F£402%5 F3H
2022 £ 3 B

Vol.42 No.3
Mar. 2022

@ ) a6 # Rk B

Electric Power Automation Equipment

HAH T DU 4 o LCC-HVDC #ii & 5¢
A5 M) 53T B H AR

PUNNND S 3R - OE e S S
(HEIRF BAFR, ;A 7 M 510640)

BME: AN ETMLALZARETHEAGATERNEMBLARHHELALCC-HVDCO) Iy 2 A5 H A A
BARKKX — P A, T THRELER A>T AROEETLE, TR T RAAEER 2B
LCC-HVDC #ir v, 2 S AR e 5vh . RSl B4R T — Rl st W= U5 B AR A6 $ R 48K
W, ZAARIR G R A o B A 0 A0 5 IAB IS IR ) Bk AR AR R0 B AP o8 A A A =
B ARy -ERIEFT A ERBRS BHRAE R E 52 AR RIEESF ;)G R BB
AL JE FRAR R I, R I BRI I TR ), TR FAE T E AR I, 15 A4 R A, Bt e HiAa 2R B
HEIFOHF SRS BGRBAN R E 502 5 3% 0k R ZOR 8 B W b R R AR O A AR & G L 4

B Ak 32 ) W, R AR & )5 A SE AR 4

WY AR K b R AR

KW LCC-HVDC #ir ¥, 2 48 ; A8 % JE 01 5202 ; #48 KK BUAR IR ; 48 B AR 1% PR 42 ) 25

FESES:TM 721.1

0 5§

435 1) J5 T H TN 4 A 460 #4519 1 1R LI (LCC-
HVDC) i FL 72 48 PR AT EE AR A IR A% i 75
KT E T R S S TR I AR 2 T R
FHS SR AR A 2 4 1 2 5 R Pk ) LCC-HVDC i
HL R GE N IE a7 DASE I IE A R o i i A 1
A3 3 SR (AT R L L 22 YR A 2 KO RT B s AR
AN RS i FR G R A R B BB RGP LR
s kA R EL A AR Ak OB X 58 T I TR IR H I 1Y 2
RE BT E Rk

H T, [ N A2 44 LCC-HVDC % i £ 45
AR R T () AR T R AT o B 2 3 AH
JIGHLIRE ST, SCHER[ 3 3z FH 1R I s — st (1] 1 AR
k43T LCC-HVDC $i L 3R 58 22 IR 4 AH R ICHLFE
IR B S A 2 M 2 i DR R 55 R R 0 ]
AV L SR SC i I3 45 Hh AH O A A il f it . ¢
R[4 ] DAFR FE F A = TR AR e e R i, U B T Il
DL 7 S5 1 28 W A DT S 5] B 4 R 2 e,
A M 55 Rl R R T TS | A PR R A A — 22
St SCHRES L oA uE B FE R X RR R N RS
fih % Ff 2= 2R B0 TRV B 30, AT 5| e 2 R A K
s B H3:2021-04-02; &[5 HHA : 2021-11-01
ELTH: AR AAAFALERA-BE L AN Fit e N
A AT A (U1766213); B R A AF 5487 A

(51677073)
Project supported by the Smart Grid Joint Fund of National

Natural Science Foundation of China & State Grid Corpora-
tion of China(U1766213) and the National Natural Science
Foundation of China(51677073)

M ERFREAD : A

DOI:10.16081/j.epae.202112028

VB s FFAE A3 AT I A 1 25 T R R 0 o 4 e, (LT
AT R R T R Gk & f 6 LCC-HVDC i R
Guit AR R . SCHRL 6 I NVBIARER B F B
16 W T AL GE Y [R) A6 e Ak AR B A 28 (SRF-PLL) 7E i
B T A7 A B4 [ B8 1 00 36 22 vk 48 R 2 T
EIF AR 25 o i B AR R 52 52 1) ) B 43

B Yot K 2 AT i [ A85E, Sk [ 7 1R FH 48 AR 2K g
o 4 1) > 410 1) LCC-HVDC i o, 22 5 1 46 AH 2 i
SR B PR T S A 0 b S e (L R 2 i LA S B
AN o SCHk[ 8 4 H SR FH 22 i 1 oK s sh Ik
BR300 2 1 LAk )40 AH 2 B il %) V6 L AE7E 3l
2 e A BB I T TR A . SCRik[9 ]
3 228 3 ) A AP B 9 B 1 T ol 0 F L | b ROk
CHE S B LR X ) 22 R A R A — o AR
SR A 550 e Pk A2 4 ) e 400 kL B PR JBR P A7 A S B0
SR FE RS . SCRKL 10 ] M il 0 J2 T A T el it DA
U/ AR O A 2 A LSk B 90k () R A v 1
RIS R o SRR 11 )3 SR FH R 40U AT T AR B = i
SR E LR I S E, (H % 7 1R 2 SE R 2R 24 .
1300 N8 S 1O 51 G Al WO Y = RN i o)
T2 A AR AT LU A M, BAR ATy
2T LA A 2 0, (R AR 2R 1 8 A R X LCC-
HVDC i L RGE M58 4/ SCERL 15 | A AR
H R TR PR Y 52 H A& 4B T LCC-HVDC i L &
G IB A TR  (BLE J5 B2 0 M TPl R B SR B 1)
ATh R T P L L e

