum of the healthy
pole converters. As a result, there is almost no fault current
flows through the healthy pole. Then, the fault current is al-
most provided by the fault pole converter, while the healthy
pole converter does not contribute to the fault current. Addi-
tionally, although in a pole-to-ground fault, the healthy pole
will be disturbed by the fault current, the amplitude of the
disturbance current is negligible, and the sum of the distur-
bance current is zero. Thus, the healthy pole does not affect
the fault pole in turn. Without consideration of the impact of
the healthy pole, the model of the DC grid with metallic re-
turns shown in Fig. 8(a) can be transformed to the model as
shown in Fig. 8(b).

2) Transformation 2: Transforming Meshed Metallic Returns
to Radial Configuration

To analyze the fault current more efficiently, the meshed
grid shown in Fig. 8(b) should be transformed to the radial
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grid, and then, the impedance characteristics can be general-
ly investigated. To achieve so, the transfer impedance algo-
rithm of passive grid can be applied. After the transforma-
tion, the general radial model of the DC grid can be ob-
tained, as shown in Fig. 8(c), where R}, and L}, are the trans-
fer resistance and inductance from the i" converter to the
grounding point, respectively.
3) Transformation 3: Decoupling Common Grounding Point
When focusing on the fault currents flow through the con-
verters to the grounding point, the common grounding point
can be decoupled. Then, the grounding path of each convert-
er becomes an independent loop from the converter to the
decoupled grounding point via an equivalent impedance, as
shown in Fig. 8(d). The main concept is to split the ground-
ing resistance and inductance according to the currents inject-
ed from converters. When calculating the equivalent induc-
tance, the sharing factor of each converter is obtained as:

n Li

hy= zLF 7
k=1 LFk

LFx:Léi"'Leqi (®)

Then, the inductance L., from the i" converter to the
grounding point in Fig. 8(d) can be obtained as:

_ [
Log=hyL,+Ly+L,

Ly €

Notably, R, and L., consist of the arm resistance and
arm inductance, respectively, while the converters in Fig.
8(d) are presented for illustration only. The equivalent resis-
tance R, in Fig. 8(d) can be obtained in a similar way.
More details about the transformations and derivations can

be found in Appendix A.

B. Topology Impact Analysis of DC Grid with Metallic Re-
turns Based on High-frequency Equivalent Impedance

Based on the transformed model, as shown in Fig. 8(d),
the previous topology impact analysis method in Section II
can now be used for DC grid with metallic returns. With the
same converter parameters in Table I, the high-frequency
equivalent impedances of the DC grids with metallic returns
and different numbers of converters shown in Fig. 3 are cal-
culated, as shown in Fig. 9. It can be observed in Fig. 9 that
the equivalent sum impedances in high-frequency domain
vary a lot with each other. Thus, it can be referred that the
pole-to-ground fault current in the DC grids with metallic re-
turns is impacted by all the converters and lines. This is dif-
ferent from the DC grid with grounding returns, of which
the fault current is mainly contributed by the adjacent and
sub-adjacent converters. Thus, all the converters and DC
lines should be considered when analyzing the pole-to-
ground fault in the DC grids with metallic returns. The rea-
son is that the metallic returns will introduce additional im-
pedance into the DC grid, including the impedances of the
grounding wire and the metallic wires. In such a case, the
equivalent impedance from the converter to the grounding
point will change compared with Fig. 2, as show in Fig. 8(d).

Then, the additional equivalent impedances distinguish the
equivalent sum impedances corresponding to different con-
verter connection schemes.



440

Fault
LitLy2/ LiLy2 Ry2 lgnored
21tLy /R 2U4tL,
R, - R
1 2LgtL, 4@ et
N

Fault
LgtLy/2/ LitLy2 Ry2
ZLd+L0 R0/2 2Ld+L0
R, 2’ Ry
"
V1 LgtLy _K}
NT R,

'
Ly

MMCp

©

Fig. 8.
al radial configuration. (d) Model after decoupling common grounding point.

