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Fig.2 Voltage and current switching function
waveforms for phase a

itk — A LCC AR, faff 5 I B, 5 22
R (1) — ) AT

[ NS RS MR T SR W S AW
T T R, AR A

d(S. i)

ua _ iaR _ ( ia d)
N —1 dt
h d(Syiy) di,

wy=|Sw| |u, —i,R- d‘t ‘ “Liy (4

S
- d(S,i.)

e " he de

R (4) AEAEIS,,d(8,,0,) /di(m=a,b,c) T
PO RN T 3
d(S;,iq) ~ds,, di,
T = S A S, (5)
FESR(S) S AT — T AL AT 99T
SRS A R 0 R RE 5 0 0 A7 A
B i
(1) AL RS 1545 dS,,/di=0, LA
ds,, ds;, ds,,

Suaid ? + Suhid E + Sux’id ? =0 (6)

(2) FESHIE R, USERIRRAL a-b Bt A
A7 S,,=8,,=0.5,5, ==1, [ dS,/di=—dS,/dr,
dS,/de=0, 9 24, W FAE AR, 38 (6) T
I AT 2205 54 (5) H11 9 S,,,0,d8,,./de, 5 (4) AT 35—

AN -
Sua B Sia Sua B u,
di,
L(l + L Sub Sib dt = Sub uy, | — Uy —
Suc Sic Suc uc
Sua - Sia
R Sub Sih id (7)
S Sic



& AH) ALK 80

X (7) B2k LCC JFC R AL (1) ODE JEL, B
ODE #5151
1.2 LCC-HVDC %%:#Y ODE #f3

TESE PR LCC-HVDC RGeS/ B S,
HHE 2 ANEL 4 A 6 Tk g It A 1Y B I R G L AE
TLONEERS AR 30° R A 12 Ji gl 4 I e AR 12 kgl
i, H ODE ARV A] gy X (7) HE A5 . R G
MRS LRI i 2 A | L R B S N R AR IR
WFFEIE i, FLMELL G — AR, IR IHOR: B0 A B
L B A 4 e 78 0, AR FH 2 4 H O T 52 42 Fl s
RS S v A, S MR B Y L
e, L s ODE A5 1) 35§ 25 | 7 4 i 45 1
Bt ODE FERY , H A% v Bt DU R FH R RS Y A A

X} ODE FERY AT 4] 2 5 e I 33 1) A g
i, DLk ) B0 U R SRR I TR YR S A
FEBRAIE O o ETRTHT SO R LA LCC BT, i
ey A IR HL AL, A T i O ARSI LI 5 12
IOk A LA SO 12 ke i 2 Al 4 A Jk
A LCC GBI 8, He it i b 2 (R 0 Oy UL PR
Uit AU B Dy = AR S U, 24 Eh A2 AR L U
PR HL AT B 12 ki 45 i 4 11 ODE 3%
TEAXANE 3 J7 o 0028 e A e 2 4 L Y 5 1) 1
73 1] 5 R A0 2B A [ L i 11 ) P, s AR P S
HE I BRI

1 fal |
o—:—<]>— :
g i
1 bl |
o——<P— .
! Uy L :
N e — i !
o—r—<>— S, e |
i, s e |
o—! > R ODE ) !
: ] L ) —»ld |
| L —

ODE#iHt

|
1
|
e o e e e - N

3 12 ki #rin 22y ODE #f3€
Fig.3 ODE package of 12-pulse converter

2 ERHEAR TS H IF K o HE 5K

R ST it 14 I 5% o 50 ol ik 752 0 1 48 8 il 75
i, RIEM T =X R T & astr, e IEiE T
PEARZSTR , A0k A AN X B Se Be 2A e J5 A0 2R G, 4%
GEIT I R KO R 2% 8%, i X HEEA T IE, DAYE g
St AR HIa TR .

SCHRE S A AR 2 X AT I R A AR
Je 48 H R L PR 5K R S A SR
21 BRBRERES

DA a AR HU RS ), SR R A IS L a b e B H

SRAAR AR A D RS , WNTEL 4 iz, R w a A4
FELR a AL REIE o

B4 aiBfEMiiEeg
Fig.4 Short circuit to ground of phase a

a MR AR E a 55 b (9 B R4 s A
O 2 5D, LA a-b HAR I FE R4, X a-b e Af it
PRSI (R AE AR D7 T

(1) HAHHIE wy, B9 SR T b AR i
TR AR A FF AR 2wy, AN T3 2 a5 14 A
FIAFEFIEA o

(2) AL S w, B WRAE A A2 A2 AL

wy,, FRYRE 57 70 0 (L 19 ok 78 2 5 R 45 A A FTHE IR
TR , RS 0 T 5C R B T . BTG B
RAHERA B ke = A H AN X B R B9S2 0, A% O AE T
XA IR w,,, B3 25 50 B9 AR 2 SEIF A I 3 u, =
U, sin wt,u,=U,sin(wt-27/3) ,2 u,=u, | wimory > ]
A

