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

A Transient Voltage based DC Fault Line Protection
Scheme for MMC based DC Grid Embedding DC Breakers

Wang Xiang, Member, IEEE, Junjie Zhang, Lie Xu, Senior Member, IEEE, Saizhao Yang, Weixing Lin, Member, IEEE, Jinyu
Wen, Member, IEEE

Abstract—Fast and reliable DC fault detection is one of the
main challenges for modular multilevel converter (MMC) based
DC grid with DC circuit breakers (DCCBs). This paper extracts
the high frequency components of transient voltages by wavelet
transform and proposes a fault identification method based on
the difference of transient voltages to identify the faulted lines
for DC grids using overhead lines. Meanwhile, a faulted pole
discrimination method based on the difference between the
change of positive and negative pole voltages is presented. A line
protection scheme including detection activation, fault
identification, faulted pole discrimination and post-fault
re-closing is designed. Using only the local measurements, the
scheme can realize the protection of the whole line without
communication and has the capability of fault resistance
endurance and anti-disturbance. The proposed method is tested
with a four-terminal MMC based DC grid in PSCAD/EMTDC.
The selection methods of threshold values are presented and the
impact of DCCB operation on the reliability of DC fault
protection is analysed. Simulation results verify the fast
detection and reliability of the designed DC line protection
scheme.

Index Terms— DC fault protection, fault identification,
transient voltage, hybrid DC breaker, modular multilevel
converter (MMC), post-fault re-closing.

1. INTRODUCTION

With the increased need for renewable energy utilization
and resource optimization, the modular multilevel converter
(MMC) based DC grid has been a competitive candidate to
integrate bulk renewable energy over long distance [1]-[3].
Different to the two-terminal HVDC systems, in a DC grid,
multiple converters will feed fault currents to the faulted lines
during DC faults, leading to high over-currents [4]. For the
safe operation and avoiding the shutdown of the entire DC
grid, it is desirable to use high-power DC circuit breakers
(DCCB) to isolate the fault lines within a short period of time,
e.g. a few milliseconds. As reported in [5], the four-terminal
Zhangbei £500kV DC grid project under construction in
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China requires to detect DC faults within 3ms. To facilitate
fast interruption of DC faults and quick power restoration of
DC grids, a reliable and selective DC fault protection scheme
needs to be designed.

The traveling wave protection and boundary protection
algorithms have been widely adopted in LCC-HVDC (line
commutated cover based HVDC) systems [6]-[11]. However,
the detection time of these DC fault protection methods does
not meet the strict speed requirement of MMC-HVDC
systems.

The design of protection scheme for MMC-HVDC systems
includes detection activation, fault detection, fault
identification and post-fault restoration [12]. Most of the
existing publications focus on the design of fault detection
and identification algorithms [13]-[25]. In [13] and [14], the
methods using the over-current and under-voltage criteria are
proposed which suffer from low selectivity. Fault detection
using the derivate of DC line current is tested in [15].
However, the detection accuracy is affected by the fault
resistance. As the current limiting inductor increases the
electrical distance [16], reference [17] proposes the ratio of
transient voltage (ROTV) detection method, in which the
division of the transient voltages at converter and line side
serves as the fault criterion. But a double-ended pilot method
requiring the information at both ends of the DC line need to
be implemented as a backup protection to guarantee
selectivity, which prolongs the detection time. References
[18][19] measure the rate of change of voltage (ROCOV)
across the current limiting inductor to locate the faults.
However, this method is sensitive to noise disturbance and
fault resistance. To improve the robustness, a method based
on DC reactor voltage change rate is proposed in [20] and
various operating scenarios have validated its performance.
However, the selection of time intervals and minimum fault
detection time is difficult in a large DC grid since there are
more converters feeding the fault currents. Besides, the
identification of faulted pole during a pole to ground fault has
not been reported. To overcome the drawbacks of
time-domain protection algorithms, some signal processing
methods have been proposed in [23]-[25] to extract the
components in frequency domain, such as the short time
Fourier transform, the lifting wavelet transform, the S
transform and so on. The selection of the data window size,
the identification of fault segments, discrimination of faulted
poles and insensitivity to fault resistances and noise
disturbance are presented in detail.

