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ABSTRACT: Protection devices are installed on both sides of
the T-zone line, Propose a transient current direction protection
method for UHV three-terminal hybrid DC transmission lines.
The frequency characteristics of the rectifier side, the T-zone,
and the inverter side boundary of the line end of the UHV
three-terminal hybrid DC transmission system are analyzed,
and it is found the T-zone boundary has a certain attenuation
effect on the low-frequency component of the fault current
transient signal. Rectifier side boundary and end of line
inverter side boundary had a significant attenuation effect on
the high-frequency components of the fault current transient
signal. Using wavelet decom-position, according to the T zone
on both sides of the line transient current in the low-frequency
band energy difference to determine the direction of the fault,
put forward the fault direction criterion. When the fault occurs
on the left side of the T-zone, the high-frequency transient
current energy detected at the end of the line and the ratio of
the low-frequency transient current energy to discriminate the
rectifier side within and outside the fault; when the fault occurs
on the right side of the T-zone, the high-frequency transient
current energy detected at the first end of the line and the ratio
of the low-frequency transient current energy to discriminate
the inverter side of the end of the line within and outside the
fault; When a fault occurs within the T zone, it is directly
determined as an outside zone fault. To give a single-end
direction-preserving expansion scheme for UHV three-terminal
hybrid DC transmission lines based on the T-zine low and

medium frequency attenuation characteristics constituting the
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directional element, Finally, the PSCAD/EMTDC simulation
platform was used to build a model of the Kunliulong UHV
three-terminated hybrid DC transmission system and to
validate the proposed protection method. The simulation shows
that the method proposed in this paper can realize the complete
line speed protection of UHV three-terminated hybrid DC

transmission lines.

KEY WORDS: UHV three-terminal hybrid DC; transmission
lines; T zone; high and low-frequency energy differences in

transient currents; direction protection
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Fig. 1 Structure of the UHV three-terminal hybrid DC
transmission system
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Kt Ui Uss Lis Lorsly as b PR EE
oy E R AELIR: U s s 05 Rvid
W Zi Zss Zy o3l A, wndbin e A g
I B b 2% B BB 2, 9 ERIED A 1 55
ST Zp M Zp 7l A EIR S Ly AV E LR
L M5 {E BT

5E SCRR RN 7 ImAL 33 PR AU

: _Iz(ja))
G (jo)= 1oy (1

N Gi(o)BAFR KA, 73 Bk L, M
Ly WOEEE, W 1 A L 53 530

H(jwy= 242, U9
Z,(i0) " Z(j0)1Z,(jo)
| Uy(jo)
B0 = Gz, (o) @
SN LB AWV DL AP AT R & 7k ]
A R N
G (jo)=
Z,(j0)Z,(jo)

1- 4
Z5(j0)Z,(jo) + Z,(jo)Z;(jo) + Z,(j»)) @

Zon Z3 K1 Zy B SA 0 5o

Z,(jo) =
l[ ! +joL +(oL, // ! )+ (joL, // ! )]
2 joC joC, joC;
(%)
Zi(jo) = joL, (6)
Z,(jo)=joLy, (7)

EAb T R PUER 2 EON: Le=300mH;
W de it B RIS HON: Le=150mH; ¢

M-~ FE R IS EON: Lo=150mH; Ei
WM N: ¢ =2uF . L =11773mH .
L,=10266mH . C,=3.4154F . L, =4.77mH .
C, =11.773pF , RASHUG, A3 2 R ML A%

