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Fault location of hybrid three-terminal HVDC transmission lines based on wavelet
threshold denoising and CEEMD
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(1. College of Electrical and Control Engineering, Xi'an University of Science and Technology, Xian 710600, China;
2. School of Electrical Engineering, Xi‘an Jiaotong University, Xi‘an 710049, China)

Abstract: Considering the influence of wave speed, precision of traveling wave head calibration and noise on the location
accuracy of the traveling wave method, a hybrid three-terminal HVDC transmission line location method based on
wavelet threshold denoising and CEEMD-HT is proposed. First, the fault signal is denoised by wavelet threshold
denoising, and then the arrival time of the initial wave head is calibrated by combining complementary ensemble
empirical mode decomposition and a Hilbert transform (CEEMD-HT). Then the fault branch is identified according to the
ratio of the time of the fault traveling wave to the measuring end. Finally, considering that the traveling wave velocity is
difficult to determine accurately, based on the known line length and the initial arrival time of the wave head, a new
location method independent of the wave velocity is proposed. The simulation results show that the proposed method can
calibrate the wave head effectively, and the location results are not affected by wave velocity, fault distance, fault type,
transition resistance and noise. The error of this method is smaller than the double end method, and the HHT and wavelet
packet ranging algorithm.
This work is supported by the General Project of National Natural Science Foundation of China (No. 51777166).

Key words: hybrid three-terminal DC transmission system; traveling wave method; time-frequency diagram; complementary
ensemble empirical mode decomposition; three-terminal fault location

0 3= I E AR ARRNE AR R ENIK. BFENY
= A, NTCLRERMEE R B A TS &
TR, REBERMEREARREEER Ak M, KB SR B ReIa I+ M e,
AR ORI T FL N 2 e e e 4T, MM E] 2
HE4TIH: BRaRAELE® L5878 (51777166) ; FvERSL, (HRA B ks — K, Fris e
K AR F A SO RS T S L HT B # 8 U1766209) Je E By 25 RG2S LI A H e B i




-30- Y EE X T EE S

Wi, WO L R AR A IR, SR fR
RIS AT R e I PR F AT SR L A W B
PRI A N 01 TAE & kb DR o R 1 28 4
I, TER LB A R i RO LA R 38 e
+ 4y i

i FH R R I PR T A WA A s T A
AT EEI L, M bR B R Rae v
FEH ) RIS b )z N, (R
KBRS BEAS m R . 547350, A
BRFAT AT IBCEL, H5%TI, I HAFE
MEIEX, 25 HAMMNEE VAL G010, 173k
BRI LA 5240 TR 3 J S S5 R, 72 s
DU R 2 R A 20,

ATBEMFRAEAE N RO ), e — 2 Re 75
TR AT I Sk o BB B, AT IR Sk BRI 792 3=
FAMRRENE. RFVE DB, RS
PL M 75 R A8 3 A% 4 (Hilbert-Huang  Transform,
HHT)EH, AH 26 R B0 AR Tk (1 SR R ] o, (AT
Fr e 5 BECNE IR, WMINES 2T, ML
LR T SEBR IR s R T AR OGRS A HL
X AR, (HIE S B E M o R AR
R/NHE LA BRI /N gl AR A B SR ) o i o 3L
B2 Ak, AFN i FE R RN G it ROBE 6 6 R AE HL &
ANEA BERE; HHT 3 Bk 1 Eid e 547
MR A7 AE 1 B g, {H R 22 58 B 77 i (Empirical
Mode Decomposition, EMD)& A% B 177 1) fa
13 HABAS VR B S oy s N B, (E— e R B
DEEASRE31, 2009 4E, Wu A Huang $2 H I EES 4
A 7 (Ensemble Empirical Mode Decomposition,
EEMD) i3t 2R B LR A Pl , (2 EEMD 5k
T A NI 22 4 i e S E L2
T, LRI PR R A Y Z, AE
fEARER 2%, BIRR 9B AR A 75 . T Yeh 28 A
P B ANE S 4R 7 i (Complementary
Ensemble Empirical Mode Decomposition, CEEMD)
FERE— DANHES TR S IR RIS, i a0k
X  H A OB E1 e 7S 81T B T EEMD Bk
R R TR BE T RSB AT R R, U
AN BE 22 i 2 B AR RV 5 AT BRI I
AF, ESERR TREM, 3052 J8 B S 4otk 2 Ak 1a] /R
SO, BT AR (SR R A e o).