Regarding the post-fault restoration, an active re-closing
strategy of a two-terminal HVDC system based on SB-MMC
is studied in [13]. The performance of hybrid HVDC breakers
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with the ability of three restart attempts in a two-terminal DC
overhead line (OHL) transmission system is presented in [26].
However, the fault detection process is simplified and the
application of the proposed methods in a DC grid needs to be
further validated.

From the above literature review, it can be concluded that
the overall protection procedure for MMC based DC grid has
not been researched thoroughly. The theoretical basis for the
algorithms was simplified and the coupled effect of the OHL
has not been considered. In addition, the identification of
temporary and permanent faults needs further development,
and the impact of the operation of nearby DCCBs on potential
false detection of the healthy lines should be analysed.

To address the above challenges, this paper proposed a DC
line fault protection scheme based on high frequency
components of transient voltages to identify the faulted lines
and poles. The theoretical basis for fault line identification
and faulted pole discrimination are presented. A re-closing
strategy with two reclosing attempts is designed to quickly
recover power transmission during temporary line faults.

The rest of the paper is organised as follows. Section II
depicts the topology of a sample four-terminal MMC based
DC grid using overhead lines. The protection principle using
wavelet  transform  associated ~ with  phase-modal
transformation method is analysed. Based on the analysis,
section III proposes the protection scheme. The detection
activation, DC fault identification, faulted pole discrimination
and re-closing strategy are elaborated in detail. The
robustness and reliability of the proposed protection scheme
is verified by simulations in section IV. Finally, conclusions
are drawn in section B.

II.SYSTEM LAYOUT AND FAULT DETECTION PRINCIPLE

A. Topology of a Four-Terminal MMC Based DC Grid

The circuit configuration of a symmetrical monopole
four-terminal MMC based DC grid is depicted in Fig. 1,
where each converter employs the half bridge MMC. The DC
circuit breakers CB12, CB21, CB23, CB32, CB34, CB43,
CB41 and CB14 adopt the hybrid DCCB topology presented
in [26]. The current limiting inductors are installed at the DC
line side of DCCBs, to limit the fault current rising rate and
act as the boundary of DC lines to provide high impedance
paths for the high-frequency components.

dc I, c 2
MMC1 (I«‘ 112 F]z Fz] dc2l F2 Id(_ MMC2

S CB12

Fig. 1. The topology of a four-terminal MMC based DC grid

The pole to pole (PTP) faults and pole to ground (PTG)
faults are two common faults on the DC transmission lines.
The analysis and calculation of fault currents have been
presented in [4] and [27] in detail. When a PTP fault occurs,
the DC terminal voltage of the faulted line drops to zero
quickly and the fault line current increases drastically. When a
PTG fault happens, the faulted pole voltage drops to zero
while the healthy pole voltage increases to two times of the
rated voltage. Based on the fault characteristics, some DC
fault detection criteria can be designed using time-domain
methods. However, if the DC system is subject to a PTG fault
with high resistance (RPTG), the change of line voltages and
currents will not be significant.

B. Fault Identification Principle Based on Transient Voltages

In the event of a PTP fault at F,, the frequency domain
fault superposition circuit of the DC grid can be drawn as
shown in Fig. 2. As shown, L., and C,; are the equivalent
inductance and capacitance of the ith MMC station. Z;;» is the
line reactance between station 1 and 2. Vy; and V.2 denote
the transient voltages at the DC bus side and line side,
respectively. Vy represents the fault superimposed voltage
source. Z»3, Z134, Zi41 tepresent the equivalent reactance
(including the current limiting inductance, line inductance and
resistance) of the OHL 23, 34 and 41, respectively.
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Flg. 2. The frequency domain fault superposition circuit
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According to Fig. 2, since MMC 3 is far away from MMC 1,
the fault current provided by MMC 3 can be neglected. Hence,
the ratio of Va2 and Vi can be expressed as in frequency
domain.