PR Gi(o)IEFRF PRI 3 TR

10 10 10° 10* 10°
fIHz

3 ERMG F LS R BT
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rectifier-side boundary transfer function
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Fig. 6 Amplitude-frequency characteristics of T-zone
boundary transfer function
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Table A1 Result of protection action (positive pole fault)
zg Eéll;ﬂ(ﬁfg Eig Eyg AEg W7 ) P fids i Kai A2 A;;;Eﬁﬁ Az;wﬁ
0 118.7883  14.3495 0.879 T XA 2.15 ER 0.00071  ——  EHMIXHh —
coutl 100 22.7137 3.0119 0.867 T X =) 2.21 TEAR 0.00047 ——  EFEMIX A6 —
300 43627 0.9522 0.781 T [X 200 225 1EMR 0.00027 ——  BEHRMX LS —
500 1.7403 0.471 0.729 T X /2 2.25 EAR 0.00026  ——  EHMIX L —
0 27.7349 0.7945 0.971 T X 7= ] 2.60 TEAR 0.0098 — BB LIXH —
. 100 8.0674 0.7738 0.904 T X ZE A1) 2.59 IER% 0.0059 —  BEELXW —
300 2.5826 0.254 0.901 T X 7= {1 2.54 IER 0.0035 — B LIXH —
500 1.1093 0.1173 0.894 T X 2] 2.52 TEAR 0.0026 — BB LXN —
0 17.3128 0.0767 0.995 T X220 9.10 IER% 0.1984 —  BEELXW —
. 100 8.0962 0.0429 0.994 T XA 9.10 1ER 0.1045 — LXK —
300 3.0605 0.018 0.994 T X7 9.05 IERK 0.1008 — B LIIXA —
500 1.6035 0.0098 0.993 T X 7= A 8.95 IER% 0.1001 —  BEELIXW —
0 115.8555 1.1329 0.990 T XA 12.14 1ER 0.2732 — LXK —
- 100 22.06 0.2296 0.989 T X 7= () 12.13 IER 0.2563 — B LIXH —
300 2.1487 0.0282 0.986 T X220 12.32 1ER% 0.2563 — BB LIXH —
500 1.6011 0.0245 0.984 T [X /20 12.58 1EAR 0.2125 — A LXA —
0 1.4886 118.7122 -0.987 T XAM 15.40 1EMK —— 0.83 — R L XN
an 100 0.2834 22.5802 -0.987 T XAM 17.47 TEAR e 0.475 — LR L XA
300 0.0187 4.2884 -0.995 T XA 22.96 1EMR — 0.427 — 2R Ly XN
500 0.0185 1.6772 -0.989 T XAM 27.23 1ERK — 0.2574 — R L XN
0 0.1913 21.3206 -0.991 T XA 13.56 TEAR e 0.4914 — LR L XA
an 100 0.1668 7.4255 -0.977 T XAM 12.20 IER% e 0.4469 — 2Rk Ly X
300 0.1889 2.1728 -0.913 T XA 9.39 IER —_— 0.3686 — 2R Ly XN
500 0.1349 1.0166 -0.867 T XAM 7.66 TEAR — 0.221 — LR L XN
0 0.1867 16.3017 -0.988 T XA 3.29 IER% e 0.065 — 2Rk Ly X
s 100 0.1153 7.056 -0.983 T XAM 3.11 1ER —_— 0.059 — 2R Ly XN
300 0.1364 2.6192 -0.947 T XAM 2.78 IEM o 0.053 — R L XA
500 0.1163 0.8831 -0.868 T XA 2.52 IER% — 0.051 — 2Rk L X
Ly R A
0 0.1622 14.5646 -0.988 T XA 3.19 E% — 0.0005 — o
! Ly Rt isi A
. 100 0.1022 0.6455 —0.841 T XA 2.99 1EM —— 0.0004 — gné l? f;&
Lo A b i A5
300 0.0932 0.4121 -0.773 T XAM 2.56 1ER —_— 0.0003 — [
Ly R A
500 0.0372 0.1551 —0.760 T X A7/ 2.24 1ER% —_— 0.0001 i
0 11.4025 12.0759 0.099 2R % X A 7.13 TEAR —_— e — —
fout2 100 0.615 0.574 0.066 LR IX Hh 7.08 1EMR — —_— — —
300 0.0076 0.0072 0.052 L% X 4 7.09 IER — — — —
500 0.0055 0.0054 0.018 2R % X 4 3.49 TEAR — — — —
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Table A2 Result of protection action (negative pole fault)
z; ;ﬁg Epg Egg AEg 1&[;,; P TR AR Kar A2 A;:;%ﬁ A;:—g%ﬁ
