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Fig.1 Simplified diagram of control system of
CIGRE HVDC benchmark system
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Fig.2 Comparison of control variables between

fault pole and healthy pole

BRSNS, ] 2(a) L (e) AT
ORI 8 ) o8 00 47 ) 22 ik AT <O, 305 72 0 ) 4

At AL>0, T HLRERRS A 52, g AR5 Y
DL RIS B A F U A A PR AR ), 3 L T AE 8 s A TR
it 4 R 1) PR ARG 1 5 I R R S, D)l B AR 2 A
A A P 5 A AR B 19 2 725 o R U A M A I
el A5 At A AR R AL 1) 48 T A2 F AL>0. AN 2(b) I
AN, T H R A (AR ) {4 Bt A A F R BRI
A5 ASMAERE y,,, ST, 284 o Ik 2 4 il 7™
AR IE B OR A A IE 2=, DR 3 A ) 1) 4 o AR
AS,>0. PRI, 7E B G R AR m T, 456 20(5)
A (6) AT, At A bl Jat ) Aot 2 A % fl & £ A2 4k
RINEAAEE D -
0y; <0, a,, <0 (11)
MR 2C C11) AT AT it 4 b 174 2 3T ] -5 6 A il 1)
filh & FA AR A AL A AR AR AR [R]  3X 5 2.1 35 4y
B BT A5 B DX A AR A 200 PR b, ) P 4 3 7 A
14 ik 2 £ A8 AR I (B R AR AT DA S50 R ) B 2
B X M, FARGn R 1 BT .

R HIEME BTN RGERE

Table 1 Characteristics of values of a,; and ay,

[ R
EEY R Ak A
g Ay J7 1 Ay Qyy vl
XNl >0 <0 A <0 <0 AT
IEHRTE 0 0 — 0 0 _
KAMGRE >0mk<0 >01<0 ARl  >08k<0 >0mk<0  AH[H

3 fERAEUERSEEIEE

BT 2 R il A AN, B R S
iz ty Iy Ak, Al e i R R R D 054755, 1Y
S LI P AR G Ak A A, O R R
#7757 AR, X fid A B2 RS I . 3O
Wk Ly 5 A7 X AR D0 B9 fik A2 3 A2 A X EE
Kb, ROy PR .

90 r
] X P
~ oL -
2 =0 X AR, R, = 500 O
30+ RLI1% 50 %
3 - ~
0 “SREIE 20 %
0.9 1.0 1.1 12 1.3
t/s

B3 BEIhFRIETHXNHEEEL ML AT
Fig.3 Comparison of firing angle between reduced

power operation condition and internal fault condition

H T ik 72 A i RN 8] 7 %, 25 IR AR
FR ) 17 P ], TR A [RTIs A T A%, ARl ) 3l
)k AR 00 1R) ) floh 2 AR R A Ay, IR 2 IS
KB, U, L35 IR B AT I AR S B L A0
UL FELIAL 5 A H i 72 Tk o 4 8] B S T 7 4 200 ms



& L/ AR {7 G-

%4045

®2 BRIIRESTNXASEBRLITHMER
T ELE
Table 2 Comparison of firing angle change between
reduced power operation condition and

internal fault condition

BT Al FASHEE a(1) /(°) Aa,/ (°)
W 11520 % U, 0.81, 18 4
F3))4%.50 % U, 0517, 18 11
DX P 4 s e e — — 18 64
X FE(R=5000) — — 18 51

ghA TR 3 AN 2 AT s A X PN R T
RS2 B B AR A AR, BRI AE R=500 Q HY 151
BN ik A AR AL R AT K T R R IE AT
P AR B fih & A AR P TR A 37 ) ik 2 £ AR
A B N B Wi B Az 507 20T A A AE

4 ETAATUHENSEEREREIN
BXRIP

4.1 BahFiE

EMER S A R L, RO L R R A R AT,
filh & e FLRAE T R G S e kAR A s
AR O R A SR

da, da,

‘ a | SIE‘ dr
Horbr o B9 HUE N K T 1E 5 328 47 B 2 300 9 55 K fi
KA 5 &, W HUE N R T 1E 32 47 B 0 A8 ] )
Rk AR, HIER o | e, 5 RN AL
A i 0 A4 e 1 B TE) A OGS T O E SLE Y
R, A =05 (°) /ms.g,=2(°) /ms, [f]
B A T HE e, 2 (12) FT s 1 0 405 06 20 457 22 i
S — BT R]E A RIS SRS, R T AR AR S
FhBEEGZ AT [A] 4 0.3 ms.
42 {RIPENESITE