Vaero ()| _ | Zyinc1 (8) + Zy () Zyiwic () 1 1Z,(5) + 25L, )
Vae1 () Zynvc1(9)Z,(s)

where Z(S)=Zmmca(s)+2Z141(s). The equivalent reactance
Zumc (s) of a MMC converter can be expressed as [20]

1
Zyme(S) = E(ZSLO + 5

1

)
§Co

where Ly and Cp are the arm inductance and sub-module
capacitance respectively. By combining (1) and (2), the
magnitude frequency characteristic of the transfer function
Vic12(8)/Vaci(s) can be obtained in Fig. 3 ( the parameters are
listed in Table 1 and Table 2). It can be seen that the transient
voltage attenuates sharply at the converter side at high
frequency spectrum. Thus, the high frequency components of
transient voltages between the converter side and line side can
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be adopted to identify the external and internal faults (taking
the protection of CB12 and CB21 as an example, the faults in
OHL12 are defined as internal while in other lines are defined
as external). Since the wavelet transform is widely used to
extract the high frequency components, this paper uses the
discrete wavelet transform to deal with the transient voltages.
Denote ao[n] as the sampled signals of the transient voltage
Vac12(s). The approximated and detailed coefficients at j-level
are as follows,

a;[n]= ;l[k —2nla;_,[k]

3)
d,[n]=Y hlk —2nla;_,[k]
k

where [[k] and h[k] are the low-order and high-order pass
filters respectively. Actually, dj[n] represents the high
frequency components of Vg2(t) at j-level. Since the
high-order  frequency transient voltages  attenuate
significantly across the current limiting inductance, j can be
selected as /. Define the integration of the square of dj[n] as
the criterion to identify internal and external faults for the
DCCSB is described as

T,
E,=[d,[nVdt > E,, (4)
0

where T, is the time window and E is the setting value. Due
to the requirement of fast MMC-HVDC protection, T, is
within the range of /-3ms. When the calculated Ey exceeds the
setting value, it can be deemed that an internal fault occurs.
Otherwise, an external fault is considered to be detected.
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Fig. 3. Magnitude frequency characteristic curve of |Vye/2(s)/Vaer(s)).

C. Discrimination of Faulted Poles

During PTG faults, both the faulted and healthy pole
voltages suffer from large fluctuation, leading to high
transient energies. Thus, equation (4) cannot guarantee
selectivity of faulted poles. Denote the DC line voltages at
positive and negative poles as v;, and v;, respectively. Using
the phase-modal transformation method, the pole voltages can
be resolved into the line-mode component (v;;) and zero-mode
component (v;9), as shown below.

v —L(v +v, )

10 \/E 1n 1p (5)
1

Vi :E(vln _le)

Denote the pre-fault values of v;, and vy, as +Vaen/2 and
-Vaen/2 respectively. The pre-fault line-mode and zero-mode
components can be calculated as

Ve

cn 6
NG (6)

0o _ 0o _
V=0, v, =-

When a PTG fault happens, according to Fig. 4(a), the
instantaneous boundary conditions are as follows.
vlp = Rgilp’ iln =0 (7)
where Rq is the fault resistance. Transforming the current into
line and zero modes yields,
Iy = T(iln +i,)
2
(®)
iy, =—=0, —1,)
1 Nz 1n " hp
Based on (5)-(8), the instantaneous boundary can be
re-written as,

{Vll ~Vip = Rg (i, 1) )

o+, =0
Thus, the modal circuit can be obtained as depicted in Fig. 4
(b), where Z; and Zy are the positive and zero sequence
impedances of the HVDC lines (Zo>Z;[28]).
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(a) A positive PTG fault (b) Modal circuit
Fig. 4. Modal circuit during positive PTG fault.

