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Traveling-wave network fault location method based on virtual fault waveform matching
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Abstract: To address the challenges of accurately identifying the wavefront of travelling waves over long transmission
distances and precisely determining the wave propagation velocity, a traveling-wave network fault location method based
on virtual fault waveform matching is proposed. First, the propagation characteristics of traveling waves in transmission
networks are analyzed, and equivalent models are established for each stage of the propagation process. An improved
depth first search (DFS) algorithm is utilized to identify the traveling wave propagation path from any fault location to the
measurement points. Based on the obtained path information, a traveling-wave propagation model is constructed. Using
the concept of dynamic virtual faults, the model simulates the virtual fault traveling-wave waveforms at each
measurement point. Finally, an adaptive matching method between virtual and actual fault traveling waveforms is
proposed, constructing a matching index to quantify the differences between the virtual and actual fault locations. PSCAD
simulation results verify that the proposed method eliminates the need to calibrate the initial wavefront arrival time,
reduces wave velocity errors, and achieves accurate fault location.
This work is supported by the National Natural Science Foundation of China (No. 52377073).
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Fig. 1 Effect of different distances on traveling waveforms



- 86 - B 2GR 54

THEEE o DRI AR SR A i 2500k B 1 A0 S AT 38 £
2 AL FR R
1-kx
Gls,x)= 1+s7,x ©)
K k7 AN A B [ AR AR IR U R R
W RE . AR I RR A 1 &R B (sparrow  search
algorithm, SSA)XJ A [F) £ 4 R 25 (1) Hi b A7 P40 & oK
filt, 1330k o, ZHEIRNGE R, SCI 2L 5
Ik AR RS ) A
1.1.3 47 SO ad A2 4y #r
ITWAE LIS P PTAIE S 2 R AT R
K AR AT B RARE, IR
M AN A o PEPHPIAEL: fidr . A REA XA
27,
q=— "L
Z . +Z,
ZCO _Zcr
p Z.+7Z,
X a v Bornldi REH R 258G Z, - Z,
53 T N BELATUAS 328 58 p5 33 2 M BEL BT AN H 2 S5 23
WeFHPT. PR RGBT I At B2 AR T
SR RN

(N

2
14k
1-4
By “1n
R o, B, DHINEEEL b ALK ST R BRI s
AN TR] Wb A AR A e i Ab R AR T S S R ACAN [
I T DA AR 2 M A e e A

aQ,

®)

Z,,+6R,
oy =—""——
Z,+2Z,+06R;
57 ©)
ﬂf cl

T Z,+2Z,+6R,
A apy BRI S AR R BRI B
AT IRAERE RIIA AR G Kb, A2 3128 1K 2% RS
SRR, TR BB AR B RONHBL
2GR AT . SO RN
 2AZs+Zy)
Y Z+Z.+Z,
Zs + ZT _ch
@_4+4+%
At o« BN ZamTT A s AT 2B
SEK Z NASHEEEERIE Z N IR .

(10)

1.2 HIBEIT IR AHESK A AR T

TR AR 5648 2% (depth first search, DFS) &% & —
b J LR, ot AR B EA T AR,
RATREIR N B A7 1] 17 s, ELBITGVE SRS m 1L,
SR AR _E— A, ke R HAh oy S, B
FrA s R P, JE T DFS 83k, I AT IR T
SFHAARFIN,  SRVEIT s R TP, R, ek
J FRTIR A e 28 9P SR AT U8 M A s A% 4 2
DL S AT B AR

LM :[LlMaLixlaaLI;\/I] (11)
L, =lj.c,, 2 JattnC 2Ju] (12)
Uk =[j]9j2a"'ajuk71’juk] (13)
Ly =226, (14)

i=2

e Ly, AR RIS A M BT AT AR R R
L, Nk MEREEIIN S A M 4TI RS B RS
U* Nk MER RIS M AT IR0 M5
FERE; L Ak AMERE I & 5 M AT R K
Ji~ T Ay BN s R R s o RN k%%
HAA T R SEG ¢, NIMBEAT AL RS
TR