450

W W

S W O

S O O
T

250
200
150+
100 £

wn
(=]
T

Equivalent sum impedance ()

Frequency (Hz)

Fig. 9. Equivalent sum impedances of DC grids in Fig. 3 with metallic re-
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C. Simplified Fault Current Index for Fast Fault Current
Level Evaluation in DC Grid with Metallic Returns

According to the transformed model shown in Fig. §(d),
an MMC with metallic return can be analyzed in the same
way as the MMC with ground return, while the equivalent
sum impedance is increased. Thus, similar to Section II-C,
the SFCI for the DC grids with metallic returns (SFCI-M)
can be developed to evaluate the relative fault current levels.
Referring to Fig. 5 and (4), the sum equivalent impedance of
the DC grid with metallic returns can be obtained as:

Zy=Zs+Z, (10)
where Z/ is the parallel equivalent impedance of all the con-

verters in the transformed model.
Then, the fault current in the time domain can be ob-
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Model transformation of bipolar DC grid with metallic returns. (a) Full model with two poles. (b) Model ignoring healthy pole. (c) Model in gener-

tained as:
Uch
Z !

fi

I(t) = (11)

Ignoring the resistance and considering that the maximum
fault current usually appears at the converter terminal on a
DC line, SFCI-M can be defined as:

_ Uch
SFCI-M,= ]
! + ! + ! .+ ! (2
Lém Lép L'ZV o Léqi

The maximum SFCI-M, i.e., SFCI-M™, can be used to
represent the relative fault current level of this topology,
which can be further used for DC grid topology design and
optimization. Similar to SFCI-G, 2m SFCI-M values should
be calculated to obtain the maximum fault current of a DC
grid consisting of m lines with a certain topology.

IV. SIMULATION RESULTS

A. Validation of High-frequency Impedance-based Fault Cur-
rent Analysis Method

The high-frequency impedance-based fault current analy-
sis method is validated at first. A meshed five-terminal DC
grid, whose topology is shown in Fig. 10, is adopted as the
test system, of which the parameters are shown in Table I.
The pole-to-ground fault point is set at the midpoint of Con-
verters 1 and 5. The calculation results according to (5) and
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(11) are obtained in Fig. 11 with the PSCAD/EMTDC simu-
lation results, where the results of the DC grids with ground
returns and metallic returns are given. It can be observed in
Fig. 11 that within the first 3 ms after fault, the calculation
results of the fault current match well with the simulation re-
sults, where the errors are within 3%. Thus, the high-frequen-
cy impedance-based fault current analysis and the DC grid
topology impact analysis are reasonable and viable.

Converter 1

4@‘

Fault Converter 2

1

-K} -
Converter 5 |
\S

Converter 4

1

Converter 3

Fig. 10. Topology of a meshed five-terminal DC grid.
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Fig. 11. Calculation and simulation results of fault current when DC grid
is with ground or metallic returns. (a) Ground returns. (b) Metallic returns.

B. Validation of Topology Impact Analysis Results

To verify the analysis results about the impact of grid to-
pology on the fault current characteristic, a chained DC grid
is tested in PSCAD/EMTDC, as shown in Fig. 12. It should
be mentioned that Fig. 12 is a schematic diagram of the DC
grid to display the connection of converters. Thus, the DC
lines are not presented. The system parameters are the same,
as shown in Table 1.

First, only two of the converters are connected (Convert-
ers 1 and 2), referring to Case 1. Then, one more converter
(Converter 3) is connected to Converter 2, referring to Case
2. The fourth converter (Converter 4) is then connected to
Converter 3 in Case 3. Finally, the fifth converter (Converter
5) is connected to Converter 4 in Case 4. A pole-to-ground
fault is triggered at the midpoint of the DC line connecting
Converters 1 and 2 at =2 s. The fault currents that last for
3 ms in the DC grid with different topology cases are shown
in Fig. 13, where the DC grid is with ground and metallic re-
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turns, respectively.
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Fig. 12. Schematic diagram of chained DC grid for topology impact mech-
anism verification.
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Fig. 13. Fault currents in DC grid with different topology cases. (a)
Ground returns. (b) Metallic returns.

It can be observed in Fig. 13(a) that the fault current that
lasts for 3 ms of Case 2 is 4.54 kA, while the fault current
of Case 4 is 4.63 kA. It indicates that the error caused by
the ignorance of Converters 3 and 4 is smaller than 2%.
Thus, the adjacent converters and sub-adjacent converters
contribute the most to the pole-to-ground fault current (more
than 98%), while the contribution of the distant converters is
less than 2% when the DC grid is with ground returns. Dif-
ferent results can be observed in Fig. 13(b), where the fault
currents in the DC grids with metallic returns are presented.
In Fig. 13(b), the more converters are added, the larger fault
current is generated, indicating that all the converters impact
the fault current rather than the adjacent or sub-adjacent
ones. The simulation results match well with the analysis re-
sults.

