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A DC distribution network fault detection method based on bump fluctuation at a dense inflection point
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Abstract: Flexible DC distribution networks based on a modular multilevel converter (MMC) have the advantage of no
commutation failure. However, because of low inertia, weak damping and other characteristics of the converter, the fault
current rises quickly and has a high peak, which is extremely harmful to the system. It is difficult to accurately select the
fault feeder when a single-pole ground fault occurs in the DC distribution network. Thus a fault detection method for a
DC distribution network based on the fluctuation characteristics of concavity and convexity (FCCC) of the inflection
point dense area (IPDA) is proposed. First, a variational mode decomposition algorithm is used to decompose the
zero-mode current of each feeder and select the feature components. Then, the second derivative of the feature component
is calculated, the IPDA is selected, and the normalization process is carried out to obtain the FCCC of each feeder. Finally,
the feeders that are different from the other feeders of the FCCC are determined to be faulty feeders. Simulation results
show that the proposed method can quickly identify faulty feeders, and is less affected by factors such as transition
resistance, sampling frequency, data window and noise.
This work is supported by the National Natural Science Foundation of China (No. 52177114 and No. 61403127).
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Fig. 4 Zero-mode equivalent network
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Fig. 5 Simplified zero-mode equivalent network
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Fig. 6 Equivalent loop of faulty feeder zero-mode current
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1¢57 L L, Ls Ly Ls

r 0.837 0.851 0.821 0.863 0.737
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Fig. 13 The IPDA selection for each feeder
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Table 3 The IPDA range selection for each feeder
{57227 L L, Ly Ly Ls
KAESTE 65~71  66~72 64~70  68~74  63~69
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Table 4 The second-order derivative value of the IPDA

KRS Li(x107)  Ly(x107)  Ly(x1072)  Ly(x107) Ls(x107%)
1 -32899  90.992 92557  83.737  6.6903

2 -223.59 63.324 5.5292 55.843 3.9358
3 -114.70 33.760 1.7860 24.805 1.2215
4 —4.4849 2.8663 —-1.8681 —-8.7624 -1.3788
5 104.78 —-28.701 -5.3306 —-44.083 =-3.7954
6 210.75 -60.228  -8.5063  -80.244  -5.9660
7 311.12 -90.962  -11.311 11623  -7.8377
5 J3—{kibE
Table 5 Normalized processing

KFEG L, L, Ly Ly Ls
1 -1 1 1 1 1
2 -0.6707 0.6959 0.6376 0.7210 0.6208
3 -0.3305 0.3709 0.2736 0.4106 0.2471
4 0.0139 0.0313 -0.0817 0.0749 -0.1108
5 0.3553 -0.3156 -0.4184 -0.2784 -0.4435
6 0.6864 -0.6622 -0.7272 -0.6401 -0.7423

7 1 -1 -1 -1 -1
BahtE oM Mt Mo M Moyt
WL Ly

2R L, AR A R M s Vs R I 14:
Y REERX A, PS8 s 2 b AL,
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Fig. 14 The FCCC schematic for zero-mode current of L;
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Fig. 15 Zero-mode current for each feeder when
R, =5000 © and 10 000

R 6 R~10 Q BF B LMK TS
Table 6 The FCCC for each feeder when R, = 10 Q

PR L, L, L; Ly Ls
1 -1 1 1 1 1
2 -0.6718  0.6721 0.6932 0.6541 0.6737
3 -0.3374  0.3386 0.3701 0.3109 0.3394
4 0.0004  0.0017 0.0345  —0.0279  0.0007
5 03383  -0.3358  -03093  -03605  -0.3383
6 0.6728  —0.6708  -0.6560  —0.6852  -0.6733
7 1 -1 -1 -1 -1
)L L T U R L e L 1
ey L,

R 7 Ry=5000 Q B} &L B8 MRS
Table 7 The FCCC for each feeder when R, = 5000 Q

PR A= Ly L, L; L, Ls
1 -1 1 1 1 1
2 -0.6886  0.7102 0.6430  0.6952 0.6245
3 -0.3585  0.3919 0.2852 0.3655 0.2571
4 -0.0169 -0.0529  -0.0649  0.0205  —0.0947
5 03286  -0.2983  -0.4000  -03294  -0.4246
6 0.6701  -0.6524  -0.7135  -0.6732  -0.7275

