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Abstract: In this paper, a line longitudinal protection method based on improved variational mode
decomposition (VMD) and abrupt energy is proposed to effectively identify faults in ring-shaped
DC distribution network, improve the protection reliability, selectivity, speed and sensitivity,
and ensure the stable operation of the system. To use the VMD algorithm, the number of modes
that matters to the decomposition effect needs to be set first. Hence the Sparrow search algorithm
(SSA) is used to find a better number of modes for the VMD algorithm so as to ensure optimal
decomposition effect under this parameter. Then a protection scheme is devised according to the
difference of abrupt energy at the head and tail of the line. The voltage and current fault compo-
nents collected are decomposed by SSA-VMD to obtain several modal components and calculate

their abrupt energy. The internal and external fault criteria are developed according to the differ-
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ence of abrupt energy in the areas separated by the direct current reactor. The fault pole criteria

are developed according to the difference of the abrupt energy ratio between positive and negative
poles at the time of failure. A circular DC distribution network model is built in PSCAD/EMT-
DC, and the protection method is validated by MATLAB. The results show that the proposed
method works quickly (within 3 ms) and reliably for different types of faults. It can identify both

internal and external faults, realize fault pole selection and protect the full length of the line. It

can also well withstand transition resistance (up to 20 Q). Under a noise level of 40 dB, it can

still identify faults and resist jamming to a certain extent.

Keywords: DC distribution network; variational mode decomposition; sparrow search algorithm; abrupt

energy; relay protection
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Fig. 1 A ring-shaped DC distribution network system topology
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Fig. 2 Fault equivalent network in the area
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Fig. 3 Out-of-area fault equivalent network
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Fig. 6 K, value in case of metal fault in the zone
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transition resistances
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Table 4 Fault detection results under different noises

(D4 X A 403
wow  ppap el DK 5 4 R
. 20 2,454 0.975  2.454 X PYHCRE
/i 40 2,446 0.631 2,446  [X YRR
20 0.372  2.206 2.206  [X PR
f: 40 0.843 2,407 2,407 XK
‘ 20 1.682 1.874 1.874  IXPYHLRE
fo 10 1415 2.419  2.419 X A EcRE
/i 40 3.246  0.366 3.246 X AhERE
fs 40 0.412  3.193 3.193  XAhkpE
fs 40 2.995  0.297 2,995 X AhlkE
f 40 0.107 3.546  3.546  [XAhpE




168 [ S R N S SR %57 B
ATLATR o 77 005 B R 4 3o 31633477,

{%?}:‘l ﬁg@giﬁﬁj,ﬁg, Ejﬂzlgxﬁf%%j:)ﬁﬁ%j{ 40 LIU Haijin, LI Bin, WEN Weijie, et al. Review and

AB WA 5 LT A TE AT LR S e B, A e G Y M prospect on transmission line protection in flexible DC

R system [J]. Power System Technology, 2021, 45(9);

R 3463-34717.

5.5 WMEMHAWIESR [2] ‘;]idj'd h CHEN K LIM l. Revi f
- o inghan, eao, LI Meng, et al. Review o
21X PN B A B A A R A T R B A L R , . . .

- protection and fault handling for a flexible DC grid [J].

WA AN B AR 5 X PR RSB i I, PR R DR AP T R 14 3 , .

Protection and Control of Modern Power Systems,

VE s DXHMER B s LR AP ST R Bl A . DR gl 117 0 4 2020, 5(1: 15.

5P [3] HR¥k. B SCHF. 3T G0 4 R 70 0080 T B 28 10 207

k5 WEAFAZPHELER W AENEAR TR ] BOR%E AL, 2020,
Table 5 Fault simulation protection action status 44(22) . 78-86.
e s 2 7 ) &t B [R5 RS I ZHENG Tao, LV Wenxuan. Adaptive reclosing
/7 I P F A B b e e P, P, ik scheme for DC distribution network based on cascaded
) o O NL N full-bridge DC circuit breaker [J]. Automation of E-
/ X P R B e D lectric Power Systems, 2020, 44(22); 78-86.
/s DA RURBEIOEEE PP NN BE T e g Scoshe. s I R R B M
S DX A TE AR 42 2 4 AEE ik (1], v AL TR 2% 4, 2019, 39(22),
£ I 1 5 5 4 R 6600-6616.
£ X 41 T 4 352 H e R YANG Saizhao, XIANG Wang, WEN Jinyu. Review
7 I 51 00 52 0 e i R of DC fault protection methods for the MMC based DC
grid [J]. Proceedings of the CSEE, 2019, 39 (22):
6600-6616.