To further validate the analysis results, a case study in the
five-terminal DC grid, as shown in Fig. 10, is conducted.
The pole-to-ground fault is also applied on the line connect-
ing Converters 1 and 5. In the case study, the DC voltage is
focused to evaluate the discharging level of converter, where
a larger DC voltage deviation indicates a higher discharging
level, corresponding to larger contribution to fault current.
The simulation results are shown in Fig. 14, which presents
the DC voltages of converters in the five-terminal DC grid
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with ground and metallic returns, respectively. It can be ob-
served in Fig. 14 that when the DC grid is with ground re-
turns, the DC voltages of Converters 1 and 5 are reduced
most significantly, followed by those of Converters 2 and 4,
and the DC voltage of Converter 3 barely deviates from the
initial value. Thus, Converters 1 and 5, as the adjacent con-
verters, impact more on the fault current. The impact of the
sub-adjacent converters, i.e., Converters 2 and 4, is less than
the adjacent converters. Moreover, the distant converter, i.e.,
Converter 3, hardly contributes to the fault current. As for
the DC grid with metallic returns, it can be observed from
Fig. 14(b) that the DC voltages of all the converters are re-
duced to a relatively large extent. That is to say, all of the
adjacent, sub-adjacent, and distant converters contribute to
the pole-to-ground fault current at an approximately average
level. The results validate the theoretical analysis again.
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— Converter 1; — Converter 2; — Converter 3
Converter 4; Converter 5

Fig. 14. DC voltages of converters in five-terminal DC grid with ground
or metallic returns. (a) Ground returns. (b) Metallic returns.

According to the analysis results, from the perspective of
pole-to-ground fault current limitation, the metallic return-
based grounding scheme is preferable for the DC grid with
less converters, which can effectively increase the equivalent
impedance of the DC grid to suppress the fault current. How-
ever, when DC grid is expanded to a relatively large extent
with more converters, the ground-return-based grounding
scheme may be more proper, where the distant converters
will scarcely contribute to the fault current.

C. Validation of Simplified Fault Current Indices

The validation of the proposed SFCI, including SFCI-G
and SFCI-M, is then carried out. The simulation is also con-
ducted in the five-terminal DC grid as shown in Fig. 10.
The pole-to-ground fault at the midpoint of each DC line is
successively triggered. Pole-to-ground fault current simula-
tion results compared with calculated SFCI when the DC
grid is with ground or metallic returns are shown in Fig. 15,
respectively. It should be mentioned that the SFCI-G and SF-
CI-M are without dimensions, which are used to evaluate

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 2, March 2023

the relative fault current levels of DC grids rapidly and di-
rectly. In Fig. 15, [, and I,, are the fault currents fed from
Converters 1 and 2, respectively, to the fault point when the
fault appears at the midpoint of line 12, which is the most
severe for Converters 1 and 2.
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Fig. 15. Pole-to-ground fault current simulation results compared with cal-

culated SFCI when DC grid is with ground or metallic returns. (a) Ground
returns. (b) Metallic returns.

As can be observed from Fig. 15, the SFCI results effec-
tively evaluate the relative fault current of the DC grids with
different fault points and different grounding schemes. For
instance, as shown in Fig 15(a), the largest fault current in
the simulation results is 6.642 kA, corresponding to I,,, of
which the SFCI-G is also the largest in the SFCI-G results,
i.e., 2.193 kA. The results show that the proposed SFCI can
effectively evaluate the relative fault current level. Based on
the SFCI, the worse fault point for a DC grid with certain to-
pology can be identified. For example, it can be observed in
Fig. 15(a) that SFCI-G™ corresponds to [,,, indicating that
the worse fault current is the one from node 3 to node 4
when the fault appears on line 34. The simulation results val-
idate that /,, is the maximum fault current with the current
DC grid topology.

D. Fault Current Level Evaluation Based on Proposed Sim-
plified Indices

The simplified indices are further applied to screen the
DC grid topologies in terms of fault current level evaluation,
where the grounding and metallic return schemes are consid-
ered, respectively. The fault current level of the DC grid is
defined as the highest fault current value that the system can
reach, i.e., the fault current of the worst fault point. In this
case study, the midpoints of DC lines are selected as the
fault points to observe the fault current characteristics. The
fault point (one of the midpoints of the DC lines) with the
largest fault current is identified as the worst fault point.