7 1 -1 -1 -1 -1

1 = Lt S et S B e IR L

bR L
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Table 8 The FCCC for each feeder when R, =10 000 Q

F 11 H=16 km 2R & LR B& MUK B 1%
Table 11 The FCCC for each feeder at /=16 km

FkEgn L L, Ls L, Ls PR i) L, L, Ly Ly Ls
1 -1 1 1 1 1 1 1 -1 -1 -1 -1
2 -0.5849  0.5376 07054 05383 0.6847 2 06432 -0.6595  -0.5886  ~0.6788  ~0.4222
3 02030 01271 03896 00213 03521 3 02893 -0.3121  -0.2080  -03411  0.0526
4 0.1455  -0.2304  0.0554  -0.2440  0.0088 N T00563 00345 01398 - 0.0044 04238
5 -03888 03737 04553 03489  0.6970
5 04614  -0.5356  -02925  -0.5535  -03372
6 -0.7044  0.6976 07406  0.6836  0.8835
6 0.7458  -0.7910  -0.6472  -0.8053  -0.6767
7 1 -1 -1 -1 -1
7 1 -1 -1 -1 -1 e
Gt mom e — — — BeEhtE M- = e = =
XBITE - - - — -
—— [ Li
A5 L,
_ . 5 km &b, MRGEIGIS ZI 2 s, PR RFEL 7]
2) ANJR) R

BB MR L, AL S kmy 12 km KRR
M HE B TE L, H 1 16 km A& AR Fpf Bz s it s
iy 100 Q, THREAIR LK 9—3FK 11, WL
Eih, SRR ER, ARG
B YRERA TR B T 2

3) AN[E MMC 4477 7

N T AR AR ST A HiAth /s R B 77 20 AR
IH B R MR i 2, AT IR 1 A% I 4% 1R SR
F1 1000 © HLFH#EM . B AEH ) /N B3R T 5K,
HALZHER 1 —8 WE MR EEL IS i Ly

F 9 H=5km SCATEZHE MR R
Table 9 The FCCC for each feeder at H=5 km
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3 X103
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ilkA

2.002 2.003 =4 2.000 2.001
tls tls
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[ 16 AN[E MMC #3753 500 Q. 1000 Q FLETAREETR
Fig. 16 Zero-mode current for each feeder of 500 Q and 1000 Q
with different MMC grounding mode
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2 -0.6368 0.6235 0.6028 0.6430 0.7035 gﬁ’ jjlﬁj;(ﬂ-&jﬂ&y %Tﬁﬂﬁ%gﬂikaﬂ-’ g‘;%ﬁ; EE/JZEJ
3 -0.2810 0.2584 0.2248 0.2905 0.3915 M’J‘ , %’T?‘S%ﬁﬂ?ﬁﬁ 3 m% 12. f 13 E.[ w\% .L_H ,
4 0.0635 —-0.0900 -0.1282 -0.0533 0.0640 NIRRT \ —
ST RENS IR W 4 B
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G Il 28R
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co e e e AESCRAL S, S IF R SE T OSR e
PN=| =1 iyt o A ey > =537
SENTE M) [ 1] — 1, ] — 1, [ — 1, Al gese ANE T, ﬁigllﬁﬂiiﬁlﬁiﬁﬁﬁﬁxﬁm
b L & 12 AR MMC ## A X T TRE 500 Q #BERS
F LR MUK BT
% 10 H=12 km SR & £ B TR B 1 Table 12 The FCCC for each feeder of 500 Q fault with
Table 10 The FCCC for each feeder at H=12 km different MMC grounding mode
%*iéﬁ% Ll LZ L} L4 LS %#gﬁ% Ll L2 L3 L4 L5
1 -l ! ! ! ! 1 -1 -1 -1 1 -1
3 -0.2701 0.3217 0.2680 0.3547 0.2374 3 —02718 -04315 ~0.5653 0.4751 ~0.4830
4 0.0814 -0.0236 -0.0861 0.0134 -0.1209 4 0.0772 ~0.1044 ~0.2514 0.1397 -0.1550
5 0.4144  -03537  -0.4205 03312  -0.4515 5 04085 02472  0.1208  -02277 02088
6 0.7225 -0.6915 -0.7273 -0.6716 -0.7467 6 0.7174 0.6179 0.5420 -0.6127 0.5979
7 1 -1 -1 -1 -1 7 1 1 1 -1 1
e I e R L R e I L s i/ e e L E LI T U i e R B U
BRI 22 L e Ly
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#* 13 N[E MMC ## AT &% 1000 Q #FEES
BB MR RN
Table 13 The FCCC for each feeder of 1000 Q fault under
different MMC grounding mode