0 119.8125  14.5805 0.878 T X220 0.46 fitk 0.0006 — B X S —
100 22.9223 3.0533 0.867 T X220 0.45 fitk 0.0005 — B X S —
Jous 300 44211 0.9614 0.783 T X220 0.44 fitk 0.0004 — B X S —
500 1.7742 0.435 0.755 T [X /20 0.44 fitk 0.0002 — HERAMIX S —
0 26.0446 0.7169 0.972 T X220 0.55 fitk 0.0089 — 2R L X —
100 7.8844 0.8578 0.891 T X220 0.38 fitk 0.0065 — 2R L X —
Jun 300 25311 0.2799 08890  TXZM 039 fifk 0.0041 —  BBLXA —
500 1.2905 0.1504 0.883 T [X /20 0.39 fitk 0.0026 — 2R L XY —
0 17.2144 0.8741 0.949 T X 2 0.11 i3 0.1851 — & L XA —
100 8.0385 0.6412 0.920 T X 2 0.11 i3 0.1736 — & L XA —
Juz 300 3.0224 0.297 0902  TXAM 011 b 0.1052 — BELEA —
500 1.7129 0.2 0.883 T [X /2] 0.11 i3 0.1026 — L L X —
0 115.732 6.0167 0.948 T X2 0.08 ity 0.2732 — 2% LI XN —
100 22.3425 1.8442 0.917 T X2 0.09 ity 0.2561 — 2% LI XN —
Jus 300 7.2453 0.632 0913  TRXZAM 009 b 0.2364 — BELEKA —
500 1.9379 0.2391 0.877 T XA 0.09 it 0.2165 — 2R H% L XN —
0 6.8262 118.8853 -0.943 T XA 0.07 ity — 0.7952 — 2R L XN
100 1.3239 22.9706 -0.942 T XA 0.06 ity — 0.5345 — 2% L XN
S 300 0267 44331 20940  TXAM  0.06 i — 0.4261 — B8 L XA
500 0.171 1.7467 -0.902 T XA 0.05 it — 0.2694 — 2R Ly XN
0 0.213 22.3734 -0.990 T XA 0.07 Bk — 0.4862 — R Ly XY
100 0.1288 7.9144 -0.984 T IXAM 0.08 Bk — 0.4369 — R Ly X
Ju 300 0.1527 23298 0934  TXAM 009 ik — 0.3697 — B8 L, X
500 0.1131 1.0845 -0.896 T XA 0.11 iy — 0.2169 — 25 Ly XY
0 0.2617 21.7088 -0.988 T XA 0.29 ik'e — 0.0069 — LM Ly X
100 0.1363 8.3375 -0.984  TIXAM 0.31 it — 0.0612 — LM Ly X
Jut 300 0.0465 2.4265 0981  TRAM 033 M — 0.0569 - B8 LK
500 0.0423 0.3985 -0.894 T XA 0.36 ik — 0.0524 — 25 Ly XY
0 0.5513 19.3172 -0.971 T XAM 0.29 it — 0.0006 — L X;ﬁﬁgm
100 0.5599 7.3085 -0.923 T XAM 0.31 it — 0.0005 — L X;ﬁﬁgm
Jous s
300 0.0611 0.7013 -0.913 T XAM 0.35 ik'e — 0.0004 — L X;ﬁﬁ}zm
500 0.0332 0.3031 -0.890 T XA 0.38 ik'e — 0.0002 — L X;ﬁﬁ}zm
0 11.5214 12.3658 -0.068 T Xk 0.16 il — — — —
100 0.5244 0.5391 -0.027 T Xk 0.18 il — — — —
Jouz 300 0.0214 0.0215 -0.005 T [X#hs 0.21 il — — — —
500 0.0114 0.0115 -0.009 T [X#hs 0.25 R — — — —
F A3 RIPEMELE R URKPE)
Table A3 Result of protection action (bipolar fault)
e ;ﬁz Eus Exs A, i“:z P W Ka K Aé‘ 7 f Az j f
0 367.727 135.695 0.631 T X220 0.99 XA% - 0.0001 — BERMX A1 —
100 367.865 136.151 0.631 T X220 0.99 XA% - 0.0001 — BERMX A1 —
Jous 300 366.660 135.319 0.631 T X220 0.99 XA% - 0.0001 — BERMX A1 —
500 367.681 135.643 0.631 T [X /20 0.99 XA 0.0001 — BERMIX S —
0 341.593 31.116 0.909 T X 22 0.99 A% 0.0122 — BB LXH —
100 340.902 31.116 0.909 T X 22 0.99 A% 0.0122 — BB LXH —
Jun 300 340.505  31.068 0909  TXZM 099 W 00122 — R L KW —
500 341.318 31.413 0.908 T [X /20 0.99 XA 0.0123 — BB LIXK —
0 220.963 8.685 0.961 T X 2 1.00 XA 0.0118 — B LXA —
Juz 100 221.659 8.797 0960 T X7cfll 1.00 WHE 00115 — B LIKAK —