From Fig. 4 (b), the line-mode and zero-mode components
can be solved as follows.

|||_<_)3

Vo= Vdcn ZO
0=~ Y 5 Ao .
V2 (Zy+Z,+2R) 10
Vi Zy+2R "
T S (2047, 42R.)
0 1 g
Then, the change of v;p and v;; are expressed as,
\% Z
Avy = Vloo —0=——dz__ 0
V2 (Zy+Z,+2R)) an
V.. V.. Z
Avl[ _ V10[ _ (_ dcn ) _ den 1
V27 2 (2)+Z,42R)
Considering (5) and (11), the change of v;, and v;, are
Avyy — Ay, VienZo +2Z,)
Av, » = = :
V2 2AZy+Z,+2R,)
(12)
Ay = Avig +Avy _ VauZy=Z)

" 2 2Zy+Z,+2R,)

It can be concluded from (12) that, the change of v;, is
larger than the change of v;,. Therefore, within a certain time
window, the integration of the voltage change of the faulted
pole is always larger than that of the healthy pole. Hence, the
discrimination criterion for the faulted pole can be designed as
follows,

As > Aset, iti l
:As,{ s > Aset, positive pole (13)

As < —Aset,negative pole

T,
‘[ Av, ,dt
0

T,
I Av,,dt
0

where 4s is the subtraction of the integration of the change of
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positive and negative pole voltages. Aser is the setting
threshold. On detecting 4s exceeds 4set, a positive PTG fault
is detected. On detecting 4s is less than -4set, a negative PTG
fault is detected. Otherwise, a PTP fault is recognized.

III. DESIGN OF DC FAULT PROTECTION SCHEME

A. Start-up Element and Re-closing Sequence

To avoid frequent activation during normal operating
conditions, a start-up element is designed to trigger the
protection scheme. Since the DC line voltage decreases
significantly during DC faults, a voltage derivative criterion
can be employed.

dv,/dt <DV, (14)

where DV is the threshold, which should be set to be able to
discriminate the normal operating conditions and DC faults.

When the fault identification and faulted pole
discrimination have been accomplished, the tripping orders
will be sent to the DCCBs to isolate the fault lines. After the
isolation of the fault lines, the DCCBs need to be re-closed to
restore the power transmission. Therefore, a post-fault
recovery strategy is designed in Fig. 5.
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dV/di<DV,.?

[ P-PTG | [ prP |
[ |

| DCCB isolate the fault lines |
¥

| After deionization for 150ms, re-close for the first timel

Successful |
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| After deionization for 200ms, re-close for the second timel

V; increases to 0.9pu within 7,, ?
Y

DCCB trips permanently. Fault
lines wait for maintenance
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recovery

Fig. 5. Flow-chart of overall protection scheme.

As can be seen, when the DC fault is cleared, the DCCBs
are re-closed for the first time after deionization for 150ms. If
the DC line voltage V; increases to 0.9p.u. and lasts for T, it
is deemed that the fault has been cleared and the power
transmission can be restored. Otherwise, the DCCBs will be
tripped again. Subsequently, DCCBs will re-close for the
second time. If the line voltage is still below 0.9p.u., the fault
is considered to be permanent. Thus, DCCBs trip permanently
and the faulty segments wait for manual maintenance.

B. Overall Protection Scheme

Based on the aforementioned analysis, the overall
protection scheme is depicted in Fig. 5. Once the detected
derivative of DC line voltage is less than the threshold (DVy.),
the protection scheme activates. Since the setting thresholds
of Ej, for PTG and PTP faults are different, it is necessary to
identify which fault occurs. As a result, the pole
discrimination algorithm is activated first. In Fig. 5, Ejp, Epmn
and Ej,, represent the transient energies of the positive pole
voltage, negative pole voltage and PTP DC line voltage,
respectively. Denote Ej.; and Eyen as the setting thresholds of
transient energies of the pole voltage and pole to pole voltage
respectively. On detecting As>Aset and Ej,>Eq., a positive
PTG fault is identified. On detecting 4s<-Aset and Ep,>Eje:, a
negative PTG fault is identified. On detecting -Aset< As<Aset
and Eppn>Esepn, @ PTP fault is identified. When the fault type
is distinguished, the corresponding DCCBs are tripped and
after DC line deionization, the re-closing sequence starts.

