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Table 1 Mid- and low-frequency wavelet energy of

line mode current at two sides of T-zone
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Discussion on fault detection method for transmission line of LCC-MMC parallel
three-terminal hybrid UHVDC system based on multi-layer perception
XING Chao',GAO Jingye'”,BI Guihong’, CHEN Shilong*, CAT Wang*, WANG Long’
(1. Electric Power Research Institute of Yunnan Power Grid Co.,Ltd.,Kunming 650217, China;

2. College of Electrical Engineering, Kunming University of Science and Technology, Kunming 650500, China)
Abstract: Since existing fault location methods suffer from the deficiencies of difficulty in selecting thres-
holds and the complex characteristic variables extraction, a fault detection method for line commutated
converter-modular multilevel converter (LCC-MMC) parallel three-terminal hybrid ultra high voltage direct
current(UHVDC) transmission lines based on multi-layer perception(MLP) is proposed. Firstly,the frequency
characteristics of Kunbei-side boundary, T-zone boundary and Longmen-side boundary are analyzed,and the
differences of fault characteristics when the fault occurs in different zones of the three-terminal DC line
are point out. Secondly,the wavelet energy is extracted by multi-scale wavelet decomposition of line-mode
current and line-mode voltage through wavelet transform, and the fault characteristic variables are formed
combined with the positive- and negative-pole voltage variations. Then taking the fault characteristic variables
as the input of MLP and the fault zone as the output,the fault zone identification model based on MLP is
established. Then,fault zone can be identified by inputting fault characteristic variables extracted at measu-
ring points to the trained model. A large number of simulations verify that the proposed method has high
fault detection precision and can withstand a transition resistance of 300 ().

Key words: three-terminal hybrid UHVDC; frequency characteristic ; multi-layer perception;fault characteristic

variables ;fault detection
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Fig. A1l  Simulation model of #4800kV three-terminal hybrid UHVDC system
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Table A1 Main parameters of three-terminal hybrid UHVDC system

Fegish  STRMABIERY  BERBEKY  BUETIER/MW TR /mH
ALk 535 3800 8000 150
/Bl 525 800 -3000 150
ARE 525 3800 -5000 150
#* A2 MMC iR EESH
Table A2 Main parameters of MMC converter
Bl B REIMH TEYURRI/ME TRIBUEEKY R R TR RE S TR
Gk lwis 63 12 45 40 160
ARE] 50 18 5 40 160
Fawhs CE e | EiRks
L I
1C1 Cy !
il—l Ly i
iLz C, L C, i U,
Uy | 1
§L3 C: Ls Cs %
A2 RIMERLREDR

Fig.A2 Boundary of Kunbei-side DC line
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Table A3 Element parameters of Kunbei-side boundary

ZH SHH
T RS AL L/mH 150
e e =R
Ci/uF 2
ColuF 3.415
Co/uF 11.773
Ly/mH 11.773
Lo/mH 10.226
Ls/mH 4.77
—1 1 I -
Z Aly Al Z
Ri
2Uy¢

Zeonv

Bl A3 T X PILk AR ERE W 45 S 4 e B
Fig.A3 Equivalent circuit of line mode fault network in T zone
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Fig.A4 Equivalent circuit of line mode fault network in DC line
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Table A4 Equivalent parameters of MMC1

MMCL ZH{E I/ Q  MMCL Z{EHE/mMH  MMCL 5 s 7%/ uF

0.6 84 90
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Table A5 Integral value of positive voltage change and negative voltage change

i B SEEREQ [l /Y [Aug|/kV

0.01 2.26x10* 3.68x10°

L1 X f1 (1k=300km) 4b 150 1.28x10* 2.04x10°
300 8.85x10° 1.46x10°

0.01 1.54%10* 2.39x10°

L, X 4 f, b 150 6.90x10° 1.07x10°

300 4.05%10° 6.33x10?

0.01 1.31x10° 2.57x10°

Ls X4} fg ik 150 7.26x10? 1.64x10°

300 5.03x10? 1.18x10°

0.01 1.29x10°  2.06x10*

Ly X4 f; (1=400km) %t 150 8.94x10? 1.17>10*
300 7.42x10? 8.16x10°

& A6 MLP ERBHIER L
Table A6  Expected output of MLP
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Fig.A5 Structure of MLP
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Table A7 Parameter setting of MLP

BH

SHE

HNBEMEZ CH
R 2 oA
I S A 4
(e DT
Dropout {5
WL T o
i H S RS R A
LIlGESIES
RIEARIEL

5
10
3
50
0.2
Relu
Softmax
0.01
50

243 HKAT SRR KL (categorical_crossentropy )

PATE

Adam

Frequency Dependent (Phase) Model Options

Travel Time Interpolation: On
Curve Fitting Starting Frequency: 0.5 [Hz]
Curve Fitting End Frequency: 1.0€6 [Hz]
Total Number of Frequency Increments: 100
Maximum Order of Fitting for Yc: 20
Maximu Fiting Error for Yc: 0.2 [%]