YT I, AR SO T AR 58 3 AR G0 R T 5
FHL R 77 0 ) A BT 5 R, % LCC-HVDC i F R 48
AR ER IR T icat . B e AT T R PR R B



@® L/ AR {7 G-

Fa02k

G XA B B 52 0] 5 SR I 45 4 46 A PR R — ) ] T AR
D5 E S BT T 45 AH B 67U 43 6 LCC-HVDC i
FH AR e AH B 52 ) 5 s 4 0 T 22 AR 2 D i
TEWE BB T A2 Bl AH 24 (DSOGI-PLL) g
ik e BT RE SR A IE T o B R A
JT R IR (SDR) 4 1 #5% , $2 B0 AH HE e 1E 5 40
DAY/ Jim SR U 0 308 Bk 1) B 40 5 SR 05 R FH WL By
I R -1E S5 T R AR (SOGI-QSG) X i 1E ¥ HL
JEFUR 535 I T BRI U 5 B i o7 FH 1E 52 18 U8 T B A
He(QHCM ) Y8 B AR YR 1 I, DT ¢ i L 19X FEL e A A7
A HRE  AERGIE BE . 7F LCC-HVDC %y 2 % b i
AR 5k PSCAD / EMTDC {5 BB IE T ik
JE DSOGI-PLL Ptk S tE . 5 BE5 R E 0,
KT B B T 1 BRI/ R e A R R S i )
A L R TR ARE 23, ] Ay 22 R B A 2 T 1) 410 i 4 At
5%,

1 HJEBEHFSEX LCC-HVDC #HiE &
FHIR N5 Hr

T4 1 R G — M\ & AR X BRI B AN A
FE 57U 4 i (B P o i /N T LU ), 5 0
I RAEAS KRS . SR 7E LCC-HVDC fir L &
gorp, TS RGEMTER  FE i B2 AL & A= XK
e B U B P 48 A P R 7 0 i
1.1 BREBEAEMETHRERERF =3I

T Y8AIE LCC-HVDC iy H, 28 5t 30 28 il e i £
2R X R P[] R 4 HH B R ) R HL R B 4
12, LISCHk[ 1615 9 CIGRE HVDC A5 70 4y 51 3 4715
W, 3 90 B 2 b e B . =R e R ] o
A T) ot B A A T O B IOIE o s & AR B )y
552 s, FFELETIE] A 0.5 s, 22 Hi J (16 ke e AR (7] i e
HR I 2 b EL SRR A [R) H RS R 0.9 He ANTRI B R T
e BELR 1 R AR U I8 i U B4 40 A1 1 o DL
SEAKEIAL

XF L AT BT 7R 2% MOBE T 3 B4R 7T FL AR
YK B ] DL R P, 7E LCC-HVDC %y o 2 88 rp B
i % A W RR R, U B A 5 R A R X R
B AR o[RBT LCC-HVDC #i i, 22 45 10 firk
K FE A B AR 2R 80K 22 UL IE e 55 H e ol S A
AT, M R G0 & AR SRR 45 ) 2R S )8 1 VR
JIr 7= A B A HLUR U e S R SR AN
W, PRI, 2380 R G0k AR R I N
A R 7% 3B 6 LCC-HVDC i F, R G5 5200
12 #HEBEHAFESEX LCC-HVDC i E & % i
HE il 2 B 34 0 43 A

R 4f BT SC 3BT, 398 A0 A 22 9 B 46 TE 18 & A2 KRR
W SR X PR B , LCC-HVDC % Hi 2R G4 i B4

A H R 17 F R IR I & 3 . Xt R B

WG IS) R 8 119 = AH H S P A R B Ay, T T

G3HT = AR AP B X RIAR PR S L 1 AR

ST EL S e, R

u,=U,cos 6,

u, =(1+&)U,cos (6, —2m/3) (1)

u,=(1+¢)U,cos(0,+2m/3)

A U, R L R FL SRR AR s € b 23031 0 b e A EL A

AR 5 0,0 w, IR o AR Clark 2248, = A HY

JEAE aBAEAR R T YRR AN
u,=U,cos 0+A
{u3= U,sin60+B

£ty cos 00— £y sin 0)
6 2V3

¢ cos 6+§+¢ sin 0)
2V3 2

K0k o HERET o ST /. 2(2) ((3)ATA,
A BN =M AT, [FIFEARE Clark 254, dg
AEBR R T AL g Bl

+
u,=U,sin(0-0")+U, ¢ 3lﬁ

(2)

A=U,

(3)
B=U

g

sin (0-0")+

Uh|:§;¢ sin (0+0')+j\;§cos (0+¢9')} (4)

K0 hy d T o T A . T 0~0", 0w, i
T MIRZE Ae 1
Ae=LL{§+¢shw20y+w_§
o 2V3
A= (5) ATAT: = AH AR 5 R — A 2 4%
IR 355 ORI 152 22 5 12 158 25 K 52 T A 2 R RS B
M2 LCC-HVDC i i RGN IEH 1817 .
1.3 $itEfh% 3t LCC-HVDC iR R &R 2004 47
LCC-HVDC fii i R G — MR H 12 Bk sh e i a4
R 5% A Bl A2 2 CIGRE HVDC #5 7 rf J8 it 2% 42 4%
Kl . CIGRE HVDC £ % 3R H] SRF-PLL 3 Ff 5 46
A HL R R AR 2S5 3 BV, — Ve Vi — Ve 2 1R
VYI_VDI_VYZ_VDZ_' : '_VYs_VDG_VYl_VDl E/:J J@i J? % {}ﬁ Ej‘
3, i % Jhk o (R B A 30°
P Pl A2 T 46 i I ) 4 R o R R 2 A
% R ST A e B R R . PRLE, A 58 L
FLIE S ) B [A] AR S, T AR S . R IRV,
] Vo 3 AH A 051 52 1 150 B A0 A ok & % LCC-HVDC %t
FHL 2R 48 1 R ), L4 A Ao 2 DL R S A B A3, B S
PR Al B 220 ¢, R i K BE 20 o, SRR ) S R AT R
Js I 1) 1 FR 3 500 3E A S, St HeR IR AN (6)
J7R o

cos (20):' (5)