IV. SIMULATION VALIDATIONS

In order to verify the feasibility of the proposed protection
scheme, the four-terminal MMC based DC grid shown in Fig.
1 is simulated in PSCAD/EMTDC. MMCI1 controls the DC
voltage and reactive power while MMC2-4 control the active
and reactive power. The power flow and current direction
from AC system injected into DC system is defined as
positive, and the rated power of the converters are as follows.
MMCI1 transmits 0.1p.u. reactive power. MMC2 transmits
0.9p.u. active and 0.15p.u. reactive power. MMC3 transmits
0.9p.u. active and 0.1p.u. reactive power. MMC4 transmits
-0.9p.u. active and 0.1p.u. reactive power.

The main parameters of the converters and AC systems are
listed in Table 1and Table 2 respectively. The lengths of the

overhead line are also shown in Table 2.
Table 1 Parameters of MMCs

Station Capacity| Rated DC [Arm inductance ca ascli\fance Number of
/MW | voltage/kV /mH P JmF SMs per arm
MMCI1 | 3000 +500 96 15 200
MMC2 | 2000 +500 144 10 200
MMC3 | 2500 +500 115 12.5 200
MMC4 | 1500 +500 192 8 200
Table 2 Parameters of AC system and DC systeM
AC system Rated AC voltage/kV Short circuit capacity/ MVA
S1 500 31500
S2 500 15000
S3 500 15000
S4 500 15000
DC system Length of OHL Limiting inductance/mH
OHL12 240km 150
OHL12 100km 150
OHL23 200km 150
OHL34 120km 150

To avoid false activation of the protection, DV, is set as
-1000kV/ms. The sampling frequency is chosen as 20kHz. To
make a trade-off between detection speed and reliability, the
time window T, is selected as 1.5ms. The wavelet transform
is set as I-level and the corresponding frequency is
5kHz-10kHz. The mother wavelet is selected as symS8 [29].
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A. Determination of Setting Values

For DCCBs 12 and 21, the internal DC faults in OHL12
should be correctly identified while no protection should be
activated during external faults. The most severe external
faults for them are the DC bus faults at the DC terminals of
MMC1 and MMC2 respectively, which are labelled as F; and
F>in Fig. 1. Scanning the DC bus faults and line faults (PTP)
along OHL12, the measured transient voltages and energies
Asi2, As21, Eppni2 and Ejpmoi are listed in Table 3.

Table 3 Measured values under different fault location (PTP fault)

Location As12 As21 Eppni2 Ejpna1
MMCI DC bus -0.6 0.1 41 48
Fp» -0.04 -0.03 2170 6780
1/8 of OHL12 0.1 0.002 15165 6907
1/4 of OHL12 0.05 -0.1 7540 7193
1/2 of OHL12 0.001 -0.001 7679 7679
3/4 of OHL12 0.05 -0.05 7238 7584
7/8 of OHL12 0.1 0.1 6972 13575
Fa 0.2 -0.15 6867 2206
MMC?2 DC bus 0.05 2.5 48 41

Due to the PTP fault, the difference between the integration
of the change of positive and negative pole voltages is small,
leading to small values of 4512 and 4s12, as shown in Table 3.
With the increase of the distance between the CB12 and the
fault location along OHL12, Ej,.;2 increases first but then
decreases. Similar results can be observed for Ejp,2;. It should
also be noted that the E; during the internal faults is much
larger than that during the external faults. As a result, the
method of using Ej, can successfully identify the external and
internal faults.

Scanning the metallic PTG faults at the same locations,
Asi2, As21, Enpr2 and Ejpz; are obtained as shown in Table 4.
Since the change of the positive pole voltage is larger than that
of the negative pole voltage, As/2 and As21 are much larger
than those in Table 3, which verifies that equation (13) is able
to identify PTP and PTG faults. The same as the results in
Table 3, the values of Ej,12 and Ejp2; during internal faults are
much larger compared with external faults.