D5 PR AR RS A T 0 A5 5 A P B o5 LR
SRR R A 2R B S DL AT I, R KT
IS SE S FE I B s S I R . AR FE (1) —2R(14), AT
DA BT I 5 i M AR (B A T i AR AR A 5K
=15,
UM(S):ULIW (s)+UL‘2W (S)+"'+UL{;4 (5=

Uﬂ (S)Hﬂi/i—lji HG(S’ cji—]ji ) +
i=2 i=2

Un(s) XH’lj‘,./; HG(S,CM )+t
i=2 i=2

uk uk (] 5)
Uy (s )H i H G(s,c;, ;)=
i=2 i=2

Up(s )(1:2[ A 1:2[ G(s,c; ;) + 1:2[ Ay %

ﬁG(S $Cig) et lu_[if,-,l‘/,- ﬁG(S i)
A U, (s) SR kAR AR R R & 2 M 1)
T¥ AT BRI R R, H I ARRIRAT
WAL Mo RS I 3 o 37 S 28 4ok HH
AT ISR TE , AR RN T I Sk AL iR R 12
KPR O SLRERT,  f JE AR B8 8 0 e BRAE A 2k B A2



FE, AE

BT PR I UL B AT I8 W 48 5E 137 75 725 - 87 -

PAT IR B — e PG, 5210 E AR
ITBBIY -
k
k — Lsum (16)
v
U,0)=U, (t—=1")+U, t=)+-+U, (t-1) (17)

e AORS EMTIERENE S M TE; v oy
ATWEBEE AR 2C(17) T DUBLIDL HS 72 9 41 W9 2% Hh A
T B A A AR I %I B R AT B

2 EPNEREIRT B & R CLEC AL

Bl 75 HE 00 B A A E & 40 Ph i R BCE —
R R AL AT I A R AT U A B A A
RN b &[5 §y o b N G A e A
L N RN} VN R A o I X VA =
SSA FIEAWTHIEAR M AL B, SR R
MENAFes), IR BB M .

2.1 FEIARRE AN B SCARE R L 5B P

I 1 B R P % L S R A T
T, FFHEET R AT s R v, R
AR I YR TS B Tt — e, ks
Ji S ) s T, B ) L S B T
FERE, A8 FTw.

t

1 2 M

nn h
1 2 M

v T 2

1 2 M 2 2 2

R={R aR >"'7R }= . (18)

1 2 M

,/;4 ru e ru

A RY RS M HSEHERROE A R 1Y el
Bl M5 RAE R SREROP IR E: u R K
S P EI [8] P SR A B o AR R (17) 15 2 EE U
AT I B

all alz alM
A (A A Ay | G @ (19)
Q@ o a
X 4Y RIE S M OERMEEREER: o' A
W& M E AR s S PR w R

o AU A T B[] 7 41 A B o RS R AN A F R X
(0)H—ALALEEAG ] R A1 4

TM HiM

H™ = Hrzr\leax (20)
e v HEREA— R HY N
ANIeE: Hon R RAIGER,

2.2 BENKRTEHS

A ) READA A B TR Wl S5 2 L S e T A4
AT, AWrPREMSERE, MRS
HE AUN B A LS B Y A R IO VL HERE L .
3B 73 IS AN R UL BB AT 200

k;\l:[’]Ma}EMa'”argM] (21)
Aﬂf—gﬂ :[aﬂj—g-ﬁ—l’ay’—g#&"“’ay] (2’2)

e g Y FC SRR T AN R U i B gl T E 5 T 7
K,

JH B2 IR Jb AR 5% 28 BRI 45 00 B e R DA s AT
FSL bR AR BRI IRNE, na23) .

> @ —a" =)
Pl === — — (23)
\/Z(awj\zngri _aM)Z \/Z(’/}M _rM)Z

s p™ i A5 M A U R R L S
ERNBIHIRBLE; 7Y L a2 BIRRAEIE A
M. EEWIVKEN g W E N | ASREE ST
USRI SR T B v« o™ IR
TN R MR R) B 3 ] A 3 S Wl R R A0 g o =
BT HFME . 2 LR 2 BT AR O
PEERAL B, A B 0L R 5k T A L s
L §IA R ZE JUNITH DA P S AU S w1 S
ZN < L SEANCEN DN L NN 317 = 25l AN
X RN E S .