£ 38 XX A AR LR B 43 LCC-HVDC i F R e 8 AH 1) 52 00 43 BT B H A ) SR @

max

, (6)
Si= [ e

Tz wl, SRR S R L ¢ SRy I 45 A 2 T
Az, X (6) iy S, . Se. 5 K A3 iR
SEHRAT S, AT, fil & s 20 5 4K 2o FRAEAE — 22 1 K
K0, 17 fivh 2 Bt 2200 ) o -5 1 2 A B 1) R

H 3R AT T R 0 45 ik & ik b & A=
A P A 50 A2 B R AN S DL KGR B R
FZ LCC-HVDC i FL 2 S8 19 1F 5 400k , 275 A 4
IS, BIFFE &R, 58I & 40 iR 5 LCC-HVDC
B0 FHL 2R 0 1) B UK A A G IS — B LA VR B3, LA i e
A B s R 32 B AT 5 4 2K ICFE LCC-HVDC 4
HL R G A R R R A AR SR, SRR
17 LCC-HVDC %t L R G A2 40 AH WL e 47 43 1
ARSI AR IR . DRI, SEBRPR o  F AAH
ik J2 T B B2 RN R A F R A7 DL GRS I 1Y)
LS

2 iR DSOGI-PLL

FEF IR AT, A SCHE S —Fh e ] LCC-HVDC
i R G 22 AR R W B 8RR 7 s . DSOGI-PLL
H— U W TIRE , BOAe il I & AR AR B
BEUS WA RLER I . SR, 2 H AN X Rl 5 1 U 7
R, DSOGI-PLL [RIFE 25 32 AN X FR R 1% 1)
R, GRS RE R HE R B B R 5 S . I,
DSOGI-PLL 75 ZL4& 3 J5 i & A RIS LA 12
N H
2.1 SDRiz=#IE

R T R R 43 AR R A R IE 4
B S5O BB Ay = A R AS S Bl 7 2 fp ke ) o 2
[A) /. FH T SDR ¥ il %5 HA A IE 07 5o 55
YRR, BIURE B b ] DA S X — PR R T
SDR #% il #% 1E . 10 )% 73 1t 43 125 1) 72 A9 A% 3 ok 4R
Grspr (S) N . (S) %iiﬁﬂﬂiﬁ@ i

ko,

Goopr ()=
ISDH( ) S_ja)()_"_w(:

(7)

ko,

Gy (8)=
oo (5) stjw,+,

Ko, w, 73 514 8 E AR 58 IR A5 5k,
SDR #& il g% 12 iR A B e R4, H (7)) Al 78
w, At SDR ¥ il 4% 186 pR AR I 45 M K, Ry TR FIE
7 HL R A i A B 0 E Y Bk =107 SR AT LA
| SDR 5 &5 1E oo B AL BR F T (4% H H H 1E 7 43 &
wlp=[ul wp ] AFIEE uyy =[u, uy 15300

,

N
U.p U,

=Wt o,

(8)
w,

stjw,tw,

K iu,=[u, u,] 7 SDRIZHIEFTE aB AR R T HY
MIAHTE, YMw,=100rad /s .w,=150rad / s B} , 1%
16 bR B 1 Gn Bk % B R BY B . H R AT
SDR 4 il #5 A% 5t L R 1S P45 il 2% 5L % 1 )7 o i T
DLl 3 3 BGE M 1 o, KB I . A o, (0, 5758
100,150,200 rad / s) T IE 5 SDR 4% fill & 1A 1% & a0
BFf s B I B2 BT o X HE L B2 w28 ml 2, 4 o 2%
Y HT B8 I B 5 B o, 5 AR O, T8 35 R0
RS S 8o BNHX. 2565 EAR N o BCH
100 rad / s 40, @i XF 20 (7) (8) e H A 15

L Ol Ut o,

uaB= s

(9)

o O Uy~ O Ut )0 U
U=

u,;ﬁ W,p

BUE IE BP0 7 a B A bR &R T AA1ER(10)
FIRKR
Jue=-—ug
Mt (10)
Ju,=ug
jup="u,
WL (9) L (10) B A] 15 2] SDR 4 il #% 14 42 il
SERHE AN BRE % B & B3 i o 4 b4 #r vl A, 8
1 SDR 2 il % Ji 6 A0 R 1E 707 40 i % il , 1
J 53k i %) T 3 1 SRR IR 8070
2.2 SGOI-QSG &4
H T SOGI-QSG BHA — & R IE B T RE , 7677 4
90° AH AV f F% 7 I 9% )3z I A, LAY A SGOT-QSG
25 R B s B &I B4 s o SGOI-QSG 11 i i L e
550" (s) B i 90° i th H AR 5 v (s) X T
AHLEAG S 0 (s) AL IERELD, (5).Q, (s) Rk N
(DR
(s ka's
(s) $*+ko's+w'?