6 4 I
. [5] LEEJY, KIM HS, JUNG J H. Enhanced dual-ac-
FF 5 H R R EC E R B 5 2 A AE T ek U H B tive-bridge DC-DC converter for balancing bipolar volt-

fe 7 R M 3 BV R R A ] B, AR SCAM I T ERIR age. level of DC dist'ribution syst'em [J]. 1IEEE Trans-

MMC B 75 i i 2 10 #lg s 1] 1 A0 F0F L REL 90 28 1% % actions on Industrial Electronics, 2020, 67 (12):

10399-10409.

A Tl R B Uiy H, R R I B ) B A R AR L 2

ssf%@f?f% ‘Jrf“";ff‘f;;&g*#i [6] AU, freie. Ao, T F0 Vi I B 28 0 1 W 3 0 35

oA VD R BT § AL VD e e AR FE O 0 % CJ/OLT. ol o L

BORGTE . PR R RA IR A TAER . 1-14[2022-10-07]. http://kns. cnki. net/
(I RR 2 8 SR A ik VMD B3 $2 7138 kems/detail/11. 2107, tm. 20220803. 1329. 010, html.

ORI L DX P AN R o 4 % T AR it T 1 58 A8 RE LI Ni, JIAO Zaibin, QI Shan. A backup protection

Pl I A S A S AT scheme based on the response of the DC circuit breaker
() AR ER] DRI 2 1% 41, 31 B e DLk tripping for the meshed DC distribution networks [J/

TR B - E 3 ms PN A SR SR B R £ 2 B B RAE OL]. Proceedings of the CSEE: 1-14[2022-10-07]
(AR FFETE T RN 20 Q U R EAMET, http://kns. cnki. net/kems/detail/11. 2107. tm.

AR VF T 1L 2 405 A g s o BEL A T4 20220803, 1923 D10 hml

jjﬁ% [7] I%Yﬂﬁv l%l‘lﬁa l/'\’[i‘:‘;;:‘v % *IJFH Teager ﬁ%%g¥%

’ A B 2k Y A B Ak 22 vl S H0 U A 2 o 5 1 O R ) PR B
Z/’i: H ’ TR b ’3‘_’}” s H L.:“'
B Tij%” $1jﬁfmﬁi?&ii*i AR Jrik (3], P90 K] L 2020, 54C9) : 40-48.
o J S T DUAR A S5 bR TR 22 205 6 LR BT 4 GAO Shuping. GAO Yue. SONG Guobing. et al. A
‘\x N e N Ay ':‘_’ — AL N

I A PR LI AT S8 IR I B B X B A 5 ik protection method based on instantaneous energy of

TF it — B RIT Teager energy operator for modular multilevel convert-

er multiterminal flexible direct current grid [J]. Jour-

S . nal of Xi’an Jiaotong University,2020, 54(9): 40-48.

(1] x4, 2k, mAAS. & M ER RS WL IR [8] REiA&., KEE, ERA, & RHAL RS ESHGS

P RS RE [J]. B M AR, 2021, 4509

http: // zkxb. xjtu. edu. cn

AR A B PR AR B R TR BDR S AR AR AP [T, PR




o505

o TR o A58« AR A0 A 53 RS 25 0 it 2 726 B ik Y AL B v I PR 7 T 169

[9]

(10]

[11]

[12]

(13]

[14]

A3 K2R, 2021, 55(5) ; 143-153.

XU Ruidong, SONG Guobing, HOU Junjie, et al. Pi-
lot protection for high voltage direct current transmis-
sion line based on polarity characteristics of converter
control signal deviation [J]. Journal of Xi’an Jiaotong
University, 2021, 55(5); 143-153.