FH 2 (24) 55 22 D0 5 5 R AL o i e A STl
R B (PR VLR 2 G o

N
G=) p(R} . A,.) (24)
M=l

& E
=
S

L L 1 n
500 1000 1500 2000 2500

B
[=3
(=)}

0 500 1000 1500 2000 2500

t/us



-88- B 2GR 54

1.0

0.8

0.6

T e

0.4

02

0 500 1000 1500 2000 2500

t/us

& 2 SER AT RE

Fig. 2 Waveform matching process

b NOYIIETY s BB ILRCE G &K
a7, RITE O IR S A R B
ISAUNLS N

3 BT REPIERER R LAY E AR R

AR READL R R T DL BEATLA 45 R AR S RE AU
e Aoy L R BE R Hh R UL B SR O SR AT R AL e
g AN Yok e (L RS I (L VA A= N
DN RSO R T 5 R S i — B, BB
5t TR AUN RS - NN | 7S B2 11 P N
—ob SR R A AR, g E A AL R
PSR AR 17

MR (15)—2(17), RSB FER T 1 & 1l 3R
HUAT O R R S8 Horh, AT IR O 2 5
BB BINFIN 2, Wb i 2 K2 i B b

FLENT R 3T SO DL o R s IR R N S B i

B SRR . RAE (),
B A A LG e TR B TR
i I e HRARR(9), MR AT A R A
SR TR L R o AL R AR S B
B KL R S B B AT 7 — f A
B, BRI (AR A RIOT AL Wt
WU, S R A R, AR R
Bt A H R, TG T S AT A R
WL, EL R AR AT RS S BT

i RO, AL A L ATk
O MR A ST R B RO
(E R AL AT, BRI VL ML K My
B ST M B R AR

SSA S FI BB AE T UK 3B ETASE R R 2
P, IR A RV (o R e
Oefft. ZEAERSORIE . R PRI ARRSE |4
B RCR, AT SSA SEHLGE REBUR [ ALK
. 75 SSA 1, 5 FUBRAEE ¢ JOE AL B R
FRIIR X, Ny

X' ={n,ny,d,v,0;,0,) (25)

X o ony . d FERIFREBIRE SAE, B
JEFU B s T 2R o, BEES 1 R d km Ak o, R
TN A £ AL BT S R A AL BASR(26) i FUL kB
JEVLHCEE G(X) HMBIEE i B R . A STt
SERLEARTRAE B 3 s .

e g Ak 71 JE PN PR B A B

RN

SSA
BB !
|
r I
KR BRI e )
______________________________ |
RIS [ BOUmE e ey | B
| B AL Y (BRI RS RH]

VL

|

|

|

|

:
WIEEM !

|

|

i

3 WEELDRIZ

Fig. 3 Fault location flow



e e N N A N T S S DAY RS -89 -
1 A R SR T 1 1 6 B

G(X)

4 (hEDH

4.1 fHEESE

7£ PSCAD & 201 4 FT7~ 500 KV %y Ha JA 5
B, Bl o E R E T, RER AR
AHSCHIIIE T . 2R I%M5 B3R 1 PR, i EoR A
ZN 1 MHz.

® Il &S

} B

2

4 5500 kV SR LR
Fig. 4 A 500 kV high voltage transmission line

®1ORBKE
Table 1 Length of lines

i % KEkm | FS 4k KE/km
1 1-3 178.000 8 7-8 171.767
2 2-3 135.000 9 8-9 133.000
3 3-4 182.000 10 6-9 206.582
4 4-5 186.000 11 5-10 106.105
5 5-6 177.471 12 9-11 154.750
6 3-7 114.080 13 10-11 145.578
7 6-7 99.535 14 11-12 165192