ASCHEH —FhSe A /N 250, RS S
11T CEEMD 73t 545 /RAA%RFE e (Hilbert Transform,
HT) KRG FAT IR BIE 4 AN S P ), S
H — AN 52 el 5 el () VR = g R I R AR .
i PSCAD #4 @ RUFZEUE I, 1£ Matlab 7 54T

HAE AL, IR 1 I EE 5 B IR A S S A
Hke 45 R 5 /N RN RS - HHT PSR e %
PBOE T EL AU E AT UG DL T AT R U7 i
R -

1 RAEZinERMEB LRI TR ERIE

1.1 RESimERAE RS SN

BE =i B RS 1 pR, HE
7 Ml & LCC-HVDC(Line Commutated Converter
based HVDC), #H~#4E 25 MMC-HVDC(Modular
Multilevel Converter based HVDC), %% &/ 80
Ji kW, PANZun s s 40 77 kW Bl 1, 3%
Uity LCC K HH e B HE IR i A i /M & 4 ), R
523 MMC ¥35% F e LI R 28 ) A o D g %
s E AR R A S E R AR . 2R
A AR N S TSR B PN @
1 B A R TV RO B LU R ) R
[F I FRAIS T TR R DL s AT 2, RS 3172
INUGE

1 BRESIRERME ARG
Fig. 1 Structure of a hybrid three-terminal DC
transmission system

1.2 JRE = imE RN BRI TR BRI

A 238 i P, 24 AT U o 0 S A Al e 7 R 0 S
(R 7 N BRI AT R . RUAT B VA8 PR AT O
12 A AR AR I e L PR B H AN R IR S A
BEE BT RAAR:; Xm AT IAE R A AL 47
B Sk A VR A 0 3 I PR AT I B0 A T B i AR I
6], SEALKGRER, (HAZP M2, ghhh, fh4g
(AT YR o 1 B s R 48, H R xE LAS.
+ LCC-MMC-MTDC(Multi Terminal Direct Current,
MTDC) R & £ Ui LU L R e 29, BTk, A0
HH i ] TR S = B U R S8 HAN R BOH FY
Wi 835 A A B 0 e v



Bkt A
lﬁlﬂﬂz’ :\ﬂ‘g

TR A = Ui EL YA HE AR 4 A s AT AL A TR
K 2 ffis, fE LCC ¥iiw MMC I ¥ii. MMC Il ¥ LL Az
T4 S E T AL By C T4MNIE A, F1. F2,

F3 & pslr & .
A B
| 300km T 500 km |
| J 7 I
Fl F2
700 km
Z?
| F3
C

2 RASIRERBBERFHERELRE
Fig. 2 Simplified failure model of hybrid three-terminal
DC transmission system

R it AT BURAESGRR, B FL,  Hdhi ™
A AT WA B T AR, 5B )R BE S I
Bty oo to Rt EMOEAT SIS 4 AT S
), v RRERAT IR, T AB Bk, i
AT D R R AT A3 5(2)
Xar, ~ Xap, = V(ta —t5)
Xgr =V(tz —t7) @
Xag = Xap, T Xgp
N Xy v Xg PARME L AL B SlfEAL F1
I FIEEES : Xgr S BT B
MM AC Brkitt, HRAEAT I B B AT 45 b
MeE A X =@2) s
Xar, — Xor = V(ta —tc)
Xer = V(te —t;) )

Xac = Xap, T Xeg

ﬁl:'j: XAFl Al XCF1 %%U%jjﬂui‘)ﬁ A\ C 5%‘&'1%4@; Fl
ZIAIREE s xo SO CT K EE . () A=K (2)
BROL, T Xy BIIEE A K 3) s

Xat tA _tB Xp8
X =" . = 4=
A2 -t 2

Xer tA _tc Xac
Xy, =—SL.-A—c TAc A3)
M2 -t 2

1
Xar, :E(XAFll +XAF12)
R Xogy v Xae, PHIRFIFILLE AB. AC KEETH

S HA R B

FITE, Pl R E7E BT B, CT B, 0I5
MUEE By C IR AR BS Xge + Xop, (FIMMER 25000150
(@A BTN

FE T /Nl B 2 A CEEMD IRV & = i T Y70 S P, 28 4% g el P -31 -
_Xar ola | Xea
BR,1 —
2 t, -t 2
Xer tB _tc Xac
Xgg, = —— —— + —= 4
e R (4)