PR 5 L L, L; L, Ls
1 1 1 1 -1 1
2 0.6000 0.6111 0.6325 -0.6587 0.6070
3 0.2174 0.2314 0.2642 -0.3057 0.2235
4 -0.1402  -0.1289 -0.0936 0.0477 -0.1390
5 -0.4661  -0.4599 -0.4301 0.3901 -0.4699
6 -0.7543  -0.7528 -0.7352 0.7109 -0.7596
7 -1 -1 -1 1 -1

WAE ey e
o Ly

FESRIRE ), WE MR KEAEL, 5 10 km &b #
PSSR IEAR Btk R, Bt Ay 500 Q, ik
RAENZIN 2s, BHREN 3 ms, REESZE5H
20 kHz. 50 kHz, MELEIRIE 14, £ 15,

ANTR] B RAE AR A [ B ) B0 T mh 49t PR
FA—FE, R SRHEE R A E . HER 14,
RIS ATLUE W, AR 508 20 kHz, 50 kHz
B AR S V2 R I A I R WA 5 2%

=14 AR Y 20 kHz BT LB Mk st
Table 14 The FCCC for each feeder at 20 kHz sampling frequency

[ M=

REEGHS L L, Ly Ly Ls
1 -1 1 1 1 1

2 -0.6561 0.7029 0.5806 0.7407 0.3705

3 -0.2841 0.3549 0.1651 0.4158 -0.1516

4 0.0958 -0.0233  -0.2230 0.0433 -0.5459

5 0.4564 -0.4002  -0.5598  -0.3447  -0.8082

6 0.7673 -0.7384  -0.8239  -0.7072  -0.9508
7 1 -1 -1 -1 -1

e e N e B e e B gl

W L

=15 AR 50 kHz BT & LB MMk st
Table 15 The FCCC for each feeder at 50 kHz sampling frequency

REEG S L L, L Ly Ls
1 1 -1 -1 -1 -1
2 04683  -0.5024  -0.4905 -0.5292  -0.3752
3 00131  -0.0646  -0.0323  -0.1072  0.1696
4 -0.3600 03062 03546 02592 0.5935
5 -0.6503  0.6065  0.6582 05662  0.8730
6 -0.8614  0.8368  0.8732  0.8128 1
7 -1 1 1 1 0.9786
) et W bl N et L B el L B b

=l
'Hﬂﬁ'g‘l
S =
o HF
o

5) A o
RGR A BN RNy, R T f B R

Wi, LEMEYIGEAFAE — D IEFBITIRS AL NI
BRI FE . U RGURAEIR . 20l
T REI, ATRETCIEE R EIR B R s sh . 1%
BE R AL 15 10 km &b W EA N IER
PErh i, R BE N 50 Q, WER AR %N 2 s,
KAEANZH A 40 kHz, R % 43 0 HL 1.5 ms 1 2 ms,
RAEER WK 16 K 17,
16 BIBE R 1.5 ms FR LB MIHEME

Table 16 The FCCC for each feeder of 1.5 ms data window

PR i) L L, Ls L, Ls
1 1 -1 -1 -1 -1
2 05053  -0.3995 -0.8704 -0.1283  -0.8767
3 -0.0731 02356  -0.7516 05377  —0.8143
4 -0.5859 03437  -0.4199  0.8935  -0.4953
5 -0.8128  0.7501  -0.1274  0.9014  -0.3435
6 -0.9181  0.8795 02478 09686 03142
7 -1 1 1 1 1
PAE ey -
TR 22 L

R 17 BURE A 2 ms BTS LB M IR EN T

Table 17 The FCCC for each feeder of 2 ms data window

RPegm s L L, Ls L, Ls
1 -1 1 1 1 1
2 -0.8184 0.3687 0.5357 0.5712 0.6503
3 -0.6467 0.0446 0.1976 0.2815 0.2767
4 -0.4342 -0.4376 -0.0581 -0.3764 -0.0990
5 -0.1250 -0.7113 -0.2922 -0.6945 -0.4526
6 0.3366 -0.9682 -0.5788 -0.9253 -0.7600
7 1 -1 -1 -1 -1