Table 4 Measured values under different fault location (PTG fault)

Location As12 As21 Ep12 Epp
MMCI1 DC bus 100 70 9 0.005
F; 380 300 544 386

1/8 of OHL12 380 335 3054 505
1/4 of OHL12 390 325 1240 450
1/2 of OHL12 320 320 460 460
3/4 of OHL12 330 400 480 1260
7/8 of OHL12 330 380 480 3050
Fy 310 385 390 540

MMC?2 DC bus 80 115 0.007 8

The thresholds of AsI2 and As21 can be set as kf*Asuin
where Asyi, is the minimum value of As/2 and As2/ under
internal PTG faults. The coefficient ky is used to improve the
reliability enduring different fault resistances, which is
selected as 0.5 in this paper. According to the simulation
results, the thresholds of As/2 and As2/ are 155 and 150
respectively.

The thresholds of Ejpi2 and Ejp; can be set as k- *Epnpmax,
where Ejpmax is the maximum value of Ejpr2 and Eppyz; under
external PTG faults. k, is also used to improve the reliability,
which is selected as 10 in this paper to leave some margin.
According to the simulation results, the thresholds of Ejp:2,
Enp21, Enpniz and Ejp2; are 90, 80, 480 and 480, respectively.

Using the setting methods, all the thresholds can be
obtained as depicted in Table 5.

Table 5 Setting thresholds of DC line protections

Protection Aser (-Ager) Eqe Eeipn
DCCB12 155 90 480
DCCB21 150 80 480
DCCB23 110 80 650
DCCB32 110 80 650
DCCB34 145 80 600
DCCB43 145 80 600
DCCB41 160 80 670
DCCB14 160 80 670

B. Response to Temporary PTP Fault

To validate the protection scheme and analyse the impact
of DCCB operation on healthy lines during fault tripping and
post-fault re-closure, a temporary metallic PTP fault is
applied at F34 at 2s. The simulation results are shown in Fig. 6
(@)-(1).

Fig. 6(a) shows that dV.34/dt and dV,c43/dt drop drastically
and exceed the threshold (-1000kV/ms). Thus, the protection
sequence of DCCBs 34 and 43 activates. As can be seen in Fig.
6(b) and (c), 4s is within the range of (-80, 80) and Ejpn34,
Enpnaz exceed the threshold (600). Thus, a PTP fault is
detected, and the tripping orders are sent to DCCBs 34 and 43
at 2.0015s and 2.002s respectively, as shown in Fig. 6(d) and
(e) (I stands for closing while O stands for tripping). After
150ms deionization, DCCBs 34 and 43 re-close. The line
voltages Vacs4 and Vaess exceed 0.9p.u. within 1.5ms, which
are shown in Fig. 6(f). Thus, the PTP fault is considered as
temporary. Since the stray capacitors in OHL34 discharge
fully during the fault, the reclose of DCCBs will cause
oscillation in DC terminal voltages and currents, as shown in
Fig. 6(g) and (h). For DCCBs 23, 32, 41 and 14, although
DCCBs 34 and 43 have been tripped, the DC voltage
derivatives still exceed -1000kV/ms. Thus, the protection
scheme activates. However, the transient energies (Epnpn23,
Ewpns2, Enpnat, Enpn14) are within the safety range and thus, the
protection is executed and DCCBs 23, 32, 41 and 14 are not
tripped, as can be seen in Fig. 6(i)-(1).

From Fig. 6, it can be seen that the protection scheme of the
healthy lines might be activated due to the tripping of nearby
DCCBs. To further investigate the impact of DCCB operation
on the reliability of protection scheme, Fi2, F2i, F23, F32, Fu3,
Fy4;, F14 faults are applied. The maximum transient energies
Ejpn during the entire process are listed in Table 6.

As can be seen, the internal PTP faults result in large value
of E,. While during external faults, Ej,, is rather small.
Compared with the thresholds shown in Table 5, the internal
faults will successfully activate the protection algorithm,
while the external faults will not lead to false detection.
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Fig. 6. Simulation waveforms of temporary PTP fault (fault resistance is 0Q2).