YANG Yachao, HUANG Chun, XU Qianming. A fault
location method suitable for low-voltage DC line [J].
IEEE Transactions on Power Delivery, 2020, 35(1):
194-204.

BBk, BRIE, 025, S T B RS R R
PEE R MR RHAEE [T B RS A I,
2022, 46(6): 144-152.

JIA Ke. CHEN Cong, LIU Ziyi, et al. Protection of
flexible DC distribution network based on single-end
current transient and its setting [ J]. Automation of
Electric Power Systems, 2022, 46(6);: 144-152.
Bk, ZE3CHE, BRIRSD. & T IR S S R B
[7) F) 22 P LU T R R B R R IR O R LT R,
2022, 46(12): 4634-4646.

YANG Le, QIN Wenping, CHEN Xiaoqian, et al. O-
verall protection scheme for flexible DC distribution
lines based on synergy of current limiting control and
protection [ J]. Power System Technology. 2022, 46
(12): 4634-4646.

M, X, X H R, L TR B R
SHE MR E I R MR T [T i A
L% 4, 2020, 40(12): 104-112.

DAI Zhihui, LIU Xueyan. LIU Zigiang. et al. Protec-
tion scheme for ring flexible DC distribution grids
based on integration of current-limiting reactance volt-
age [J 1.
2020, 40(12): 104-112.

R, BRBTA, REEE, L Bl T R B
TC L O LA WS B it 9 5 i (7). WA R e (A 4K
BHE£RD , 2021, 48(8): 78-89.

GAO Shuping, SHAO Mingxing, SONG Guobing, et

Electric Power Automation Equipment,

al. A new type of protection method suitable for sin-
gle-pole fault in medium voltage DC distribution net-
work [J]. Journal of Hunan University (Natural Sci-
ences), 2021, 48(8). 78-89.

T, M, Bk, . 5T SR Iy R
P U T R OO 2 R B S AR P T ik [T I RS
Ay E 4, 2021, 49(23) . 1-10.

LI Weifeng, WANG Chao, XUE Yongduan, et al. A
flexible DC distribution network line unipolar ground-
ing protection method based on transient power direc-

tion [ J]. Power System Protection and Control, 2021,

[15]

[16]

[17]

[18]

(19]

[20]

[21]

http: // zkxb. xjtu. edu. cn

49(23): 1-10.

LTE#E, B, EWR,. % ETEAHE Pearson
FASGAE 19 MMC 2 9 22 14 L UA0 TC P O P A 4 b i o £
POrE 1. il EHOR, 2020, 46(5): 1740-1749.
SHANGGUAN Xin. QIN Wenping. XIA Fuliang, et
al. Pole-to-ground fault protection scheme for MMC
multi-terminal flexible DC distribution network based
on Pearson correlation of transient voltage [ J]. High
Voltage Engineering, 2020, 46(5): 1740-1749.
RIEH, Harlk, R E, 5. BT HmE Rl
i R R U 58 L], AL REOR . 2018, 44(2)
440-447.

YU Xiuyong., XIAO Liye. LIN Liangzhen, et al. Sin-
gle-ended fast fault detection scheme for MMC-based
HVDC [J]. High Voltage Engineering, 2018, 44(2) .
440-447,

BHMAAE, 2255, PRI, 45, JEF ol & & 7 i 2 0 B
it TAC FL P90 A5 ) i I B s R S SR (7], WL ) R AR
S, 2019, 47(8): 88-95.

SHI Bonian, LI Yan, SUN Gang, et al. Fault isola-
tion recovery strategy for multi-terminal DC distri-
bution network based on DC breaker reclosing [J]. Power
System Protection and Control, 2019, 47(8) . 88-95.
R, KRR, REK. 5T VMD gt i &
X o B A B AR T & [T, B RGP
5%, 2022, 50(14): 123-132.
GAO Shuping, SONG Xiaochen, SONG Guobing.
Longitudinal protection scheme of hybrid double-termi-
nal DC transmission lines based on VMD energy entro-
py [J]. Power System Protection and Control, 2022,
50(14) . 123-132.