R SE AR AR Ry — i AR A AR R B ) J LAl
J7 R R B AR A R A LA g TR ] RE
PR I E SCAS $2 48 AN S B R &R S AR 2 1 7 32
A FETFEE 2 3 W BRIS T, AR SR FH 4 0
sl 00 4 i 2 A AR AR S5 {E  1n] %) 4 5% RELBLRE A T o
Fis ][] o 14 fl 2 73 728 A o %o i B A TR

() 2 S 0 0 30 725 00 %) i 22 73 728 £ 38 (L[] 1)
A ZAIRLE S L= (13) firs o

<aMRj’ aMlj>
S(ammv aw;‘)z =
||a\/le Ay

N
ZaMRj(i)aMl/(i)
i=1

: - (
\/;(amm(i)) \/;(aw(i))

;H\:EF' 5 j: 1 %‘%%IE*& , jzz%%z?\‘ﬁl*&;a\mj%n aMUéJ\iEJ"J

> &,, FFEET0.3 ms (12)

13)

Shy R AN A3 AR AN ik e A A AL I AE s N oA B[R] £
T RS S8 Sel -1, 1], 25 S =1 AR d
24 S=—1 AR Fefik o

4 Sk +800 kV AU /= JF FL i i L 3R G A Y
(E3IS R A A1 N 5 | b o S R e B
T4 B TE AR ORT SR LI LI 5 LA 40 S I | BRp 2k
SO RRE 551 5 R, 53 0 A R e At A A 9 T 2 il
B s fs AU ZR IR R R v o 5 BB B TR AR B R AR
B J e ] 4 o 0% ik & £ 484 78 AR A B 75 22 1~4 ms,
M0 B B S B — R AL 100 ms 2245 (S % F 4 i
AT R T R R B E S S ARG E S
R fith 7 61 72 Ak i 17 B IR A 0 3 B 1, AR SR s
[B] 7 T, HUR 10~20 ms.

B4 +800kVREEERBERFKE
Fig.4 Model of +800 kV bipolar HVDC system

(2)fil A e 28 Ak e LN (14) i o
Aaﬁj:aﬁj(to-'_Tz)_aRj(tO) (14)
Horp 1, R R AE ST 25 T, R T ik e A AR Ak Y ]
Bea s Ta]
25 bR XU e e L B R A SV E RGO
S(atyg» 0ty;)< &5

Aanj > Aag,,,

o, e AR Z AR LR FIE ShVE T TR e,e[-1,0) ,
FAE RS S5 0 B R A B B S <0, .S A2
-1, 7% [EAR s VE RS s it B R DL S8 1107
A, AR SR E £,=—0.5 5 Ay, R 3 AN firk & £
7 At AR R (L, R S 0 = (16) s .

Acp, = kg Ay e (16)
Horb kN AT HRE R B Ay, N FET RGBT 5 1 I
KA % A8 Ak &, 76 52 B bl DLBOL RS (E R A T4
B, TS BR A ik i R A A RN (R B KA O,
SIA—ABF R B8k, AR (17) .

0.5U +(3/m)X,1

—3sE —ak(l)} (17)
Hor, U 157 50 R D) 5B A T LR LI 5 XN K
T AR A F T 5 B R 8 3 AR R AR A 2 2k R
FEA R ;75 FE BN AR 19 sh VR B[R] 1 225 /N T [ 1)
BRI RS il & A1 9 AR AR s ), 7 S PR Bk, = 0.5 B
ISR

(15)

Aoty e = b [arccos



5 6 A

PUHT S, 25 3 T Sz A 28 R ) o T R 2 B I PR A7 67

ANSCIT AR (9 25 T ik A A AR AR B i T L
BRGNP AP 7 SR T An B s b B P AL BT

5 (hERIESSH

FIH PSCAD / EMTDC HLfE 8 25405 EL AR, 45
WIE 4 7R 1 +800 kV XU i 3t i HEL R e Asi Al
KRG H ML AK K 1438 km, K J-Marti 2k %
SR AR LR 1% 25 O 5000 MW, 4 g H T il
HL 743 1k 800 kV T 3.125 kA, i ELr , SR REAT R
10 kHz; T,=10 ms; T,=10 ms; o, (1)=18°; — i IHF i
L BT 50 % B, B ARG REH IR,
BB R DIR 50 % B BUOTAE 28k, =
L1, 2T F(17) K E Aay,, =14°,