300 221.555 8.792 0.960 T X2 1.00 XU 0.0112 — B LIKXA —
500 221.759 8.792 0.960 T X2 1.00 XU 0.0111 — B LIKXA —
0 636.356 15.365 0.976 T X 20 1.01 XU 0.0121 — B LIKXA —
100 635.898 15.257 0.976 T X 20 1.00 XU 0.0120 — B LIKXA —
Jus 300 636.511  15.381 0976 T X7l 1.00 g 00120 0 — LB LKA —
500 635.311 15.242 0.976 T X/ 1.00 XU 0.0120 — B LIXAN —
0 16.927 646.361 -0.974 T XAM 1.0016 RUAR — 0.0121 — L Ly XY
100 17.271 648.307 -0.973 T XAM 1.00 RUAR — 0.0122 — L Ly XY
Ju 300 17.139 647308  -0.974 T XA 1.00 XU — 00121 - B8 L X
500 17.239 648.036 -0.973 T XAM 1.00 AR — 0.0122 — 25 Ly XY
0 12.173 217.476 —0.944 T XAM 1.00 U — 00122 — LR Ly XN
i 100 12.065 217.335 -0.944 T XAM 1.00 U — 00122 — LR Ly XN
Fa 300 12045 216808  —0.944 T XA 1.00 XU — 00122 — B L K
500 12.043 216.978 —-0.944 T XAM 1.00 U — 00122 — LR Ly XN
0 12.470 255.821 0951  TXAM 1.00 U — 0.0087 — LR Ly XN
i 100 12.589 255.826 0951  TXAM 1.00 U — 0.0099 — LR Ly XN
Fu 300 12581 256080  —0.951 TXAM 099 XU —  0.0088 — B LK
500 12.519 255.929 -0.951 T XAM 0.99 U —  0.0087 — LR Ly XN
0 46.452 284.686 —0.837  TXAM 0.99 e — 0.0029 — LALLM
X 4h
100 46.422 284.543 -0.837 T XA 0.99 R — 0.0029 — Lz*gﬁwm
Jfous e
300 46.812 285.265 -0.836 T XAM 0.99 e — 0.0029 — Lz*gﬁwm
500 46.779 285.182 -0.836 T XAM 0.99 e — 0.0028 — Lz*gﬁwm
0 78.425 71.954 0.083 T X 1.01 WAL — — — —
100 78.389 72.112 0.080 T X 1.01 WAL — — — —
Jouc 300 78.418 72.225 0.079 T X 1.01 WAL — — — —
500 78.281 72.216 0.077 T X 1.01 B — — — —
#z A4 BEHE
Table A4 Lightning strike simulation
(2 =5 & Sz b Azl
iﬁ; ;g Eis  Ews AEs jﬁ: P MR Ka(Al)  Ka(A2) Aé‘ ;ﬁfﬁ Ag;fﬁ
IEMRZE Lol 1825 0.633 0.997 T X 2= 1.2 1EMK 0.619 — RELIXWH —
T ARREE L AT 3051 17.893  0.941 T X 2= 0.7 ik 0.752 — RELIXWH —
WheE IR LS 1136 1900 -0.99 T XAl 1.2 AR — 0.6249 — 2R L, XN
GRLEHG LS 5405 26325  -0.97 T X Al 0.6 i — 0.699 — 2R L XY
IERREEH L fys 0.032 0.000  0.998 T X7 12 IEf% 222 — FHili Tt —
G MRS LS 0.055  0.004 0.931 T X 2= 0.7 ik 2.856 — FHili Tt —
T EWZ&EH LA 0073 0461 -0.84 T XA 12 IERR — 18.03 — FHili Tt
TR Ly P A 0.091 0462 —0.80 T X £l 0.6 i — 20.915 — FHili T
RA5 URETFRER
Table AS Anti-noise interference experiments
S S s | I
- ;ﬁ: £y Ew ARG ﬁ“T*J PR K Ke j; i A;;:; it
) 0 118 14.37 0.87 T XA 2.6 EAR 0.0003 — BRMIX b —
Jous 500 1.72 0.01 0.99 T X2 2.5 EA% 0.0008 — BRMIX S —
) 0 11.678 0.0739 0.99 T X 7= {) 2.9 EAR 0.0069 — B LIXN —
S 500 1.6214 0.0083 099 T XA 23 EM 0.0064 — B LXK —
) 0 17.3 0.0076 0.99 T X 2= 3.7 EAR 0.0071 — B LIIXN —
Juio 500 1.609 0.01 099 T XA 3.9 FEF 0.0064 —  BRBLXA —
0 115.73 5.847 0.95 T X7 {) 12.1 EM% 0.0134 — BRELXN —
Jus 500 1.629 0323 080  TX/M 123 EH 00162 — BBLIXA —
, 0 6.59 118.88 —0.94 T XA { 14.7 EM% — 0.0135 — LB Ly XN
Jam 500 0.0229 1.645 098  TXAMN 132 EA% — 0.0173 — s L, X
, 0 0.0913 20.957 -0.99 T XA 4.7 1EMR — 0.0158 — 2R L, XK
Ja: 500 0.127 0.994 -087 TRAM 415 EAk — 0.0093 — s L, X




0 0.159 14.842 -0.99 T XA 3.9 M 0.0098 LB Ly XN
fams 500 0.113 0.856 -0.87 T XAM 23 AR 0.0063 B L, KA
Ly R8s
0 9.1 59.11 -0.84 T XA 45 1ER% 0.003 2 RHEZ
P X4k
out3 Ly
L 2 ﬁ/ % r![
500 0.036 0.42 -0.91 T XA 3.4 1ER% 0.002 2 RHEZ
X 4k
0 13.42 12.15 0.1 LR X Hh 3.8 1ER% — —
Jouz 500 0.005 0.004 02 BBE X 41 57 EK — —