_’U(,I(S) kwrz

v'(s)
D, (s)=") 2
=10

(11)

Q. (s) =
v(s) s+ko'stw
Kk NG RELD, (5).Q, (s) MBLE R 0 H
WA, A EET D, (s). 0, (s) 1A 7E & ULFS 5% B K]
B5. A1 SGOI-QSG 75 7 I8 I 45k 5 Fo ke s
PES kB SR SC, Hesh A ma g WA . R L, A 3
TH AT BUk=/21
2.3 IEXIEKIERE
WRTE af Ha bR 2T SGOI-QSG % Hi 3k )l 4 %



@® L/ AR {7 G-

Fa02k

H @ WL TR v) o TR S AT IR R o) o, TUF
JE v, vy VAR U FLR !, v, IR A ), v R 5K
= (12) 7R o

v =vl+ou +v)

bk (12)
EBZEB+1}B+Z}B
vl s B IESEAE 5 v), vl RIR N -

1
Vja =05~V + U

' (13)
o + - li
vqﬁ——va+va—fva

l
1E / G o B (PNSC) BEER i i HLE U A
Uy ik R
U+=i (v, —v! )=v++1(1+1)vi
) « B «Ty i
(14)

+ 1 ! ! + i
Us=7 (v +010)= 05 +2(1+i) Vg

= (14) AT %0, SOGI-QSG 1] AW RH A5 5
BB H e (EL AT I UORS I FL  . QHCM i
S XTI L A A1 90° K4 BY IE 2215 5, SR 5 FEEA T
7T, AT LLABNE R IE B B iy sk xh v v, it
T35 DA SE BRI I F FEAS A0 90° A4 B IE 22 55, B
AR YL R U U R B s st (15)
B

i 1
U, =~ (U*—U(/*B):v;

a .

(15)
U= i (U++1U+):v+
BT\ Y]
KU UL B U R Uy B IEAS R 5o iR AER
(15) AT A5 1 FfR QHCM 2544 &, FLAP £ 1] DL jf 5% B
B B6. S BRI H A T 9 B 45 U I Ep Bk
ZA~QHCM, ZiG 7% 8, A SCRH 24~ QHCM, 43 3]
THBR 2 3 UKD

Bl QHCMEZHE
Fig.1 Structure diagram of QHCM

2.4 i DSOGI-PLL 444

et DSOGI-PLL 45 A4 HE [#] 411 fff 5% B 1K B7 [ 7 o
£ B L2 kB 20 SRF-PLL #E47 T 3404431, A
B PNSC IO EEE B, BEARAN FEXT LA 1 24> 36
T

RAE B HL RS 5 8 e AT Clark 284 s SR J5 IR
3k SDR #2128 . SOGI-QSG SZHEIE 47 ¥ HL 1R 43 ik

(14 73 B 18 BRI 20 I o fE A B2 T 5 22 QHCM
B BRI U HL T i 5 foe R IR 2215 5 W A EE 491
B4l A v, S BRI AE L e B BAH ol e i S0
B TS S S U B A B AR AP £ ] LR 5% B €1 B8 .

3 FEWIE

3.1 Bi#HI DSOGI-PLL I£EED #7

TE PSCAD / EMTDC fjj BV 5 h 5 i 1 R4,
AL R 30 KV L TR A TR N 0.27 MW
To L1k -0.1 Mvar 1 51 8 A B o R IS I A
B 7 15 Sk B IE A [R) B AR PR B P E . 7E 0.05 s I, 1Y
JE S AR B 7% 2 0.8 pou., ISR 1 s 10 45 Ui %
HL R A 1R B0 o3 (B bR Z (B 5 ) s il 2t
AR 0.05 pou W ERHE i, Bk CEICLY
SAEEIEIE , B E AT TR 0.05 s 5 = AHH A
i A BRI

R BSREFEESE

Table 1 Contents of each harmonic voltage

S VOB i S TR R
R i | R SR
1 1.00 0.07 5 0.05 0.04
2 0.10 0.05 7 0.03 0.02

3 0.10 0.05

U B = A HEL R 28 Clark 28 40015 21 49w, u, DL
SDR F il i i H 1) w5 = HL S 448 Pk e L
A5 Y8 o i A5 B 3 I LR S 48 Clark 2B S A5 1 w0 g0
A3 AN BRE s C B C2 BT aR o X Fb TR AR g il £ T
U, wy ug 1Y I W 722 38 P 8 T ) w) W IE S
Uao Ugo TERIFEAT , Ui W SDR 42 il #5% BE #1545 ff- b 2 2K
E BT 3, DT A 1 S i B i

2 7 i) DSOGI-PLL 5 SRF-PLL ., DSOGI-PLL
HEATXT EE, X L2 AN fff 5% C & C3 flrs o I B A AH
I LB RO S 8003 50 R K =10 . K=50 . HR 4 A
Kbt , B R G0N AE (50+0.2) Hz B30 B PN 5
B, M NRLZR B R ST AE (50+0.5) Hz™ () 45
FNE NN, R C3 S AT DL R B TE
AH HE RSP AN S5 385 0k R, 3 R R 2R 1 A0 R A 1R
25 IR A XL/ 5 2 a ML R w, BRTE 2 0.8 p.
w., FEEE AT B AS RS ERE R 05 B R B
Bk FES . Hih, SRF-PLL.DSOGI-PLL 7 A {3 5% 2%
LR 3T T AR B R i 22 , TG i E A 3 125 F T
H o 209 DSOGI-PLL B T3 JH 7 SDR #H #%
T G At X R A G S ) T R IE S8 TR IR
PR H AT A5 T BR T 1R A 52 I il g Y DSO-
GI-PLL ik 2 55 5y B9 BIADRS B o 1 2 S ede it 79 DSO-
GI-PLL i i A5 R % JE , b a] 1R AE 0.018 s J
FEAWSIAE R E B shys TN

& 3 & ek i) DSOGI-PLL %y A A 38 B I, K]



£ 38 XX A AR LR B 43 LCC-HVDC i F R e 8 AH 1) 52 00 43 BT B H A ) SR ®

489 N . . . |
0 0.05 0.10 0.15 020 025 0.30

t/s

B2 Btk DSOGI-PLL 4t 5=
Fig.2 Output frequency of improved DSOGI-PLL
Hw, bR Z (B H AT BOHE R DSOGI-PLL 68
TE LA 5 15 A1 B0 T 2] LUBIE H TR AR A 5 3l
P B PR [R] B AR 40 R 2o b7 3 38 7 T
BABKRKMHE . Wik, %7t #) DSOGI-PLL B A7 5
FHAE