5.1 BHBEVEERES
5.1.1  ERM R M3

(& 5 S e i DX A1 £ Ak A 4 T e e b s i sl
(A B 25 5 BT 20 1 sl BT B A
Jei o PR A 3k 3l 00 7 flo A8 A 25 344 1R) ) 2k 5% AH 4B
BE S > ey, AN R AR SIEAIHIZL (15) , IER RIS
SIAE 5 [FIEE AT, AR AR AN B

=~ — 20 ey I
2N M |deg/de] 2T,
§o & 10 ij:' §o E
S < Mo \dal/dt\ o <
FER MG, 650
LE* : 0 =il Y iaa u‘o:* :
° a1t R
T Ny
s i 0 aMR\ s E
:4’0_\ ------ - r_f’O\
S _\\@L $-
40 L
O VL L
&\ &\
S& o S ¢
“ < Aoy J <
o "
12k
S
v 0 N v 0 22—
13 VEAEX i3 VAIEIX.
09 101 1.03 099 101 103
t/s t/s
(a) 1IE# (b) Atk

BEs5 REERMRIMERNPHESR
Fig.5 Simulative result during external fault at

rectifier side

5.1.2  # TR I E

& 6 R s A DX A f, Kb e A 4 T P 4 M I e
R = R S A S B WV == 0 1 I 51 O T B
R IS VR 0 sl 000 194 o 2 £ A8 A0 SR I 1 A s AL
S> ey, AN AR SRR (15) , IER AR AN B
A 5 [RIBERTJ0, SR PR AP AN B A o
513 ZBREABKE

(&1 7 Ry TE B 2 i v A 2 A e HL BHL R 100 Q 1Y

3% (A plawsar T3 g |day/ 1|
[ e . | py s
£3 F a0t Hldarar §3 5 6y [ ldowsdd
R - R a8
§F = o ki di 2
— 18 F — 1 F
N7 N T
s Bt 5 B
S .08 ; S0 e
MO xo MI
ST O S
= -02 — -1
60 40
2o 40 ijz,z‘ 2220 '/AO‘RMTZJWE'Z
N Ao N
S 20 OlRset s 0
3 0 e 5 No WV
_20 —
12 2k
T
s S
& L
“ 0 | & “ 0 | &
. IETE . IE1EE
099 101 1.03 099 101 103
t/s t/s
(a) IEMH (b) itk

Eo #HEMRIEEFRIFELER
Fig.6 Simulative results during external fault at

inverter side

P BRI A 5 ELAE IR SRR 208 s phr Tl AT,
TE AR PG IAT i 0] 4 fih 2 £ 20 A AR A L] ) A% SE AT B
JE S<e,, I HAE E BRI T, F Ay >Aa,,, i 22
A (15), IR S ; [F) B a] A, SOk R AN st

[doy/dt|
/\dak/dt\

& “ S N
-1.2 —MHZ -12 ;ZJWEIZ
0.99 1.01 1.03 0.99 1.01 1.03
t/s t/s
(a) 1R (b) bk
7 EREREREPRAZETEBRER100 Q8
ESER M ESER

Fig.7 Simulative results of grounding fault with 100
transition resistance at midpoint of
positive polar HVDC line