Table 6 Maximum transient energies during PTP faults

To further validate the robustness of the proposed protection
scheme during RPTP faults, a temporary PTP fault with 100Q

r— . . . . . .
o i vt Ewss Eww Ewnss Ents Ewntt Enpnts r§s1stance is applied at 2s. The simulation results are shown in
ocation Fig. 7 (a)-(f).
Fp 2170 6780 4 4 0 0 0 0 Due to the fault resistance, the drop of the DC line voltage is
Fy 6867 2206 4 23 0 0 4 4 not as severe as that with the metallic fault. Thus, only
Fa; 15 13 2251 14360 6 6 0 0 dVye34/dt and dVges3/dt exceed the threshold and the start-up
F3 27 11 14420 2255 4 9 0 0 element activates, as shown in Fig. 7(a). Fig. 7(b)-(c) show
Fy 4 9 2252 13143 6 9 that 4s is within the range of (-80, 80) and only Ep,.34, Enpnss
Fu3 1 2 13036 2227 0 0 exceed the threshold (Ej,.34=1535, E},.43=8960). Thus, a PTP
Fy 75 72 0 0 0 0 2228 8218 fault in OHL34 is detected. After 150ms deionization, DCCBs
Fls 0 0 0 0 0 0 8204 2221 34 and 43 re-close and the line voltages Vic34 and Vie43 shown
in Fig. 7(d) exceed 0.9p.u. after 1.5ms. The power
transmission restores, as shown in Fig. 8(e)-(f).
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Fig. 7. Simulation waveforms of temporary PTP fault (fault resistance is 100€2).
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C.Response to Temporary PTG Fault

To test the faulted pole discrimination algorithm, a
temporary PTG fault with 200Q resistance is applied at the
middle of OHL12 of the positive pole at 2s. The simulation
results are shown in Fig. 8.

Fig. 8(a) show that both dVy.;»/dt and dVg.;/dt exceed the
threshold (-1000kV/ms), and thus the protection scheme of

DCCBs 34 and 43 activates. As can be seen in Fig. 8(b)-(c),
As12=As12>155 and Ejpi2=Epp21>90. Thus, a positive PTG
fault is detected. Fig. 8(d)-(f) show the DC voltage, active
power and reactive power during re-closing. The system
restores power transmission quickly. It can be seen that the
proposed pole discrimination is able to endure high fault
resistance.
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D.Response to Permanent PTP Fault and Impact of Re-closing

Simulations are carried out to test the re-closing strategy
during a permanent metallic PTP fault at the middle point of
OHLA41 at 2s, and the results are shown in Fig. 9(a)-(i).

Fig. 9(a) shows that dVs4/dt and dVy4/dt exceed the
threshold and the protection scheme of DCCBs 14 and 41
activates. Fig. 9(b)-(c) show that As41=As14=0.12 and Ej,.41=
E,.i=15000. Thus, a PTP fault is detected. DCCBs 14 and 41
are tripped to isolate the fault line. After 150ms deionization,

(e) Active power of MMC1-MMC4
Fig. 8. Simulation waveforms of temporary PTG fault (fault resistance is 200Q2).

(f) Reactive power of MMC1-MMC4

DCCBs 14 and 41 attempt to re-close. Since the fault still
exists, the DC line voltage is below 0.9p.u. and the fault
current increases again. Then, DCCBs 14 and 41 trip again.
After 200ms deionization, DCCBs 14 and 41 attempt to
re-close for the second time. On detecting Vycs; and Vige4 is still
below 0.9p.u., the fault is considered as permanent. DCCBs 14
and 41 trip permanently. After the isolation of OHL41, the
remaining parts restore rated power transmission, as shown in

Fig. 9(H)-(i).
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Fig. 9. Simulation waveforms of permanent PTP fault.