X

1
BF, E(XBle + XBFZZ)

AT _tc —L, Xea

Xep1 = 2

t, —t; 2

t. -t X
X.  —_Bl € B 78C 5
CF, 2 2 tB_tT 2 ()

1
Xer, = E(XCFal + XCF32)

Pl 28(3) —2(5) T 1 B 5 54T e T
PSP 34 4 AR RO 7] DA R 2285 0 KA
S, TLBE KRR O, Rt .t t, 5t
it CEEMD-HT 53] HyB BP i

2

T CEEMD 95 HT Z-#rpU s pE I T38
VR KFRE

X S AT AR U Sk BIAR T A N =
T St R AT IR A A L A T AT /N R B 2 A
H, SRJEN MRS HIE 54T CEEMD 73 i 45 3147
T AN B A IS K TR HE S ) A AIE R S R 3
(Intrinsic Mode Function, IMF)/r &, #/JmilidA /K
AR 4 AT AR BN IMF 43 8000 B (1 BRI 431
Rk,
2.1 ME SR AR E

AR IR B R, R AR — N R
PEHAL S R m PR A B A B R AT IR e 5
B viAL s, i 8 A W R AT IS 5 IE bk A 1
P T AR 5 o D EEAS PRI 2], 07 28 H R AT kAT
UG DURASH o [A] I [RBF 2S R AT I A8 7 B A AT
B o R T R DRI B PR By B R NS, T
DAASCE LA AR AT AN S [R5 8 2IAE
Sfr TRE, SREBNHIRE S EAMA, A
Mg 7 0o 00 P 45 SR PRI SO, AR SR R /) U B A 25 W 1)
Tiik— BN LSRR EAT A T I SR A . BRI
ST RAE A ot —4E(E 5, I DU SE X 2
R A — 4 2 0 R Bowdenidt 17 db2 /N oy i, 5
Bl — RB N R EL SR JE ] FH soft SURE 18 )5 1 4k
BT /N RS B R s 5 B,

A BEIEAT A 5 1R B — R 01
TE 2l o R, B M Ja i PR 5 it
CEEMD 73 fi# )= 5 2145 T4 i i MR HES I IMF
gy, Hod IMFL Zp &6 NN E ey, Tl




-32- Y EE X T EE S

sl BN FEE, BT IASCERE IMFL i3t
AT A IRAA R AR 0 45 380 L A A o

it CEEMD 7rfi M5 5 15 21 IMFL 2 &
C, (t) BHAT A5 /R AR e 15 34

¢ m=1[ S0, ©)
> t—7

1C,(t) 1 G, (t) K B (R T Z, (1), ik
(TR
Z,(t)=C,(t)+ jC, (t) = A (t)e*® @

A(t) =C (1) +C2 (1)

_ C’ (1)
6.(t) = arctan &) (8)

Kb A). Q) F () S HIAE | A IMF 4
X N PRI RGR A AR Bk Bl AR S RN AR . X (8) AT
DU H 280 25 2R A R0 480 (1 I N A0 5 T[] A A
a2, KA A BN 2SR AR L. T
AP R B — AN GRS p 0 L R 21 50 A AT I Y Sk B
2 iy D R 2]

Kl 3 J@rr T IERMESIRE AN 1 MHz, KRR N
R JE 10 ms P PR B R 2 B A F T 25 et [ g
Ji B B AT RS 5 3k 1T CEEMD 2 iR o 15 31 1
IMF1 7, @I HT A 5E 205 E. mE 3
AL IMFL B AP 1 S 9 AR SO0 B B )
t=0.001 031's, CEEMD-HT 0] DLy ff 6 0] 1) g oz 7
25 B R AT U8 200K 0 v P O Sk

4
2.5 A0
20+
1.5+
=
= 1.0F X:0.001 031
' V:7536
| |
0.5+ l
0 n L ) o
0 0.002 0.004 0.006 0.008  0.010

tls

3 CEEMD-HT B SkARERT3HE
Fig. 3 Time-frequency diagram of CEEMD-HT head calibration

2.2 JRE ZinE AN L B S B 5 W

LR R R K AR, oK AT et >
PRI B B iy SR AR5 0%, TR IR 8 5 o 5 P 52
SIS RS o F P 2 T R T RE A AR A SO AT
BT. CT L3, HOEIRM ke S

