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Single-ended Protection Scheme for Multi-terminal Hybrid DC Lines Based on Initial Current

Traveling Wave Phase

DAI Zhihui', NIU Baoyi', QIU Hongyi?, XI Xiaorui', HAN Zheyu!, WEI Shuqing'
(1. School of Electric and Electronic Engineering, North China Electric Power University, Baoding 071000, China;
2. State Grid Zhejiang Yuyao Power Supply Co., Ltd., Ningbo 315000, China)

Abstract: Aiming at the problems existing in the line protection of the existing LCC-MMC multi-terminal hybrid DC
system, a single-end protection scheme for multi-terminal hybrid DC lines based on the initial current traveling wave
phase is proposed. Firstly, based on the fault conditions of different locations and types of multi-terminal hybrid DC
transmission lines, the analytical formula of the traveling wave of the incident voltage of the DC line is derived and its
high-frequency phase is calculated. Secondly, based on the principle of traveling wave refraction and reflection at the line
boundary and the measured wave impedance characteristics, a criterion for identifying inside and outside the zone using
the phase of the initial current traveling wave is proposed. In addition, the lightning strike interference criterion is con-
structed based on the phase characteristics of the incident traveling wave in the low-frequency band of lightning strikes
and short-circuit faults. Finally, a Kunliulong multi-terminal hybrid DC system model is built in PSCAD/EMTDC for
simulation verification. The results show that the proposed protection can meet the fault judgment and line selection re-
quirements only by using single-ended quantity information, and has a certain anti-transition resistance capability (500 Q)
while meeting the speed requirement.

Key words: multi-terminal hybrid DC; current traveling wave phase; transmission line fault; S transform; single-ended

protection
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Table 1 Common lightning strike current waveform

parameters
W A a/(s™h Bls™)
8/20 ps 2331 77140 249000
1.2/50 ps 1.043 14730 2080000
2.6/50 ps 1.058 15000 1860000
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Table 3 M]1 measurement point simulation test results

4 M2 AT IS

Table 4 M2 measurement point simulation test results

Wb aUE O RBNEE XNSNE AR, EEH

Wb IR RBNEIE XNSME AR, A

B REQ GVms) O V) e BEOBQ GVmsh) O Gvms) e
0.01 791.8 176.8  —1130.0 792 XWN/IEMH 0.01 2214 67.5 -25.68 515 XHN/IERKR
finr 100 467.4 1792 —666.7 63.0  XWN/IEH fanr 100 132.1 732 -13.24 479  XN/IEMK
500 177.1 1737  -2524 439 [XHM/IEH 500 50.48 80.7 -4.52 264  [XM/IEMK
0.01 2774 165.7 0.01 88.7 X /MkIA 0.01 528.0 76.4 0.1 770 XA/
finz 100 189.7 171.5 0.02 89.3 X /HRIA) finz 100 361.1 82.9 0.1 753 XPI/ARIE
500 83.82 176.1 0.01 915 X P/ 500 159.6 88.4 0.1 772 X PY/ARE
0.01 3243 157.9 19.04 87.7 XA/t 0.01 454.4 85.3 679.4 785 XM/
fims 100 1923 164.7 10.98 94.6 X/ fiuz 100 268.2 91.6 401 859 XA/t
500 73.1 170.2 483 100.8 X P/5Ak 500 99.58 96.1 148.1 914 XA/
0.01 180.1 156.1 18.61 80.1  XA/fiuik 0.01 415.4 -92.2 617.4 98.8 XA/l
fim1 100 110.5 164.6 10.76 91.7 X/l fior 100 254.5 -87.5 3783 107.5 X /4%
500 4325 168.4 4.01 1063 XA/t 500 99.58 -81.9 148.1 1241 XM/
0.01 147.90 151.7 -12.42 73.6  XWN/IEH 0.01 2489 -96.7 -53.31 915  XN/IEM
fiz 100 91.10 158.8 -7.76 731 XWN/IEHR fiz 100 152.2 -91.0 -329 903  XWN/IEM
500 36.46 165.3 -3.11 728  XWN/IEM 500 59.63 -85.7 -12.99 912  XWN/IEH
0.01 335.7 145.9 0.01 794 X/ 0.01 460.6 -102.5 0.2 90.1 X P/H%IA]
fins 100 258.9 153.4 0.12 90.8 X Py/ARIE fins 100 326.6 -97.6 0.1 95.5 X PI/ARIE
500 142.8 160.8 0.01 1049 [X /K% ] 500 151.1 -90.3 0.1 1027 X /%
four  0.01 9.97 93.4 -14.14 -53.7 X4k four  0.01 5.23 -15.9 -3.18 -72.3 X4k
foe  0.01 7.90 72.7 3.96 3.7 X4k fuz  0.01 9.8 3.8 158 24.8 X4k
fous  0.01 13.71 64.5 0.01 35.3 X 4k fous  0.01 27.65 -170.6 0.2 51.1 X 4k
iz st 612 3063 1748w bz g7 1003 3892 1649 TR
oz 1439 -173.7  -423 1617  EHTH 2047 ess —aane 1753 mATHR
Hib Hil