(h) Active power of MMC1-MMC4

(i) Reactive power of MMC1-MMC4
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V.ROBUSTNESS EVALUATION

A. Influence of Change of Operating Conditions and blocking
of Converter

Further studies are carried out to test the impact of fast
change of operating conditions, e.g. active and reactive power
change, on the proposed protection strategy. At 2s, the
respective active and reactive power orders of MMC2 step
from 0.9p.u. and 0.15p.u. to 0. The active power order of
MMC4 steps from -0.9p.u. to -0.7p.u. at 2.2s. The active
power order of MMC3 steps from 0.9p.u. to 0.7p.u. at 2.4s. At
2.5s, MMC2 is blocked. At 3.5s, a temporary PTP fault is

applied at F»;. The simulation results are shown in Fig. 10.

Fig. 10(a)-(b) show the active power and reactive power.
They match the power orders well. Fig. 10(c)-(d) show the DC
terminal voltages and line currents. As can be seen, there are
some transients during the change of operating conditions.
However, from Fig. 10(e)-(g), it can be seen that the transients
will not cause the false activation of the protection scheme. At
3.5s, since a PTP fault happens, it triggers the protection
scheme. Thus, DCCBs 23 and 32 are tripped to isolate the fault
line. The waveforms of the fault current and Vg3, Vacsz are
shown in Fig. 10 (h)-(i).
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Fig. 10. Simulation waveforms of change of operating conditions.

B. Response to AC faults

To verify the impact of AC faults on the reliability of the
algorithm, a solid phase A-to-ground fault is applied at 2s. Fig.
11 (a) and (b) show the response to AC fault at the primary and
secondary side of the MMC 4 interface transformer. As can be
seen, the voltage derivatives are around zero and thus, the AC
faults will not cause false activation of the protection scheme.

C. Influence of Noise

At 2s, a positive pole—to-ground fault is applied at F3;. To
test the robustness under noisy environment, a 35db noise was
added in the measured signals and the simulation results are
shown in Fig. 12.

As can be seen in Fig. 12(a)-(b), the dVy32/dt and dVye3/dt
exceed the threshold and the protection schemes of DCCBs 32
and 23 activate, whereas the nearby DCCBs will not activated.
Fig. 12 (c)-(d) show that As23=300, As32=350 and E},.23= 400,
En,n32=800. Thus, a positive PTG fault is detected, and DCCBs
23 and 32 are tripped to isolate the fault line.

To further test the influence of different levels of noise, a
25db noise is applied at the same place. The simulation results
are shown in Fig. 13.
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Fig. 11. Voltage derivative during an AC fault
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As can be seen in Figs. 13 (a)-(b), the fluctuation is much
larger compared with Fig. 12. However, only dVi3./dt and
dVe23/dt exceed the threshold leading to the activation of the
protection schemes of DCCBs 32 and 23. Figs. 13 (c)-(d)
show that a positive PTG fault is detected.

D.Time Delay Evaluation

Detection time delay is vital for the protection scheme, and
varies with the change of fault scenarios, such as fault types,
fault resistances, fault distances and so on. In this paper,
extensive faults have been scanned along the overhead lines
and the longest time observed is 2.2ms which happens at
DCCB 43 when a PTP fault is applied at F4.

VI. CONCLUSION

A DC fault protection scheme for MMC based DC grids
using OHL is proposed in this paper. The derivative of DC
line voltage is adopted as the start-up element. The difference
between the integration of positive and negative pole voltage

variations combined with the integration of the square of
transient voltages are used to discriminate the faulty lines and
poles. A post-fault re-closing strategy is proposed to deal
with temporary and permanent faults. The proposed method
only requires local measurements with no need for fast
telecommunication. The simulations have demonstrated that
the protection scheme is able to identify PTP, PTG faults
with high selectivity and strong robustness against fault
resistance within 2-3ms. The protection scheme is
independent of the power flow direction, and the operation of
DCCBs during DC fault tripping and post-fault re-closing
will not cause false detection on healthy lines. The proposed
protection scheme provides an attractive approach for
application in future DC grids.
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APPENDIX

The overhead DC transmission lines are modelled based on
the frequency dependent (phase) model using in the PSCAD
software and Fig. 14 illustrates the configuration.
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