MRYEAT BB SRR, BRBATBOEE 2 v,
AT BIIE I 5 IS T8 Bl A2 Wi e 21054
IR b IR R R SRR AR T s

R, AT SR A HE.

ta o Xar

tB XBT (9)
e e
tC XCT
23 2 (L0)I, BT SO R AEHpE.
s Xar
tB XBT
o e
tC XCT

295 2 NN, CT SR A,

b o Xar

tC XCT ( l l)
tB XBT
>_21

(10)

tC XCT

L (A2, T 45 mUR A M.

tA
t
f_Xar (12)
tC
tB
t.

A2 EHAEN NI T 45 i) 5] 2 2L,
H BT S brill B AR I iR 22, AR A
(A2)%F T 4 mi R Wb T R, AFEH . A3
T T 45 R e, R 2.3 T mid Jr kAT #5 .
2.3 THESHERX

2R SEIGIOAE,  _E R i St ) ) S E
PRl B RS T 25 00 L km B, A7hm] IEAf A0 i ps S
¥, (HEREBNTECRAER BAAERIIFESEX, SEhs
AT H IR ZE S R bR I B RS E, 7E T &5 b
TR A TR, R P 00 2% A P A5 HR T s S mT
R T T 25 a1 IR S i, R BE 5 s
PE T &5 f R ,  JH 5 S I 1 1) 31 A1 Aok ok A
Mo Fk, ASCCLT &5 AEG, 26 +24 4%,
MR T 45 Rl X8, Horh & NATIBCR AT B il
FRIEIX, A RNl ge R B, AR SCRFESR N
1 MHz, SCER[32]#EH, REEAIZR N 1 MHz 179
KEKEMNEILX 228 300 m, B A 3% B
5=300m; MFTRMEESS AT T 45 sl X 4
P, U LZe R RO Gy, 1) L i 600 + 24 33F



Bkt A
lﬁlﬂﬂz’ :TJ‘E

T /N BB 2R A CEEMD HAYR & = i EL VAL FEL 2K % i el B - 33 -

AT A, AT AR B 2.2 1 SR A 2%
4 B A5 1) SRR AT AR T
2.4 JBRE =i BRI N BRI

5, A CEEMD-HT sk B 1T ik 3
KBNS RS TR], P AR R A7 IR PR i B g AT
S NS K7 Ne=ad 3 B S AL | b e o 4 |
PRSP,

1) Wb, REMNM A AL By C & T4
RACHESBIEATIRG S, b o) s s
BRI BEARG FE (R e, S e s B S H R AT IS S
G DUR AR e B 2 53 1

2) X5 B 1) LA o 5 3R AT /NI BRE 25 e Tk
AR M5 5

3) X} £MfE 5 CEEMD-HT &3] IMF1 /3 &
FRVIRT A, AR B A0 ] A SR8 i A s A T M
W A E 4 AN ST, oty to At

4) | FH b S R T T R S B S AT
X BT (il 72 CT (%

5) A T I 1 s S, R E(3)— A (5)
THE I RRFE BT, SERGRRIIEE, W B e B
FEEWE 4 s

’ A 20 T S |
mmwwﬂ
| NI ST |

KPR A7 B S0 |
CEEMD-HT L
T A IME i 02 b F) e A |

’ T BB T B VRS4RI ] |

ML ) B AR A T
AR S A

ATEE R BTEL R A M CTEE KA b

HEAG), 0 IR, RS, W
H R e i M B
| |
Hije

& 4 #hN EERAE E
Fig. 4 Fault ranging flow chart

3 HESH

31 FERGRESH

7£ PSCAD fi B3 & T ANRA — i = &
HitiHE R, WE 1R, RS E
T 2R B A R UL, EESHAR
ELAUAE HLE 3400 KV, ZE22k 1 K24 300 km,
sk 2 KA 500 km, ZEZS LR 3 KA 700 km.
PEgiih, LRI 2 5 E I R S Y 50%,
T 2 B A i Q0% 42 i #1331, S IRIVR 4 =i T
T R G B AT IE SR e AR R AL, BT AL
BE 0.3s KAMIE, DLMEERSERT A2y 0.1s 14
W 4 o M i e i L R B L 67 A ) R B A A
iy FEL R B O PR (R EE HL R BRI TR R, W BN A
MR B, TR 1% RS A B (A
9065, RFEHHE A 1 MHz, 7F Matlab P48 T ik
B & A2 )5 10 ms Y 4 MR SRR BT S
JE AT R LE
3.2 MRAE TR kAR E IR