4.2 BN = T RIRE R AR AL

TG FE N R R I T LI AR, AEZR %
10 #H 6 15 4 56.582 km 4% B AG W=, HIAHMAN
-90°, EFHIHEE N 100 Q. LA 3 5 S NEIHET
G3MT, AR A BV R PR A, A et 1
DFS Sy 4% 22 IO A 200 205 3 BT B8 12 (R
HIHET 10 NRNEAT )R 2 Fis. £ £ RRIT
B pi, A ROR LG RS BT e, RN AT I
FERETT I

MRYEZR 2 SR E AT, AT R R A
R S I 2 BEAT IR, S5 R 5 fros. iR
iR 2 PR IR BIIART Z, B 58NSk B A ik
REAARE T, BRAAWIAE B SL B AR Z9 0 ps, B
(BB 1.5 ms, 3205200t b 5 ST i bt

®2 HFERENES 3 ITRIEE
Table 2 Traveling wave path from fault point to

measurement point 3

75 i B /km  FIARE])/us
1 f~6—7—3 270.197 908
2 f>6—f—>6—>7—3 383.361 1288
3 f—~6—7—6—7—3 469.267 1577
4 f—>6—>f>6—f>6—>7—3 496.525 1668
5 f~6—7—-3—-7—3 498.357 1675
6 f>6—7—-3—-2—3 540.197 1815
7 f>9—~8—~7—3 568.847 1912
8 f>9—f—>6—>7—3 570.197 1916
9 f—~6—f—~6—7—6—7—3 582.431 1957
10 f—~6—7—6—f—6—7—3 582.431 1957

1T 172
A R . | P —
20

Z 1.0

a

z 10 05

0 0
1793 74
0.10
—— —

> 2

<

a 0.05

m 1

0 0
175 176
4 10

= |

@ 2 0

L::E

0 -10
T ik
0.6 0.15 (—\

Z 0.10

= 04 )

z

E 92 0.05

0 0
1799 0 1110
20 —

> -2

<

a

Z 10 -4

-6 - ]

0 500 1000 1500 0 500 1000 1500
t/us t/us

5 FREIRRZEHUK T

Fig. 5 Simulated waveforms for different paths

HE 6 ATLLE Y, ROl i 5 S e
G, P IEAABE I =, ANk BRI ZI 5
Xt 1T HIE SRR E AR M ——XF R,
5 p=0.9966 , JGE 25 1 TiAT AL RE ST S 00
RURAT AL PR R AR R VR RS 1



-90 - B 2GR 54

0 500 1000 1500
t/us
E 6 M2 3 EIARPER
Fig. 6 Virtual fault waveform of measurement point 3

LERMEEA E 1. 2 2Rl B AL 10 §5 6
4 54.582 km AbANZREE 7 BE 6 5 4 10 km Ab, Bt
B R PL SR W 7 FroR . A iR R R e S5
B ST B R UL RC 26 43 531 9 0.9932 F1 0.8350. 45
OB T i o R L, AR AL e, AR
A 551 S A S EE AR, R AL A e gt R T S
P T UG 2R i it o 24 R FUL A iz 58 B S Wl e
BUAE AR %, PR IERE R

1.0 -
P
0.8k ——- B
-~ - E MR

=
H

1
<
i

0 500 1000 1500
t/us

B 7 EEAIE | #12 FONE R 3 BOREIEIBREIR
Fig. 7 Virtual fault waveforms of measurement point 3

at fault locations 1 and 2

4.3 ZMERHEEMER
TEPI 28 P BB A R R B AN RS
B ARIHRERTAR AR ASF) I I R BE A R, R
LHANEE 3 Fis. SRR AR E Ar 45 2R 53
BN 4 FIEK S FioR.
=3 WETR
Table 3 Fault condition

[ [ [ [ puR) 3 HIAH S/
B9 i £ & /km KH HLFH/Q ©)
1 1 30 AG 10 5
2 4 10 BG 100 10
3 6 25 BC 200 15
4 7 70 ACG 300 30
5 8 80 AB 100 45
6 10 50 AG 200 60
7 14 20 AC 300 90

*4 BRMMAER

Table 4 Parameter optimization results
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