10

ATV TV

0

FAH7 /rad

. . ~10
0 0.1 0.2 0.3

t/s

B3 A DSOGI-PLL i #8 4z
Fig.3 Output phase angle of improved DSOGI-PLL

S T B 3iE 2 19 DSOGI-PLL & % A~ [a] 45 ¢, 14
&, S PSCAD / EMTDC [ 45 B 8 AH BRI ik
ARG AT M, [ 5 SCHk (6 ] 3 K i G K AE R
Z IR B SR PR (CDSC-PLL) #4746 L, SAH R L
BIFL - SR B BN L5 3.0 AR TR . TR
iR R G0t A L R R 66 KV R HL R DL R A ShTh 3Ry
0.27 MW . JC I 2 % Jy-0.1 Mvar B9 77 2% /4 i . 78
0.5 s ik B 5 H R AR AV & A2 90° BRAE 1.5 s B & A= 5
A2 L BB, IR AE 2 s IFUIBR B g o JHG IS 2 b4
AHIR R TR 22 R % sl % H &5 S an b 5% C &) c4
Fims o X HCE A g AT LK BE . R AS sk 2 R i A B
BRI IR 25 TR SIARNT A /IS 5 24 H BRI 7 R AL |
2 b 5 B A R LA R U)ok £ A ) 2 R A A B 45 LI
JE A K 22 57, o CDSC-PLL ik 2152 5 1) 3 )3
et Az B pg FPLR™ & i ek 89 DSOGI-PLL ]
DIAT Rk e ik SEA 0 5 | e B T4
3.2 AEHMAEME T LCC-HVDCHE RAiTiTH 4
3.2.1 PR R AR ER 69 R R 4R

£ F CIGRE HVDC BRI & i LCC-HVDC %
FE, 2R 5 1 AR TR DL RF 3% C PR S e 2 R A 5 %6
XA BT 38 I FR 40k A A TRl IS LCC-HVDC i HE
ARGEWE TR 7% 1, R CIGRE HVDC &7
BRI B R 2,80 R I el kel
#E19 DSOGI-PLL, 245 CIGRE HVDC £ iy
BRI AR A

SCPR LCC-HVDC Hii i R G0 h & A3 2 i by
MR, HLS T 5 R AR, R, AR SCIEE 2

b2 LI L, ) B A%, 1, R /MR 3 i e ) ™ B R
B EAR T E T .

1) T80 12958 2 s s 3 72 i 48 7 1 28 Ak & A PR
e, Lo=11H, FRLk ik 0.5 so e T4
T, LCC-HVDC Hii i RAEEH A TR 1.2 T A8
N L HL R U, LI LR 1, BTG f DR P LA K
SO Ay B 728 AR 1 0 an B 5% € & 6 i, B’ U,
LR PR ZAE, JE TRl .l T, b 2 s
Hie B, SR AR 2R )7 %6 1.2 B LCC-HVDC % B &2 48
IR KA AR, HIEARAN ST RATAIA R R .

2) T 2: B HL A L,=0.35 H, KA S50
BEWS T 1M, 7Ei TA00F , LCC-HVDC %
HL R G AEBAR A )7 58 1.2 F 2800 15 3% i S L BLR
FEL I T I A% B T R L B I A %) A 1 15 n ] 4
Ji7R o AT, Li=0.35 H I 28 58 1A AR 1 LA
TR B Ry e EE SR HVBIAH 28 7 56 1 IR RE RS i
Tify A 3087 B R AR, SR T fik 2 fk a1 v e
FELCC-HVDC i R4 kA 2 R AH R . BT
LCC-HVDC %t B 2 G4 il S5 R A B, B U3 AH 26 K
M LLE G, (HR I BAH 28 5 28 2 B A sl o i Ak &2
YA, [A]RE X L ] 4 7 7% B A S o s il 2k
AL B, 5ok AR 7 28 1 T BB A L, R
FHBTFHRA T 22 2 J5 19 LCC-HVDC M H R 48 B A%
Ty PR 52 Be 1 B 5 o 3 150 B 0k 9 DSOGI-PLL AN
AT LAAT RCRE S LCC-HVDC iy i, 22 40 & 1E 22 Ak
I, T HLX 5 G AR S R E AR AR —
.

Ly
BN 7\
%@ f@ O 3 (©)

SO A 5
0

~0r @

N = o

= 0 L L L L )
1.9 2.1 2.3 2.5 2.7 29

t/s
O Y EIROL T Y E
B4 ToR2T2fgiERARIIXTLIE

Fig.4 Comparison of two PLL schemes in Condition 2

A, R TR 7 58 1, 2 B 306 28 ] 46 37 £ 2
B F5 R FL R 74 1 — 4 U D% H R % AR O
B C L CT Bt o Fl TR o] 240 s e i s 30 ], 24 5%
IR JT % 1 87 LCC-HVDC $iy H R G 45 R S8 7
RS ) a2 7 A A R BT A i A
Hi 7P 43 fe L 2 ] BB K T 2R e M s 7= A 11



50} L/ AR {7 G-

Fa02k

AH LR A7 43 f 5 1R T SRR IR T 8 2 i), RGEANAE
R T A7 7 25 R B A8 A R £ 40 o, T IS S
e 5z U (] 40 A FL PR 7 93 £ 45 RS U8 P R 5 2 )
i FEA , 18 B 2k 1F A9 DSOGI-PLL A #] T LCC-HVDC
e R GRS AR, AR T A L e BT
B A NI B T RS0 Ja Seddtfl /> T 2k
FHR K HE HER