52 FRPFIFEAHEEENIR

b T I T R R B R R PR BE 25 RO [
VB R s R P BEL A ), AR AR SC IR AR
JRBERSEAT T RE W E o 7E K 4 7R AU + 800 kV



1o L/ AR {7 G-

%4045

LA ARG T AR A e B AR R AR LR
S ZR I R i | 2R IR i o3 A E LR R 1
300,500 O 4 BRI 2 b i [ 5 7 28 it 30 v (P 2R s
400 km ) FlzC 3t Zb (3% 3 36 1038 km ) 435l 15 B ok
JE LB A 1,300,500 € A4 B [ f B 5 78 15 B 2% 51X
A7 LA R 335 7 A 37 R AL 4 0 18 3k U fL B A
1,300,500 Q0 1) BB 2 b ke e 475 35 48 2R
SEHI R AL R . R ATA: K AR X N R 78
AN TR) e s 2 R 3 P REL IR S T I B A ) A% 5%
FLE S< e, H A, > Aay,,,, 2416 IE 64 51 0 IX 9 ik
B, T {2 W PR B 38 Pl SN sh A 5 & A X AN i
FEAS TR R B A 52 T, A 5% AR SYI R T e,
ANl SRR S E SR R A 2R B
53 Hin#HERSGEINERMENN

AR S b YN A ] AR G S A
T RGN TR R . SRR R T AR T
SR ARSCR BRI HE 0k 3000 MW /s,
B EI IR T B 50 % , 45 20 ()47 J45 R K 8 iR .
AT, B TR R R FE v, IR 2R I Y
LA HE ISR DX PN B ) R (L ik o 1 AR fL 2 12
FERBREIE 5, Acy MR /N T3 2 1 Aa,, , AT E
PRy AR (15) , RO SR s 1 R B AT 50,
TR RS E

3 |dgy/dt|
]Zgz \dak/dt\

10 mpy =
# |dai/ dt] =
BIES ‘dak/gt‘ §

2

10 -‘E

OvR

[Tt

1.01 1.03
t/s

(b) k%
g EMREREBENFETHHHESR

Fig.8 Simulative results during power reduction

operation of positive polar HVDC line
6 it
ARSCARE ) — T ik e A A8 AR 1 i T A
2R RN DR T 58 o 1207 ST 1o A A IAE S 000 ) fk A2
A AR PR AR A% 2 ARVRLRE A0 176 5 1] e o 1 £ fh 2
AR AR R U LR R B XN AN R . PR )

A A0 ELYG IR I « T $ 07 58 3 T 1 Wl (R il & 114
KR, T 0 ) P AL B A o B Ak A A 1) A2 AR R
i, REAS B RN BT B X N SRR B[R] iz A T
77 A Bt 52 5 0 e BH B T e, s R bR,
ARG BT R A AR SR Bl i 2, AN
T 2 R RSN () A, LA R e ) R R Sl A
AR, AT AR e R TR B A PR A TR

P s LA F) M 2518 (http : / www.epae.cn)

S

[0 ] BBE . e TR M. et b = eh 7 ekt
2004:1-25.

[2 ] PG IR, B, 55 LB RR—35 N £800 kV ¢ & 5 B itk
MU RRBATRE L) ] ) Ak, 2019,39(1) :53-59.
LUO Hanwu, LE Jian, MAO Tao, et al. Analysis of operation
characteristics of Zhalute-Qingzhou +800 kV UHVDC system
[J]. Electric Power Automation Equipment,2019,39(1):53-59.

[ 3] SONG Guobing,GU Yaobin,HUANG Xinghua,et al. Research
on a new scheme of LCC-HVDC line protection[J]. The Journal
of Engineering,2017( 13):1176-1180.

[ 4] detds, A R, % +800 kV 2o EL Uil FL 26 %1497 1Y
D5 E AT P E LT R4 41, 2011,31(31) : 179-188.
SHU Hongchun, TIAN Xincui, DONG Jun,et al. Simulation and
analyses for Yun-Guang =800 kV HVDC transmission line
protection system[J]. Proceedings of the CSEE,2011,31(31):
179-188.

[5 ] X6, Aot 45/, 5 R S0 AR A8 Al S AT i
frap il AL ). o A B4, 2015,35(2) :55-61.
LIU Xingmao,LIN Sheng,LI Xiaopeng,et al. Apply fundamen-
tal current phasor change rate to identify lightning distur-
bance to travelling wave protection[J]. Electric Power Auto-
mation Equipmenl,2015,35(2):55—61.

[ 6] &FIR, 4ot iUSR 0, 4% . SRARBUR X BB AT B RAP Y
L] Wy A S ki, 2016,36(5) :91-95.

SHU Bingcheng, LI Haifeng, WU Jiyang,et al. Influence of sam-
pling frequency on traveling wave protection of DC line[]].
Electric Power Automation Equipment,2016,36(5):91-95.