WARE . THE. XIRZE. % 3T VMD-SVD H) 2 b
TR RSB T S (1] R, 2022, 46(8):
3084-3093.

YANG Dongfeng, WANG He, LIU Xiaojun, et al.
Fault location scheme for multi-terminal MMC-HVDC
system based on VMD-SVD []J]. Power System Tech-
nology, 2022, 46(8): 3084-3093.

XA, XUHE. BOHARRES o i REHEFI 2 6
SCTRE P 2 0 2% 114 R L U L 4 R R [T .
B R 5 T, 2022, 22(1); 211-219.

LIU Wei, LIU Hui. High voltage direct current trans-
mission lines fault identification method based on im-
proved VMD-MPE and general regression neural net-
work [J]. Science Technology and Engineering, 2022,
22(1): 211-219.

PRHEHE, SRS, BURHL BT SRR S RS 4y
R BRI RS S BN [J/OLD. fiizs s %4k 1-8




170 [ T I N 4 %557 %
[2022-09-01 ]. https://doi. org/10. 13224/j. cnki. array parameter identification based on sparrow search
jasp. 20220301. algorithm [J]. Electric Drive, 2022, 52(13) . 75-80.
CHEN Xiangxiang. SHI Zhiyu, ZHAO Zongshuang. [25] F4af, ZEH+, B, & EFUdE VMD-SSA M H
Instantaneous modal parameter identification based on I Al R TR R ARG I B R AT (D). R AR BEHT R,
parameter optimized variational mode decomposition 2022, 41(2): 53-62.
[J/OL]. Journal of Aerospace Power: 1-8[ 2022-09-01]. WANG Hongjun, LI Wanfeng, ZHAO Hui, et al.
https://doi. org/10. 13224 /j. cnki. jasp. 20220301. Research on fault detection technology of DC microgrid
[22] B, MU, 257, . T ALl Mm% 58 i based on improved VMD-SSA [J]. Advanced Technol-
[% 2 45 @ 4% T VMD-Lempel-Ziv $ 5 964 [J]. P64 ogy of Electrical Engineering and Energy, 2022, 41
A% K2 2EH, 2021, 55(3): 126-135. (2): 53-62.
SHEN Yong. ZHANG Xiangfeng, JIANG Hong., et [26] Wi/, M4, GRAER, 25, 3T i A JE K
al. Gear fault system modeling and VMD-Lempel-Ziv SRS ERECHE MY FE [T B RS H
damage assessment considering transmission shaft flex- 1tk . 2021, 45(8): 185-193.
ibility [J]. Journal of Xi’an Jiaotong University, 2021, CHEN Shaoyu, HUANG Wendao, TAI Nengling, et
55(3): 126-135. al. Protection method based on single-terminal transi-
[23] Z&3E, skAfse. 2 F ot VMD FIERE 7 A 2 50 B ent voltage for DC distribution network with current
N = 2 0 o1 S I R =2 s 2 N [ 2 NI limiting reactor [J]. Automation of Electric Power
2022, 16(12): 109-117. Systems, 2021, 45(8) . 185-193.
LI Hao, ZHANG Luliang. High impedance grounding [27] EXH#, WEF4, 2. ETESEELFEHEG ER

[24]

fault detection method for distribution network based
on improved VMD and characteristic distribution coef-
ficient [ ] ].
2022, 16(12): 109-117.

IR, ERT, AR TR A R B RO R
SRR (1], L. 2022, 52(13) . 75-80.
ZHANG Zhi, WANG Xinyu, WANG Lin. Photovoltaic

Southern Power System Technology,

http: // zkxb. xjtu. edu. cn

W F P R AR 4 07 8 [T, ML) H 8k 4%, 2020, 40
(7): 196-203.

WANG Shenghui, FAN Chunju, JIANG Shan. Fault
protection scheme for DC distribution network based
on ratio of transient voltage principle [J]. Electric
Equipment, 2020, 40 (7).

Power Automation

196-203.
(G T )




