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Abstract: Fast and reliable DC fault identification is key to ensuring the safe and stable operation of multi-terminal
flexible DC grids. To address the insufficient speed and reliability of existing protection methods under high transition re-
sistance, lightning interference, and long transmission distances, we proposed a longitudinal protection method based on
complementary ensemble empirical mode decomposition and weighted energy entropy. By extracting high-frequency
features of transient fault current, a weighted energy entropy-based start-up criterion was constructed. A ratio-type differ-
ential regional criterion was developed by incorporating directional current energy to achieve rapid fault identification and
section location. Considering the characteristics of bipolar DC faults and the susceptibility of overhead lines to lightning,
we introduced the pole selection and lightning disturbance identification criteria. Moreover, time-frequency analysis was
first conducted on internal and external fault traveling waves, followed by energy variation analysis before and after faults.
A four-terminal flexible DC grid model was built in PSCAD/EMTDC for validation. Results show the method can be
adopted to identify faults within 1.5 ms. Under a 300 Q transition resistance and 20 dB noise, the criterion differences ex-
ceed 65.8% and 73.33%, effectively distinguishing 50 kA lightning. High reliability is also maintained under
asynchronization of 500 ps data.
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Fig.2 Reflection and refraction of traveling waves during a

near-end internal fault
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Table 3  Fault simulation under varying transition resistances
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Table A1 Energy proportion of IMF components and

RAS AR T HAR

Table A5  Simulation results under varying noise conditions

MR wbsf B SNR/AB  EEhEIEE  XKICHAE  EhiEgR

weighted energy entropy at terminal N b — 20 8.8946 0.0015 ANk
B 20 31072 137867 e
Poes b gzﬁ FH/ IMF;/H? tt IMF;/H? tt IMF;/H? t )Jl]ffi:é% £ U 20 5 587 1027 i
(] (] (] e N o —
fads 0 55.09 37.24 766  12.8849 F B 20 22152 S i
WU H % 20 1.5524 1.917 e
?’; Zz::(é) ggi g:; g;ij : F3 LR E 311 20 4.1049 0.004 3 REnE
e s o e I
300 98.73 0.08 1.19 1.0253 Fs B A
0.1 99.87 0.04 0.9 0.153 1 MBS 20 39057 00127 il
—— 10 99.84 0.05 0.11 0.1890 . .
100 99.71 0.05 024 03028 F A6 HETHMGTRS
300 99.41 0.06 053 05484 Table A6 Simulation results under lightning disturbance
0.1 1.12 25.41 7347 9.0150 —
10 1.07 25.12 73.81 8.9416 (AL &ﬂ%@ﬁﬁ JA EanrlE S
X 51 i it
100 1.04 3547 6349  10.1530
300 0.50 71.75 27.75 8.9532 [10kA 03756 13334 ek
1=20 kA 0.154 5 1.657 il
£ A2 LBSH Fi I=50 kA 0.0526 2.147 i
Table A2 Line Parameters A 100 Q 1.577 0.445 379 [
MMC o MMCoe MMCoe MMCe U 100 Q 1354722 0.009 329 Ao
Pt MMC, MMC; MMC; MMC; =10 kA 0.105 1 1.469 EES
2 A /km 207 189.6 49.5 176.5 I=20 kA 0.041 1 2.065 FHii
BHEEAE 33.5m, [AIFE 222 m, IREESm, SHAKAH Fs I=50 kA 0.013 3 4.305 4 Hilr
LS R Solid core, APF420.013084m, WFAE0m, B Fp% 100 Q 0.4879 0.5311 w5
0.046 33 Q/km, HIXIHEF% 1.0 H/m X 100 Q 0.087 0.4653 [
AFERE SOm, [5E 18.5 m, 3L 10 m, I~10 kA 0.0526 1.504 wik
B Hh:4% 0.005 524 5 m, i HLEH 0.709 8 Q/km, 120 kKA 0.020 6 2179 T
AR 35 1.0 H/m F 1=50 kKA 0.007 6 56536 &
Bk 100 Q 0.886 8 0.287 4 [
£ A3 S XU 100 Q 0.726 5 02327 e

Table A3 Model Parameters

it MMC, MMC, MMC; MMCs
W b 2%/mH 40 75 40 40
WE LR /K +500 +500 +500 +500
BARHERIR/MW 3000 1500 3000 3000
TRREU NS 100 100 100 100
BT B HRIAVKA 3 3 3 3
PRI HL BT %/mH 200 200 200 200

RAT BARAFL R R

Table A7 Simulation results under data asynchronism

WEmER R E I 1) 22/ps DX FIEL

K A4 ESIERA AR OR A i b S A xR R

Table A4 Comparison table of fault types for pilot protection

based on High-Frequency Power Correlation

[ et IERERBEIMIDIR R R AR PI I Th 3R R
X XU IEEHI 1ELEA)
X N IEMR IEEHI al=ail
X A Bk it=a | 1ELEA)

DX A B uit=a| al=al

100 82.41 T
AR 300 43.57 T
500 30.78 T
F1
100 234.17 T
KRR S 300 113.07 T
500 66.74 T
100 0.039 T
Rz 300 0.051 T
500 0.274 T
Fy
100 0.008 T
U i 300 0.01 T
500 0.002 T
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