SR FHAIAH B0 7 58 1.2 B L 3 L 36 A4 ) fisk & £ A1
X O L an 5 7 o 3 Ao ] v Rk b b 2 mT DL &
PR FHABAR A 7 28 1), AR R B 0 T & 38 3 A% i)
F ik % 0K Rt 2 R R R BN AR e R I S R SRR
A 22 YRR R L 17T R FH B AH B8 T 48 2 B, B0 L3
7 ) ik e PR AU A B A — YRR B AR A 17 I P
W Sk 28 R3O (R, DT 3k B R A 22 IR B AH 2R W, 3 i
YU T B0 9 DSOGI-PLL fg 8 [ A 22 Y 3 A 26
WK HE MR

&~ | ®
B 55t %

B E 0 \® -
=& 148 ¢ ,,,‘,»(Q.),,,_,.
NN 124

HED

1.90 2.15 2.40 2.65 2.90
t/s

O WHIA TR, @ BiAIFF HE2
BE5 2FBEMA R THMEZ ATt
Fig.5 Comparison of trigger angles between two
PLL schemes

)5, N TR DSOGI-PLLYE LCC-HVDC
o P 2R 9 v B X LAt B S A P R RIOR . AE T
2 M A b kA R G R 2R [ A SR (6]
& X %) CDSC-PLL #E 47 X6 e o0 A7 o 76 = 4H Ja 4% L AH
i) 2 b, Jot S A 1) Jet [ B B LCC-HVDC i FL R 48
SRR ) AZ AL 5% C & C8 fras o X EE 5 K &
C8 A LA K FH, B EA) DSOGI-PLL 7E A [ i f 26
Y 5A P SRR X R G A B — o 1
YEFH , 15 CDSC-PLL 7 A1 [ 42 b J (5 54 K AH 1]
B RS RLT B OE ROR 55 «
3.2.2 xR #E K F T 4048 3R 64 45 4 4

FE SRR KO f o RGP P SRR
HFEE X (16) iR,

fo= U s100% (16)

WLy
K Uy o 7350 R A0E B BUE FAIEE ; Py R AUE
o
B BE BB ZI 5 2 s, FREERT ] 0.5 s 7
AR 2 M e B | A B R T b R S D S A ()
b T AR B 3K (16) ATk e A 58 A [R) il
TKAF TR R FHAIRH PR 5 28 1,2 48k 2 D 2550 am f 5

CHECLIIR . HFERTH 5 A R B e 2 AR ke
FREZ I RR FHAAH A J7 %8 1 J5 LCC-HVDC fii F R 48
R Z2 R AH R N5 1 R R AR A 7 2 2 SR AR AR
TR AH R W, 3 U B e B9 DSOGI-PLL 7 il i
SOITE] AT LG R R I B0 20 SR, T B
R HL R 7 3 B I P ) RS e B L )
HA R 19 351 22 55 A 57, S LCC-HVDC fiy H1 22 4 42 it e
i AT SR A5 .
323 SR B4R I T A1 AR IR 6 45 4] 45

] A% 30 A I 52 i R G 0 BELBT DL v AR 4
L, E— 45 5 3F 2 gk i DSOGI-PLL 78 LCC-HVDC %
HE R G0 P s AR . RS C I S T HE R R B
S B IR BHA O R=2.7383 Q0 L=0.032 5 H, Itk it %
SRR LR 5o AN R R A B T 1.2
I LCC-HVDC % H, 32 3¢ (1) 48 RH 2 I ok 80 ff % C 5%
C2 7R

PR C1 K3 C2 T AR B, RS i eI K s
LCC-HVDC i L 3248 & Z2 R F5 M0 2 WU U B0 T
WD AH 2S5 B LR 5 I LCC-HVDC #i i, R Ge 16 %
FHAAR R 7 2 1 BTSSR 2 HH B0 22 YRk 4 I, T R
FHAUAHIA 7 %8 2 i R B0 B0, FRUR G AIE T ic it
(1) DSOGI-PLL REMZ W A1 22 YR 4 AH 2 0 2 A= O HE %

4 g

B %5 LCC-HVDC fii L 3R G075 19 A5l e B s 25 5
M AR S TR T AL, AR SO 306 AR I A8 I R G
B T A LR 67 R s B A BT 45 L 3R T —Fh ek
/) DSOGI-PLL, T 48 0F T Ho g i S5UR , irig 4518
mr:

1) B DSOGI-PLL A 2 25 M 1 85028 b, HoAe
BT B0 5 A BRI

2) 24 v 0 EE R AN S B TR I e e e e el
() DSOGI-PLL /3 HE % v 20 3 318 5 fL 19 H, A0 91 5%
S50

3) B T Y DSOGI-PLL 7E 1 4310 A S U
P T ELA B e K LR T LCC-HVDC
i L 2R 0 v ] A IR I 22 Uk B A 2 MY & A 1R
B M A S R TR Hh 22 Uk g R SR T 1) B ) 4t
5%,

ARSCWFFE T HeAH H R T 23 56 LCC-HVDC i
HL 2R 0 JIC J2 A fioh % 5 ) B 1 18 5 ), 4 Pl R 7
JF 43 B R 236 LCC-HVDC % i 2 45 o 2 6715 1
AR | J5 82 AT IR AAIEGE

P s JL AR M 25 3% (http : / www.epae.cn)
S 230k
(1] SRMnes, E52 S5, 45 . R B TR A H R 034 S i 2 Uit



£ 38 b4l

Xof, A5 < AR P 57U 2 X LCC-HVDC i L 3 G SR )52 100 3 Bt B AT ) S

@

(2]

[3]

[4]

[5]

[6]

(7]

[8]

[9]

(10

[t

[11]

FEERR )], I A S, 2019,39(9) 1 116-123.