It should be mentioned that the pre-fault condition of the
DC grid is that the power output of all the converters is set
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to be zero, i.e., there is no power flow in the DC grid in
steady state. This precondition has been proven to be reason-
able for fault current analysis in [30]. Specifically, the fault
current is formed by steady-state component and fault com-
ponent, where the latter is provided by the capacitors in
SMs. The pre-fault component and the fault component are
almost linearly composited to form the fault current. The
steady-state component is mainly determined by the power
references of converters, and the fault component is basical-
ly determined by the grid topology, which is the focus of
this paper. Moreover, the pre-fault component is relatively
small compared with the fault component. Thus, the zero-
power flow is realized in the case study of this paper to fo-
cus on the fault component of the fault current.

The simulation is conducted in a five-terminal DC grid,
and several typical topologies for fault current level evalua-
tion are shown in Fig. 16, which will be assessed and com-
pared with ground return and metallic return schemes, re-
spectively. To evaluate the fault current level, the pole-to-
ground fault is successively applied on all the lines for each
topology. The pole-to-ground fault current simulation results
are presented in Fig. 17, which are compared with the calcu-
lated SFCI when DC grids of different topologies are with
ground or metallic returns. The results corresponding to the
DC grids with ground returns are shown in Fig. 17(a), where
the SFCI values and simulation results agree well with each
other. The lines with the highest fault current at 3 ms after
fault are marked in Fig. 16, as indicated by the fault sym-
bols. It can be observed in Fig. 17 that the fault current lev-
el of the loop topology 1 is the lowest, while the fault cur-
rent level of the radial topology 5 is the highest.

5 5 5 5 5
SO NG iy
2 3 2 3 2 3 2 3 2 3
(@) (©) © ©

(d)
Fig. 16. Several typical topologies for fault current level evaluation. (a) To-
pology 1. (b) Topology 2. (c¢) Topology 3. (d) Topology 4. (¢) Topology 5.

The results corresponding to the DC grids with metallic re-
turns shown in Fig. 17(b) also present a significant agree-
ment between the simulation results and SFCI. It can be ob-
served in Fig. 17(b) that the fault current levels of the loop
topology 1 and radial topology 5 are still the lowest and the
highest, respectively. However, the ranking of fault current
levels for other topologies is different from the results of the
DC grids with ground returns, which indicates different im-
pact mechanisms of grid topology on the fault current in
these two cases.

V. CONCLUSION

The impact of grid topology on pole-to-ground fault cur-
rent and its fast evaluation method in bipolar DC grids are
addressed in this paper, where the ground-return-based and
metallic-return-based grounding schemes are considered, re-
spectively. The conclusion of this paper is summarized as
follows.
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Fig. 17. Pole-to-ground fault current simulation results compared with cal-
culated SFCI when DC grids of different topologies are with ground or me-
tallic returns. (a) Ground returns. (b) Metallic returns.

1) The proposed high-frequency impedance-based fault
current analysis method is accurate, especially when it is
used to calculate the current that lasts for 3 ms after fault.
Moreover, the SFCI can effectively evaluate the relative
fault current levels of DC grids with different topologies.
The cumbersome computation is avoided in such an evalua-
tion method, based on which the fault current level can be
assessed directly and rapidly.

2) The DC grid topology largely impacts the pole-to-
ground fault current, while the impact mechanisms of the
DC grids with ground and metallic returns are different. In
the DC grid with ground returns, the fault current is mainly
affected by the adjacent and sub-adjacent converters. In the
DC grid with metallic returns, all the converters, including
the distant converters, contribute to the fault current at an ap-
proximately average level.

3) Based on the proposed SFCI, it has been found that the
loop topology is usually with the lowest fault current level,
while the radial topology obtains the highest. In the future,
the proposed analysis method and simplified indices will be
used to optimize the DC grid topology with respect to fault
current limitation.

APPENDIX A

The details of Transformation 2 in Fig. 8 and derivation
of (9) are given as follows.

A four-node DC grid before transformation is shown in
Fig. Al(a), where Z, is the real impedance between nodes i
and j; and Z),, is the transfer impedance from nodes 7 to m.

The transfer impedance from node 1 to node 2, i.e., Z,,
can be obtained as:

Z{ZZZI2//(ZI4+Z23+Z34) (A1)
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Fig. Al. Equivalent model of metallic returns of four-node DC grid. (a)
Before transformation. (b) After transformation.

The rest can be done in the same manner, yielding:

Z§2=ZZ3//(ZI4+ZIQ+Z34) (A2)

0= (242,11 (25 + Zs,) (A3)
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