Frequency Dependent (Phase) Model Options

Travel Time Interpoation: On

Curve Fitting Starting Frequency:

Curve Fitting End Frequency:

Total Number of Frequency Increments: 100
Maximum Order of Fiting for Yc: 20

0.5 [HZ]
1.086 [Hz]

Max. Order per Delay Grp. for Prop. Func.: 20 Maximum Fitting Error for Yc: 0.2 [%]
Maximum Fitting Error for Prop. Func.: 0.2 [%] Max. Order per Delay Grp. for Prop. Func.: 20
DC Correction: Disabled Maximum Fitting Error for Prop. Func.: 0.2 [%]
Passivity Checking: Disabled DC Correction:  Disabled
Passivty Checking: Disabled
Lract =)
| N ract (3
7[m) 25 (m] ot
| m
ag ca 23 [m]
agl 4
ostm | 19 (m] ﬁ
| 0.45(m)
Lo S P 19.m)
| Tower: D2
60[m]  Conductors: chukar | Tower: DC2
| Ground_Wires: 1/2_HighStrengthSteel 60 [m]  Conductors: chukar
| | Ground_Wires: 1/2_HighStrengthSteel
| 0 [m]
R 0m
15 >

Resistivity: 2000 [ohm*m]

Aerial: Analytical Approximation (Deri-Semlyen)
Underground: Direct Numerical Integration
Mutual: Analytical Approximation (Lucca)

(a) &L,y

Resistivity: 1500 [ohm*m]

Aerial: Analytical Approximation (DertSemlyen)
on

Underground: Direct Numerical Integrats

Mutual: Analytical Approximation (Lucca)
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Fig.A6 Structure diagram of overhead line
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Fig.A7 Prediction error and prediction accuracy curve of training set
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Table A8  Test results of MLP

} MLP i
R X 45K L9 B Q)
f1 fz f3 f4 f5 fe f7 f8 f9 f10
5 1 0 0 0 0 0 0 0 0 0
Ly R Ij‘] f1 (If=78km) LI\
138 1 0 0 0 0 0 0 0 0 0
50 1 0 0 0 0 0 0 0 0 0
Ly ,X P"] f1 (If:687km) %
265 1 0 0 0 0 0 0 0 0 0
78 0335 0661 O 0 0 0 0 0 0 0
Ly X4h £, ik
285 0 0917 O 0 0 0 0 0 0 0
5 0 0 1 0 0 0 0 0 0 0
L, ,X P"] f3 (If:55km) %
138 0 0 1 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0 0 0
L, IZ |7\] f3 (If=368km) %
265 0 0 1 0 0 0 0 0 0 0
78 0 0 0 1 0 0 0 0 0 0
L, X 4 £, ib
285 0 0 0 0.998 0 0 0 0 0 0
5 0 0 0 0 0.908 0 0 0 0 0
L3 IZ |7\] f5 (If=265km) %
138 0 0 0 0.984 0 0 0 0 0
50 0 0 0 0 1 0 0 0 0 0
Ls X fs (1i=780km) 4k
265 0 0 0 0 0.999 0 0 0 0 0
45 0 0123 O 0 0.164 0.695 0 0 0 0
Ls X 4h f 4b
198 0 0312 0 0 0 0.652 0 0 0 0
5 0 0 0 0 0 0 1 0 0 0
Lg ,Z Ij‘] f7 (If2134km) %
138 0 0 0 0 0 0 1 0 0 0
50 0 0 0 0 0 0 1 0 0 0
Lg ,Z Ij‘] f7 (If:465km) %
265 0 0 0 0 0 0 0.983 0 0 0
45 0 0 0 0 0 0 0 1 0 0
Ly X 4h fg b
198 0 0 0 0 0 0 0 099 O 0
5 0 0 0 0 0 0 0 0 1 0
ERRT XX A fo 4t
138 0 0 0 0 0 0 0 0 1 0
78 0 0 0 0 0 0 0 0 0 1
Hk T XIX A fio kb
198 0 0 0 0 0 0 0 0 0 0.997
RAY HEERENEIESER
Table A9  Verification results of anti-noise ability
‘ MLP %t}
g s [X 3 i3 B
f1 fz f3 f4 f5 fs f7 fs f9 flO
2586 Ly X f; (1=100km) 4t 50 1 0 O 0 0 0 0 0 0 0
2R B Ly XA fy b 100 0 0 0 0.998 0 0 0 0 0 0
2RI L X A1 fo b 150 0 0 O 0 0.279  0.683 0 0 0 0
25 Ly XN f7 (1i=300km) 4b 200 0 0 O 0 0 0 0991 0 O 0
IEMR T XX P fo &b 250 0 0 O 0 0 0 0 0 1 0
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Fig.A8 Waveform diagram of DC voltage variation and DC voltage change rate

when external fault occurs at f; (1;=300km)
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Fig.A9 Waveform diagram of DC voltage variation and DC voltage change rate

when external fault occurs at f; (I;=300km)
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