FREAESLhR TRE, SRARB W MEAT (5 5 2k
KRR MR, A SON R AR M 2B H R AT S
ST /NE RE AL AR R PR E S . B 5 NfERE
MR, CT Bt 450 km Ab bl & AR FEEGE, IO
30dB MR IR E S, 5 2ut /Nl R S
WA 5 M AT I 75 ) B AR 5 S . B
5 FTLLEH, A8 /NEBIE 2 T A BE AT DR KR
B L pERRMES

J{| I ABO‘dBl'é;’: ,I:; ] 151'&{ i J

il
= 500
LS 0 L . . . L ) . . L
0 01 02 03 04 05 06 07 08 09 1.0
tls
AN S
s 600F ‘ ' v : :
= oao0f
2= 500 . " ) | . . )
0 01 02 03 04 05 06 07 08 09 10
t/s
AT 55 ) S U 5
i 600 ‘ MM
=400t ]
£ 200k

04 05 06 07 08 09 10
t's

5 KIRAIEHFEESITEE
Fig. 5 Comparison of fault signals before and after denoising

NFE I U AR ST R SV AR M P P T T )
Do, fEd R 2 I B 645 5 A 10 dB.

0 00 02 03



-34 - A &P D EH

20 dB. 30 dB. 40 dB [l (A, SRR AL/
PEBAE M LR, X A HHT . /N
I3 AR EEAE . CEEMD-HT H & AT I Sk 1 5A I & v
MRS Z1 e Forf, /N 23 fiff EE R A2 5o R A5E H 1 g e
1THAE S dod /NEHT =B /NE B R ER . Y
AT I BRSNS, DR R RS KL

R AR, 35— RO AE Ay B R
AT BENE NI
6—K 8 it

«10° 10dBuJIMF1MJW$

ioli 7 B S Y = 1 ]

fHz

i X: 0.001 ﬁl)l
Y: 4’3‘)Xl()

: ‘ ‘
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
/s

10° 20 dBIHIMF 15 1M %

f/HZ

0 OOOI 0002 0003 0.004 0005 0006 0007 0008 0.009 00]0
/s

¥10° 30dBﬂJIMFllh I
G ,‘.D,.. i - SRR T I

fIHz

0 OOOI 0.002 0.003 0004 0005 0.006 0007 0008 0.009 0010
tls

*10° 40 dBIHIMF 15 I 3%

(]
X:0.001 5()’

fHz

¥:3.436x10° A | |
0 '
0 0001 0.002 0.003 0004 0005 0006 0.007 0008 0.009 0.010
tls

B 6 BT HHT BIREMEREITRERE TR KARE

Fig. 6 Wave head calibration under different noises without

denoising based on HHT

= 1 10 dBHIRE KA

_< XUOO 5()1‘ I I I

ﬁ —lg ' Y. 5882

= 0001 0.002 0.003 0004 0005 0006 00{)7 0008 0009 0.010
t/s

- 20 dBHIHR A

K B o0

§ ¥:9.334

- 0001 0.002 0003 0004 0005 0006 0007 0008 000900]0
t's

- 30 dBALHE M

pis _40 ¥-4.236

- 0 OOOI 0.002 0.003 0004 0005 0006 0007 0008 00090010
tls

: 40 dBHERE KAl

£ 200 —_— = BB

é (]Wlxnm}i 5

E 200 I ¥: 7151

0 0.001 0.002 0003 0004 0[)05 0.006 0007’ 0[)08 00()9 0.010
tls

7 ET/NREBIREMERIREE RS TR KARE
Fig. 7 Wave head calibration under different noises without
denoising based on wavelet packet

10 dBIF IMF 1 1 4142

5000 — . - .
N X:0.001 49
E JY 4437
e 0 A " A D i e, e A i
0 0.001 0.002 0003 0.004 0.005 0.006 0.007 0008 0009 0010
/s
20 dBIN IMF 1 I 4515
so00F — T T : T : T : ™
o ™ x:0.001 48
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
tls
%10* 30 dBIN TMF 1 I 4%
N
=
~ oo T iy i ~ i ! ikl L. Y o,
0 0001 0002 0003 0004 0005 0006 0007 0008 0009 0010
tls
a0t 40 dBIFTMF 1[5 11 i %
N 2 X:0.001 53
= 1 ¥: 2.693x10°
= T Ty ]