JING Liuming, WANG Bin, DONG Xinzhou, et al. Review of
consecutive commutation failure research for HVDC transmis-
sion system[J]. Electric Power Automation Equipment, 2019,
39(9):116-123.

ST AR WA, A I LA IS S A 2R U LA i
AEA DI sems 1], W) R0 A 31k, 2021,45(19) : 70-78.
7ZHOU Hongyu, LI Peiping, YAO Wei,et al. Active power con-
trol strategy of electrochemical energy storage for mitigating
subsequent DC commutation failures[J]. Automation of Elec-
tric Power Systems,2021,45(19):70-78.

U XU R B, R A A5 L IR BN HVDC 2 5 AR 2 NG i 52
me AL B K Ay A O ik D). b L TR 2 4, 2015, 35
(19):4888-4894.

WANG Feng, LIU Tianqi, ZHOU Shengjun, et al. Mechanism
and quantitative analysis method for HVDC commutation fai-
lure resulting from harmonics[J]. Proceedings of the CSEE,
2015,35(19):4888-4894.

ZEBAR B DT, 25, A R TR 32 T P A O A D T £
HIZR ML A, 2014,38(10) : 2671-2679.

LI Xinnian, CHEN Shuyong, LI Tao, et al. Research on the
periodic commutation failure by 1000 kV UHV transformer ener-
gizing for LinFeng HVDC project[J]. Power System Technology,
2014,38(10):2671-2679.

PN ) 0 N e T I A U e [ B T 2 W AL Y 4
HVDC R G0 L4 AH I W HLE A A Semg T 5 [0 ], bl vy
HLT AR ,2019,39(11) :3159-3168.

ZENG Liang, LI Yongli, ZHANG Yunke,et al. Research on
mechanism and control strategy of continuous commutation
failures in HVDC system caused by asymmetrical fault in in-
verter-side AC system[J]. Proceedings of the CSEE,2019,39
(11):3159-3168.

WANG Juanjuan, GONG Yingming, FU Chuang,et al. A novel
phase-locked loop for mitigating the subsequent commutation
failures of LCC-HVDC systems[J]. IEEE Transactions on Po-
wer Delivery,2021,36(3):1756-1767.

YAO Wei,LIU Chang,FANG Jiakun,et al. Probabilistic analy-
sis of commutation failure in LCC-HVDC system considering
the CFPREV and the initial fault voltage angle[J]. IEEE
Transactions on Power Delivery,2020,35(2):715-724.

G , 2R, RIBEJE , A5 . — b B 4 SR
BRI TR LT R, 2018, 38(17) :5029-5042,
5300.

LI Ruipeng, LI Yongli, CHEN Xiaolong, et al. A control me-
thod for suppressing the continuous commutation failure of
HVDC transmission[]J]. Proceedings of the CSEE, 2018, 38
(17):5029-5042,5300.

IR S AR R AR — RN % e B i e 3 AR
2R Aty R 401 P BEL L O BR AR 4 R Ok (0 ). R LT AR AR
2016,36(18):4930-4937,5117.

GUO Chunyi, LI Chunhua, LIU Yuchao, et al. A DC current
limitation control method based on virtual-resistance to miti-
gate the continuous commutation failure for conventional HVDC
[J]. Proceedings of the CSEE,2016,36(18):4930-4937,5117.
MIRSAEIDI S,DONG X Z,TZELEPIS D,et al. A predictive
control strategy for mitigation of commutation failure in LCC-
based HVDC Systems[]]. IEEE Transactions on Power Elec-
tronics,2019,34(1) : 160-172.

XN, MR2E I AT . BET AU T AR = fE B HVDC R 4¢
HELEAFAR MMt SR [0 ], b R L C R4, 2018,38(18) -

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

5361-5368.

LIU Lei,LIN Sheng,HE Zhengyou. A novel method based on
virtual commutation area insufficient to mitigate the conti-
nuous commutation failure for HVDC[]].
CSEE,2018,38(18):5361-5368.

XUE Ying,ZHANG Xiaoping, YANG Conghuan. Elimination of
commutation failures of LCC HVDC system with controllable

Proceedings of the

capacitors[]]. IEEE Transactions on Power Systems, 2016, 31
(4):3289-3299.

LEI Y K,LI T,TANG Q,et al. Comparison of UPFC, SVC
and STATCOM in improving commutation failure immunity of
LCC-HVDC syslems[]]. IEEE Access,2020,8:135298-135307.
Mg, /N B IR SR A L — R M S5 S 2y 8l
SO P 9 A 22 4 1 D7 L0 ). R ML TR 244, 2019, 39(15)
4345-4356.

XIA Haitao, ZHOU Xiaoping, HONG Lerong, et al. An adap-
tive current deviation control method for suppressing follo-
wing commutation failures[J]. Proceedings of the CSEE,2019,
39(15):4345-4356.

SREEEL MR, K, A RIS LIRS R HVDC 384T
Fetearir ()], Wy A ki s, 2017,37(8) : 150-157.

GUO Ziyu,LIN Tao,WANG Liyong,et al. Influence of inverter-
side AC-voltage distortion on HVDC system[J]. Electric Power
Automation Equipment,2017,37(8):150-157.
BAGHERI-VANDAEI A,FILIZADEH S. Generalised extended-
frequency dynamic phasor model of LCC-HVDC systems for
electromagnetic transient simulations[J]. IET Generation, Trans-
mission & Distribution,2018,12(12):3061-3069.