SCATH, SRR N 100 kHz 1, A3 4R B fe e
XN BRI P EESAE, R IR R AR PR 50
kHz B {5 B4 R A T3 5 fk 6 (LB ARG &
A4 @ I B B BEL A 500 Q RSSO .

LIOTE, YRR E 50 kHz B, R4 R
H L 2 8 R ity R AE 4 R N g L WA 47 B LE ) B
1, AR T RAFE S SR T B0 s A A S DU RS
B, PRP S — e R . BRIOR T AR IE T
PRI B AE S AR RO T AT SEB0AE,  RFEIEA
MAKTF 50 kHz.

5 #ip

FE TR E 73 B L UAT a0 R 28 B PN S AT R 2 5
PEIEAS b, ASCHR T — M TRIUE AT WA L
{1 2 S Vi A ELIR AR B L B DR 37 7 8 LSS R AR -

1) RS, &0 fAIIR B AT WA AL AE
RAEIER XA AN B A XA L Ahii bR A 1R
R 22 0] o MR e 67 22 S5 R 2 I X PAY AP ib a3
FERAZ R A B FE M, EL T THEE B 70 9

£S5 CRFEMIZ 50 kHz B M1 2507 FUIR 25 51
Table 5 Simulation test results of M1 measuring point when

the sampling frequency is 50 kHz

ks R EEhFe XA e R

M8 HE/Q kVms!)  #Ee) kVms) () SHRERoR
. 0.01 354.85 167.5 —481.85 740  XPN/IER
500 80.25 179.8 -108.6 39.6  XMN/IER
. 0.01 135.95 148.4 19.08 854 XA/
500 30.53 161.8 4.01 103.5 XA/t
. 0.01 114.55 167.5 18.13 80.5 XA/
500 27.65 1713 4.04 102.9 XA/
s 0.01 1813 136.7 0.01 774 XK
500 68.0 147.1 0.02 933 X Py/HIA
four  0.01 8.42 90.7 -10.94 -55.6 X4k
foz  0.01 6.61 85.3 7.87 7.6 X 4t
fous  0.01 21.56 71.4 0.01 38.8 X4k
af;“” — 12978 1695  —20.52 1706  EHTFHE
&
fin22 e
- — 69.4 -178.5 -3.65 1632 Hii T
&

2) FERBBCT I RTZR AR S v AT B AR AL
A CAVEERA [X 73 R B AN o T, RS o T
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26 SR 50 kHz i M2 il i 0 0 A R
Table 6 Simulation test results of M2 measuring point when

the sampling frequency is 50 kHz

WRE R EBAEE XA R T —
fE HQ  kVms!) () kVms)  HE()
. 0.01 98.65 56.9 —26.46 557  XW/IERR
500 22.55 71.5 -5.28 462 XP/IEK
- 0.01 224.0 80.7 335.85 778 XA/
T 500 50.4 92.1 75.65 97.6 XA/l
- 0.01 204.7 -80.3 306.35 943 XN/
500 49.40 -67.8 73.95 123.8 XA/t
s 0.01 23075  -1146 0.01 88.4 X A/HRIA
500 75.5 -100.9 0.01 101.0  [X /A% W)
four  0.01 4.62 -23.9 -6.27 -74.5 X4k
foz  0.01 9.65 8.0 15.78 226 X 4k
faz  0.01 2545 179.5 0.01 55.7 X4k
;;:I — 90.47 98.5 -34.27 1684  HETH
;;il — 135.89 —68.4 -21.70 1719 HiTH

XPRIFHISE, $m 1 IR AT SR

3) X LCC 3, M1 Ul i fRI % B REW (R 2L
% 1ap 5 lsc A1 XFF MMCI 3, M2 Il s R4
ERENS WL 2% 1as 5 Isc PR, B4 S PEE L IRE -

4) PRy TR 2 ms R R S S,
RN VEER, FFRA — i 52 I H L AE /(500
Q) TRAP IR AR ER B S, R VCRFEIFE A
F 50 kHz.