L e 1 1 N L1 L R L1 Eu

T L

HEE 164 & 17 040, RICTTVEAE 1.5 ms. 2 ms
R E KT RS IR IR A4 . H TR R4
BHCRFIRE B LR, HAN T EFHIE R
AEA, FAESEbRR o, S K iR AT
DURRYE RGO AL BE ARSI . SRR S5 R &K dk
AT,

6) /7] i 75 i 5

M S 2R EE A R M K, — R S MR L
(signal noise ratio, SNR)ZF /=M 5 5 JF 4615 5 1 H A1
KER, BRI N: L L, 5 10 km 4K E ER
FEHb R, e ER R A 100 Q, #E R A Z1N 2 s,
KAEINZEA 40 kHz, FAEE N3 ms, 555220
dB. 30 dB g e, kLkas R 17 R, 76
EREFF A 20 dB M7 f5 B BARE AL, (=
SR pT e 2k 07 ZdAT b, BT B Rk
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Fig. 17 Zero-mode current of each feeder under 20 dB noise
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Table 18 The FCCC for each feeder in 20 dB noise

PR e L, L, Ls Ly Ls
1 1 -1 -1 -1 -1
2 0.9726 -0.8889 -0.8363 -0.9125 -0.8913
3 0.7394 -0.6442 -0.5569 -0.8719 -0.6687
4 0.7045 —-0.2985 -0.1986 -0.3434 -0.2828
5 0.2493 0.1135 0.2022 0.1206 0.0268
6 -0.3373 0.5574 0.6116 0.5030 0.8638
7 -1 1 1 1 1

i | B L I et LI R L
W2 L,

<19 30 dB IEAE T H &M OUE T
Table 19 The FCCC for each feeder in 30 dB noise

PR e L, L, Ls Ly Ls
1 -1 1 1 1 1
2 -0.7801 0.9599 0.7499 0.9169 0.4116
3 -0.4765 0.7567 0.4293 0.6840 -0.1371
4 -0.1184 0.6854 0.0672 0.3368 -0.5845
5 0.2651 0.2302 -0.3083 -0.0859 -0.8821
6 0.6461 -0.3498 -0.6715 -0.5442 -0.9305
7 1 -1 -1 -1 -1
WA M- M= M= M= M=

5 FEEEER

B A ST SCHR[33-3413E AT R EE . FE TR 2,
76 Ly J5 10 km b ¥EE 100 Q M, A5 ik
[33JIL LR 45 R WK 20, RHEFE TR ELEE L, NKE
N 15km. L, — L, FKE¥HN 10km, 7EL, J5 5 km
AEE 100 Q bk, SCHR[34]THE 4 R
%20, HREKE WK 21,

SCHR[331H I 311 ~F 350 98 9 5 V5 $ H AR L Y
IRFIER, XBM, mSEgA T P b3, b T
JRUGREF AR s, $EEUER R,

PRV R SR04 P I R AR B (A DG 1 R B, A AR
PERECKT 0.6, FIE LB NIREIRE, 1% H1ES
S UE R BH AR, Y RN, T E
BRI, Z 7 AR R S, R 20
A, SCHR[33]REMS IERRIE R4 . & 21 7]
3, EXTREFEE AN 13ms, FECEIMHRZE.
e Y P SH IR T3 ORI, SRR L A S AR 1R W
T IBETIRN o
< 20 ERIMEXTEE

Table 20 Adaptive criteria comparison

J5i Fi¥E R L IEH
(M=, M=, U=,
AL [U]— %2 L =
My, U] :

SCHk U H;?j [0.996,-0.943,-0.954, L .
133] i? —0.936,-0.975] ! =

c>0 C=[-11.47,2.87,2.87,
ik n<8 2.87,2.87]

7% =[341.1,341.0,341.0, L, =

[34] N> 341.0,341.1]

K N?

N, =[18,39,39,39,39]

* 21 BIEE T

Table 21 Comparison of data window
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Fig. 18 Capacitance sequence calculation
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