0 L L i " L. Yo P
0 0.001 (]002 0003 0004 00()5 {)006 0007 0008 0009 UOIU
t's

8 £T CEEMD-HT BIRZ &R EIRE A H kAR E
Fig. 8 Wave head calibration under different noises without
denoising based on CEEMD-HT

HE 6 FE 7 ATLVEH, T HHT HiER Kk
ZINTE AL AR EE A T VAT AT R S b P e 7
Mtk RER 2, ToIRAE MRS LB, i A S Fr
CEEMD-HT J7 252 Mg /5 T3/, JEAT] DLIERAR
TEAT Rk, HEAFEMRKERESRSS SO
K P B AR TR A 5 et /N R 25 e 22 i
HHAT HHT. /N A R E R S CEEMD-HT J5ikbs
SEAT WSk, W 9—K 11 Fis.

10" 10 dBUJ'lMFlI&WJ BiIE

o 5 X 00015 '
= i3 1’a5x10‘
o n . Ml J‘V\_\.J.l
0 O(]U] 0002 0003 0.004 0.005 0.006 0.007 0.008 0009 0010
t/s
«10° 20 dB I IMFIERI %
L 000149 ‘ L ‘
= i e - SO, WV
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
t/s
30 dBIF TMF I I} 451 %
5 %10*
N T X 0.001 49 T T T T
=
SINTE T
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0009 0.010
s
«10° 40 dBIJIMFIEFI i
e 5 ! at 0.001 49 ! ! ' ! ! '
o Soon 10
£ LT o Al

00 0.001 0,002 0.003 0.004 0,005 0.006 0.007 0.008 0.009 0,010
t/s

B9 T HHT MR EREIRAE T B SKARE
Fig. 9 Wave head calibration under different noises with
denoising based on HHT



i

R, %

T /N BB 2R A CEEMD HAYR & = i EL VAL FEL 2K % i el B - 35 -

10 dB R A fE

—Hl— T
} x:0001'5
L flesw ] ]
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.0090.010
t/s
20 dBHEEF A
.‘ T T T T
. x:0.001 5 N | } } et J
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.0090.010
ifs
30 dBHEBA

P | TR |
g

X SN
(=

-5

5
(]l

BEbE Al

T T T T T 3
0 om X 00015 ?'11 - H:

¥:0.2569

5L L 1 1 1 1 1 . . J

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.0090.010
tls

40 dBEIHE A

X SN

20 T T T
18 u X:0.0015
-10 L P02 . . . s s s
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
t's

10 BT/ BREIREREIERS T A KARE
Fig. 10 Wave head calibration under different noises with

LY ENIE

denoising based on wavelet packet

| IR
4000 10 dEI;IIIIMlT"HI;vrIII“iﬁJ‘%‘ ‘

—— T
= X: 0,001 49
g 2000+ Y 3 685
: 0 P S L M Ve L o L
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
ts
20 dBIH IMF 1} 44
4000 —a T T r T T

N
T 2000 X:0.001 48
= JI ¥:3316

0 e

L L ] L —_ - L .
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
t/s
30 dBIN IMF 1 45 %

E 2000 .\'UU(N-OK
= 1000F [ g i
=0 L W
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
s
40 dBI TMF LRI 4%
N 2000+ -
ju sl X0 0.001 48
& 1000 JM ¥:2286

L " P Vo) L a1 L i
0(] 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

s
11 £TF CEEMD-HT M E IR T BUESKHRE
Fig. 11 Wave head calibration under different noises with
denoising based on CEEMD-HT

RPN AN TR 5, HHT PR3 AN 57 1 7 52 i K
B, HEUMFELREESRS, R ERE R
30dB fil 40dB K, HTEETEMESRESCS
TCIEERAAR AT PTG Sk s [FIFF ] 10 0T DA H
7£ 10 dB. 20 dB Mg FHEET, /N isA AT DU
FEAR KA IE AR I 3k, {E7ERER Sy 30dB. 40dB
i, CICIEIERRS I L BER R M 11 LA
FEH, £ CEEMD-HT 4T I3 ks € AL TR S
HIsom, MRS tns, n] AR AR 2 O T )
Bk
3.3 HEHLRE S