[7 ] AU kMRS, EHal, 55 . b el B FE R B R by e T

[T). W7 A BhILBE#,2014,34(8):83-88.
KONG Fei,ZHANG Baohui, WANG Yanting, et al. Ultra-high-
speed directional element of relay protection for HVDC trans-
mission line[J]. Electric Power Automation Equipment, 2014,
34(8):83-88.

[8] WU Jiyang,LI Haifeng, WANG Gang,et al. An improved
traveling-wave protection scheme for LCC-HVDC transmission
lines[J]. IEEE Transactions on Power Delivery,2017,32(1):
106-116.

(9] Z=/NWS 0 e TR, 45 T BT IR E LA o8 He i
LR BRI (A D73 () ], AL, 2016,40(10) :3095-3101.
LI Xiaopeng, TANG Yong, TENG Yufei, et al. Pilot protection
method based on amplitude comparison of backward traveling
wave for HVDC transmission lines[J]. Power System Techno-
logy,2016,40(10) :3095-3101.

[10] Z=/NMS e Tk , X, 45 5 000 £ 3pk B0 04 v s L i PR 2K
FEHBELR YT ], A ,2017,41(2) :617-623.
LI Xiaopeng, TENG Yufei,LIU Yao,et al. Pilot protection based
on measured surge impedance for HVDC transmission lines
[J]. Power System Technology,2017,41(2):617-623.

LU0 WA M A . FE AT A A — U221 HVDC



5 6 A

PUHT S, 25 3 T Sz A 28 R ) o T R 2 B I PR A7 &

i L R B OB AR 9P U L D). B 2015, 39(7) £ 2002-
2009.

GAO Shan, LIN Sheng, HE Zhengyou. A HVDC transmission
line pilot protection method based on frequency difference be-
tween dominant natural frequency and secondary natural fre-
quency of traveling wave[J]. Power System Technology,2015,
39(7):2002-2009.

[12] GAO Shuping,LIU Qi,SONG Guobing. Current differential pro-
tection principle of HVDC transmission system[J]. IET Gene-
ration, Transmission & Distribution,2017,11(5):1286-1292.

(137 SRIEsh, At ], /B 45 5 o TR A1 HL 2008 vl 3 22 3l A

952 i o At Boet e (1], ey A Bk i, 2018, 38 (1) : 169-

172,192.

SONG Xuankun,SHEN Hongming, HUANG Shaofeng, et al. Ef-

fect of distributed capacitance on differential current protec-

tion and relevant countermeasures|]J]. Electric Power Automa-
tion Equipment,2018,38(1):169-172,192.

XIGI,JEAEE, ARAE R . B IR B R R S5 9 HVDC far il

tn A AR IE IS (0] B RIS HE ], 2015,43(1)

73-80.

LIU Jian, FAN Chunju, TAT Nengling. Backup protection re-

search for HVDC transmission line considering the impact of

(14

[

DC control system[J]. Power System Protection and Control,
2015,43(1):73-80.

151 XUBH, oK [ b T L L i 20 140 e e 1 g . 0 0 il P 2
BB ORAPoBT IS L) ] e AL TR, 2016, 36(8) :2159-
2167.

LIU Qi, SONG Guobing. A novel pilot protection for HVDC
transmission lines using mean current error control charac-
teristies[ J]. Proceedings of the CSEE,2016,36(8):2159-2167.

[16] sSRM . R B e 2R B AL A B R EIE S LD ] )M - A

LT R2%,2013.
WU Jiyang. Study on the electromagnetic coupling characteris-
tic of HVDC lines[D]. Guangzhou:South China University of
Technology,2013.

[17] BISWAS S K, MILANFAR P. One shot detection with lapla-
cian object and fast matrix cosine similarity[J]. IEEE Transac-
tions on Pattern Analysis and Machine Intelligence, 2016, 38
(3):546-562

(18] BERNAR , B/ . ) T R G 0 S AR s ) B S 2 B

M hRESRCREE L) ]. M7 HLEEAR ,2011,5(6) :21-24.
FAN Lijuan,JIN Xiaoming. Parameter setting for Yunnan-
Guangdong DC system’s power limitation function responding
to the AC low voltage[J]. Southern Power System Technology,
2011,5(6):21-24.