B 33 DL AR F1] 9 2% i (http://hve.epri.sgee.com.cn).o
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Fig. A1 Schematic diagram of positive ground fault

components
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Fig.A2 Single pole fault equivalent circuit diagram
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Fig.A3 Schematic diagram of bipolar fault components
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Fig.A4 Bipolar fault equivalent circuit diagram
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Fig.A6 fin11 fault equivalent circuit in the line end area
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Fig.A7 fin3 fault equivalent circuit in the line end area
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Fig.A8 fin23 fault equivalent circuit in the line end area
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Fig.A9 Phase-frequency characteristics of line-mode incident

voltage traveling wave of fini1 fault in line end area
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Fig.A11 Phase-frequency characteristics of line-mode incident

voltage traveling wave of finz3 fault in line end area
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Fig.A12 Fault equivalent circuit of fou1 outside line area
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Fig.A13 Fault equivalent circuit of four outside line area
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Fig.A14 Fault equivalent circuit of fous outside line area
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traveling waves of external metallic faults
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Fig.A16 Phase-frequency characteristics of traveling

wave of line-mode voltage disturbed by lightning
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Fig.A17 Linear mode phase shift characteristic curve
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Fig.A18 Propagation of traveling wave at M1 measuring

point during faults inside and outside the area
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Fig.A20 Propagation of traveling wave at M2 meas uring

point during faults inside and outside the area
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Fig.A24 Initial voltage and current traveling wave amplitude and phase extraction
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Table B1 Parameters of overhead line structure of three-terminal hybrid DC transmission system
ik 2K S /km R BB fm R R #/m FLAFAR/m LI AL BRA(Q km™)
S28: 0.0322
932 8 51 21.5 0.0203
Ias H2%: 05807
S28: 0.0391
557 6 50 22 0.0181
lnc Hi2k: 0.5807
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Table B2 Equivalent impedance of the fault port at the end of the line

(A i A
fint1 Za1=2sL1//Zc//ZcABL ZeG1=2sL1//Zc//ZcABG
fini3 Zt12=(sL2+ZMMC1)//ZecBCL /I ZeABL ZiG2=(sL2+ZMMC1)//ZeBCG //ZcABG
fin23 Zi3=(sL3+Zmmc2 )/ ZeBCL ZtG3=(sL3+ZMMC2)//ZcBCG
EB3 RGHMESH
Table B3  System equivalent parameters
RYGER I fE
sz L1, L1, L3 150 mH, 100 mH, 75 mH
BN Z5: L1, L2, L3, Cfl. Cf2, Cf3

MMCI #fini%%4&%: RMMCl. LMMCl. CMMCI1

9.345 mH. 15.919 mH. 4.656 mH. 1.2 uF. 2.824 uF. 2.674 uF

029, 0.1 H, 333 pF
MMC2 #uinti% % RMMC2. LMMC2. CMMC2

0.0667 Q. 0.033 H, 450 pF

B4 X AN R 1 AHE ST

Table B4 Equivalent impedance of external fault port

[ A= 7 Hh A
foutt Zia=sL1//(sLi +(Zc//Z¢cABL)) Ztga=sL1//(sL1 +(Zc //ZcABG )
four Z5=ZMMC1//(sL2+(ZcBCL//ZcABL)) ZtG5=ZMMC1//(sL2+(ZcBCG //ZcABG))
foul}

ZfL6=(sL3+ZcBCL)//ZMMC2 ZiL6=(sL3+ZcBCG )/ ZMMC2

R BS AU ERET

Table BS Measure the wave impedance at each measuring point

1E ) ke
IR .
WAL SARBR AL BT RE A B
ZL1ZC1
Ml - -90° Ze 0°
ZL1+Zc1 cAB
Z Z12+7
M2 _ ZeAB(ZL2+ZMMC 1) 180°(—180°) ZeBC 0°
ZcABHZ12+ZMMC 1)
F B6 RIAIYE A EM
Table B6 Concrete value of protection criterion

W R JABIHE/(V/0.1 ms)  ZEARFIHE/(KV/0.1 ms) X P AME I F /() il FHA/C)
M1 Aur=20 Aug=20 195° > @IMIL_high (#1) >135° 195° > gpMIL low (1) >145°
w2 e e e 195 o, o 1) >147
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