R, SRR SRR . A2l M T LR 2 CDSOGI-SPLLAY
IR TR 7)), IR SEA 3K, 2017,41(16):151-157.
LI Lin, GUO Yuanbo, ZHANG Xiaohua. Synchronization me-
thod of grid voltage based on CDSOGI-SPLL under complex
power grid conditions[J]. Automation of Electric Power Sys-
tems,2017,41(16):151-157.

WU, 7T . FET R DSOGI-PLL (¥ v ¥ B ] 45455 46
WL PEEHLT A2, 2016,36(9) : 2350-2356.

TU Juan, TANG Ningping. Synchronizing signal detection for
arid voltage based on modified DSOGI-PLL[J].
of the CSEE,2016,36(9):2350-2356.

BAMS R AFHT, A S LT T BR ISR A I I B IR 25
AERARLT]. W1 A 314 ,2020,40(9) :26-34,41.

HU Bin, WU Chao, NIAN Heng, et al. Overview of phase-

locked synchronization methods of renewable energy equip-

Proceedings

ment in weak and distorted grid[J]. Electric Power Automa-
tion Equipment,2020,40(9):26-34,41.

R AR MR . RE R ) RGBT W2 :GB/ T
15945—1995[S]. Jbat: H [EpRiE T iRt , 2004

{E&EE I

2 x(1990—), F, # LA+
B A, 2 BRI 6] A & R R
[ 57 4% %] (E-mail : 201710101807 @mail.
scut.edu.cn) ;

Fe(1975—), &, Wk F oA, #
B EHA AT L EBEES, 2%
BTy 6 A8 ) RRIE TS 4k B AR
HR #8474 5 4% 47 (E-mail : eplxh@scut.
edu.cn) .

(4Ri8 EAkAr)



@ ® 0 & % L B $aE

Influence analysis of negative sequence components of commutation voltage on

commutation of LCC-HVDC transmission system and its suppression strategy
LIU Dui, LI Xiaohua,CAI Zexiang, YIN Shanshan
(School of Electric Power Engineering,South China University of Technology,Guangzhou 510640, China)

Abstract: Aiming at the problem that LCC-HVDC (Line Commutated Converter based High Voltage Direct
Current) transmission system may have commutation failure when the AC system fault occurs on the inverter
side, the quantitative relationship between the negative sequence components of the commutation voltage and
PLL(Phase Locked Loop) is deduced,and the influence of the negative sequence component of the commu-
tation voltage on the commutation of LCC-HVDC transmission system is qualitatively analyzed. On this basis,
an improved double second-order generalized integrator PLL is proposed to suppress multiple commutation
failures. Firstly, the phase sequence decoupled resonant controller with separation characteristics is used to
decouple the positive and negative components of commutation voltage. Then,using the double second-order
generalized integrator-quadrature signal generator,the positive and negative sequence components are separated,
and harmonic components are eliminated again. Finally,the quadrature harmonic cancellation module is used
to filter the low-order harmonics,improve the anti-interference ability of PLL,and complete the accurate extrac-
tion of the synchronization signal. Simulative results show that the improved PLL has better dynamic perfor-
mance and a strong suppression capability of negative sequence components of commutation voltage and
harmonic. The frequency and phase of the grid voltage can be captured efficiently when the grid voltage
is asymmetric and the harmonic content is high. And the improved PLL can reduce the probability of com-
mutation failure.

Key words: LCC-HVDC transmission system;negative sequence components of commutation voltage;commuta-

tion failure;phase locked loops;phase sequence decoupled resonant controller
(LE#% 17 R continued from page 17)

Optimal configuration of integrated energy system equipment
considering reliability value
GAO Xueqian, LIU Wenxia

(State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China)

Abstract: In order to promote the power grid and terminal DIES (Distributed Integrated Energy System) to
share the responsibility of the users’ energy supply reliability by market mechanism,and fully reflect the
reliability value of DIES,an optimal configuration method of integrated energy system equipment considering
reliability value is proposed. Based on the electricity price of node considering reliability and the reliability
evaluation of DIES, a grid-connected electricity price estimation model considering reliability for DIES is
constructed. Based on this,a two-layer collaborative planning model that takes into account optimal configu-
ration and operation of equipment is established. The equipment capacity allocation with the goal of optimi-
zing the total revenue of DIES is performed in the upper layer. Considering incremental value of reliability,
the output of each unit is optimized with the goal of maximizing operating revenue in the lower layer. An
example is used to verify the effectiveness of the optimal configuration model of integrated energy system
considering reliability value, and the impacts of users’ load characteristics, users’ energy supply reliability
requirements,and annual load growth rate of distribution network on the configuration results are analyzed.

Key words: integrated energy system; electricity price of node; reliability value; ISODATA clustering; adap-

tive differential evolution algorithm;collaborative optimal configuration
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Table C1 Comparison of commutation failure times with two PLL schemes under different faults
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O @ 6 vl © 6 @
15 1.123 0 2 2 2 0 1 1 1
20 0.842 2 2 2 2 1 1 1 1
25 0.674 2 2 2 2 1 1 1 1
30 0.561 2 1 2 2 1 1 1 1
35 0.481 2 1 2 2 1 1 1 1
40 0.421 2 1 2 2 1 1 1 1
45 0.374 2 1 2 2 1 1 1 1
50 0.337 2 1 1 1 1 1 1 1
55 0.306 2 1 3 3 1 1 1 1
60 0.281 3 1 3 2 1 1 1 1
65 0.259 3 1 4 2 1 1 1 1
70 0.241 1 1 1 1 1 1 1 1
75 0.225 1 1 1 1 1 1 1 1
80 0.210 2 1 1 1 1 1 1 1
85 0.198 2 1 1 1 1 1 1 1
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