EZE T

MHIL(1993—), K, # L F A, M
AR A, ERATI T 1A & R BT B
K 57 5 4% & 4% %7 (E-mail: epzhu.xc@mail.
scut.edu.cn) ;

FiH01976—), %, AREA, 8
B WL AR, 22 AT AR
£ % gk & 1% 37 (E-mail : lihf@scut.edu.cn) ;

FmA(1995—), B, Gk M A, A
TR E, TR @A B &%
#% % (E-mail : huangdachao01@qq.com) ;

I 4R(1966—), B AL A R, AR AT
R, EEHR T AN RAERY R A SR

(E-mail : wangg@scut.edu.cn) .

ALHT Bk

(4REE 1£2%)

Pilot protection of HVDC power transmission lines based on
variation characteristics of firing angle
ZHU Xinchi, LI Haifeng, HUANG Dachao, WANG Gang
(School of Electric Power Engineering,South China University of Technology,Guangzhou 510641, China)

Abstract: There exists a matching delay between the traveling wave protection and the current differential
protection, which leads to the lack of protection during the transient process of DC control. Based on the
idea of control and protection combination,a new principle of pilot protection for HVDC power transmis-
sion lines is proposed by using the changing characteristics of the firing angle at two converter stations in
the transient process of DC control after fault. In the protection,the cosine similarity criterion between the
mean values of the firing angle changing rate of the rectifier and inverter stations and the firing angle varia-
tion criterion with the fixed time interval are constructed to identify the internal and external faults. The
simulative results of PSCAD / EMTDC show that the proposed scheme can identify the faults in the tran-
sient process of DC control with fast motion speed and strong ability to withstand transition resistance, and
it does not need strict synchronization of data acquisition. Therefore, the proposed scheme can be used as
a fast backup protection for HVDC lines.

Key words:DC control characteristics;firing angle control; cosine similarity; pilot protection;relay protection;

control and protection combination
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TableAl Performance testing of protection criterion for internal and external faults in HYDC line

e il i WA R
I BE B /km HLRH/Q Aor S &k Aor S 25
1 35.86 -0.988 \z -10.12 0.793 Nr
10 300 18.15 -0.967 \z -7.19 0.878 Nr
500 16.83 -0.952 Yr -7.09 0.890 Ny
X 4 1 60.31 -0.973 \z -10.67 0.553 Nr
T 719 300 40.31 -0.969 \z -7.59 0.427 Nr
fi 500 25.72 -0.985 \z -5.58 0.651 Nr
1 56.07 -0.990 \z -9.11 0.632 Nr
1428 300 18.33 -0.964 \z -8.37 0.783 Nr
500 16.12 -0.924 \z -5.36 0.728 Nr
1 36.22 -0.987 \z -10.17 0.792 Nr
10 300 18.18 -0.967 \z -7.20 0.877 Nr
500 16.81 -0.952 Yr -7.06 0.891 Ny
X P4 1 60.57 -0.971 \ -10.90 0.562 Nr
Uit 719 300 39.38 -0.968 Y1 -7.76 0.418 Nt
f2 500 25.62 -0.987 Yr -6.55 0.644 Ny
1 56.06 -0.976 Yr -9.15 0.632 Nr
1428 300 18.34 -0.933 Yr -6.27 0.772 Nr
500 16.15 -0.930 Yr -4.23 0.719 Ny
1 45,09 -0.946 \z 4507 -0.941 \z
400 300 23.40 -0.932 \z 23.42 -0.929 \z
i; 500 20.79 -0.917 Yr 20.78 -0.914 Yr
N 1 3759 -0.932 Yr 36.84 -0.932 Yr
1038 300 26.41 -0.919 Yr 16.29 -0.912 Yr
500 19.83 -0.908 Yy 19.42 -0.906 Yr
- 1 -13 0.925 Nt -13 0.920 Nt
" 0 300 -13 0.906 Nt -13 0.895 Nt
500 -13 0.927 Nt -13 0.914 Nt
- 1 57.64 0.979 Nt 5.99 0.921 Nt
‘ 1438 300 2756 0.957 Nt 3.01 0.885 Nt
500 16.03 0.977 Nt 2.84 0.849 Nt

E: Yr BRI EE, Ne R/ A s 1E.
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