{5 B R W RPN 7 THT = 70 Tl A2 e =2 8%

SV 0] %) T P 23 B R A N B 2 SR 1 A S A
3.3.1 s S B S AE A 1 o A

B 2.2 TATAL, MR AEEAR RSB, i
ANE IS A A 2. IRAIE E 3R S 0 A 20
IERTE, R AN IR W S % AN ) B A 3t A %
MR, SREGHRAT I o A BRI & AL By C
(RIS R] 5 R FLAR N R I S 8% 0551 30(9)— 3K (1)
U o P /s W N i vy - # R N
EREIFIBITTEAR R, NEERERR, EMA A
A X B PANEOE, gk 1 iR, 1 AT %, BT
TG CT S AL A i b P 25 Ak 1 g s = 9% 40 5
PIERRTEICUESS 3, 2l 12— 14 Bk

T HBER BEHIRIER DO

Table 1 Analysis of fault branch discriminant results

[0S R
Sk Bk ta/s ta/s tefs SR
AT 60 0.000 195 0.002 472 0.003 142 &
250 0.000 831 0.001 835 0.002 506 &
BT 20 0.002 605 0.000 062 0.003 947 &
450 0.001 166 0.001 500 0.002 506 &
100 0.003 008 0.003 679 0.000 329 2
r 690 0.001 031 0.001 701 0.002 305 &
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Table 2 Location results of different fault distances and

different transition resistances in AT branch

W R T TENLGG AXT 5 FURARIN
Bi/km FH/Q F/km Z1% Z/km
0 10.417 0.139 0.417

10 200 9.463 0.179 0.537
0 24,947 0.018 0.053

2 200 24572 0.143 0.248
0 50.467 0.156 0.467

%0 200 50.256 0.085 0.256
100 0 99.384 0.206 0.617
200 99.533 0.156 0.467

0 199.876 0.041 0.124

200 200 200.508 0.196 0.508
0 295.148 0.049 0.148

2% 200 295.585 0.195 0.585

%< 3 BT XA RIMIEEE R AR EREEEMER
Table 3 Location results of different fault distances and
different transition resistances in BT branch

e i SE P A HXF i YR} it

B /km FH/Q F/km ZE1% ZElkm

0 29.887 0.023 0.113

%0 200 29.886 0.023 0.114

0 100.106 0.021 0.106

100 200 99.787 0.043 0.213
250 0 250 0 0
200 250 0 0

0 350.424 0.085 0.424

350 200 350.638 0.128 0.638

0 399.808 0.038 0.192

400 200 400.213 0.043 0.213

0 479.173 0.165 0.827

480 200 479.920 0.016 0.080

Fz 4 CT XRARMPERES RAETEEEE LS
Table 4 Location results of different fault distances and
different transition resistances in CT branch

i R 3o HL SENL G A 2%} iR
Bi/km FH/Q H/km Z1% #/km
0 50.388 0.055 0.388

50
200 49.703 0.042 0.297
0 150.196 0.028 0.196

150
200 149.306 0.099 0.694
0 299.304 0.099 0.696

300
200 299.455 0.078 0.545
0 449,901 0.014 0.099

450
200 450.296 0.042 0.296
0 550.159 0.023 0.159

550
200 549.207 0.113 0.793
0 670.211 0.030 0.211

670
200 669.624 0.054 0.376

* 5 TREIMPELBFEMLER
Table 5 Location results of different fault types

S AR 1%
Wik b "
N WS AR R AU
533 2 /km -
Pkm  EBHUKm W M
80 80.030 80.030 0.010 0.010
AT
200 200.467 200.360 0.156 0.120
90 89.376 90.864 0.125 0.173
BT
280 279.745 279.682 0.051 0.064
230 229.584 230.178 0.059 0.076
CT
630 629.485 630.881 0.070 0.126
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Table 6 Location results when data is out of sync

HbE R SEf R FHXTR 2%
XEB  Bi/km =2 s 7=-2 s =2pus  t=-2us
10 10.215 10.526 0.072 0.175
AT 200 199.527 200.226 0.158 0.075
150 150.014 150.327 0.003 0.065
BT 400 399.297 400.321 0.141 0.064
250 250.040 250.319 0.006 0.046
or 450 449.443 450.359 0.080 0.051
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Fig. 16 Comparison of ranging errors by different methods
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