) -J3
2Ud/[ib_+ 1 (8)

A (8) RIS 4 b i QAR AL, sl QAT R D

(¥ A1 B RO CASAH LS w0, 33 2 iR DA S S 6,0

wl, = tan

™ -1 - ﬁ
== - 2 9
Ou == T U U+ 1 (%)
[FIEE A 1% b-c, c-a IIAEAI WS A -
™ -1 -3
=-T_ 2 10
O == a1 (9
¢9m=—1—tan7li (11)
6 20U, + 1

PA_EBRE a-b ek e ], BRI 5 fR .
Forp i O e B AL, HLA

Iy =lg =l (12)

b, =l (13)

SEWAF R B R 7 s SR ROR LS S

0 S5 25 FL B 2 1, HC ST T 5/, 5 S B s g

PAZBWEASTT o R, S fh] Al e A i 7 9 SR g, ST

WSS AL B, R WA 1 A2 a b AR s 1]

FEITREN -

-L—=u, -L— 14
ua dt uh dt ( )



81 FRESE 2B IEHFRAE R LCC-HVDC #EBTy i 5¢

Q - ve!
° N

*
VT, VT, VT,

B 5 L#% a-bH:iEidiE
Fig.5 a-b commutation process of upper arm

W
u, =2U,sin(wt + w/6) (15)
2 [ S AHHL AN KT FR A 520, AR w, o
uy, =v2U,sin(wt +6,,) (16)
e (12) A (13) A (16) LA (14) Hr, 7]
AR L R 1A
- _V2u,

i, [cos(a +6,) —cos(wt +6,)]

2wl
(17)
B i ey, = Lo AT AR AT AE A, FRE I A

Y N :

Wy = cos”! [cos(a +60,) - 2wLid] - (a+46,)
V20U,
(18)
Y =T — cos”' [COS(a +0,,) - wLid] (19)
V20,

= AANKIRRI , o n] fE 2 th B i ol %
SIS BTG OL , B 7 T8 A a<—0,,, SEBR ik A b
Z0H5 B 5 A =0, R , PR A @, = =0, 45
HACA(18) —3(19) Hh, m] 1535 Prffe i A AR
GIDSR

Moy = arccos(l - zwLid) (20)
h 20,
Vap =T — arccos(l - ZwLid) (21)
' V20,

R, 25 a<—6,, N, He 3 e il B s AT 7 HR I
RES WA 2 R A AR R, DY I JC 7 2% S8 e ]
R IEOL o
2.2 #HERM

AR R PR R A7 T 0 )4 TG 125 A 28K T,
AFRRAF RS ST DL R a-b Mok AR
), a AR A DR RE O AR e /) e o g A58 W e, 7

ok L R Z HiT A A RO, D I A AR F R e
TEZS TS A K IR A5 FEBT R, b AR A I A 4k T O
T, AT AN RO AR A R 52 e M
s Al & Bk o 2K 05, AEAE B T w,, <O T TCHE T
T, a AH A TR S0, LA b A e A fk 2 ik
IR B s AR BRI 26, U a-b REAS IE 46
HH A REAR S B YA A 2 05 A SR I e B 4TS AR
FEAE, W a-b A5Gk AR , e i 4 B A IR
A5 TR 7 S AR IS I o b R e
ARG AR SIA oy S A /N T dah )4 1) e /N R IR A
Yo » IARIEAEINS y S A/ T O, A0 IR WS AT 3
RS DL

(1) 4 0< Y, <Y =TI, £ 1, <0 Hil, a AH &
A8 ST, b AR R4S 58 Ol 5 {ELAE w,, <0 J5,a A
s PV BT T30, b A i ) A7 0 T O T, R A= 81 3
A, G s R SC BB E 6 Firan . Hoh
NS p LA

e &
%—

R :j
b L T
TV T

oa“cj”
B
B

wt

— IEHH — BRI

B 6 0<y.<ymFTEEMBERFLEE

Fig.6 Voltage and current switching functions
when 0 <y, < ¥min

XAIEOL A 2 A RAH R TE w, <O FIHY
A o A B 45 A0 AR, DA BRIy, AT R G
(18) == (19) 1545 i 5u,,<0 J5, % i, =i, .0, =i,—
I AR A-B RH L He [l B 5 R, AT 1 S 40k 2 v
Wi A
. V20,

T 0l
4 lee | wh =, =i, , E T T Ffe A48 A £ ,U«bej‘j :
2wli,
ﬁUha) o (29
(2) Y y,,<0 i, a AHHE LK T, il

[cos(wt +6,) +cosh,] (22)

My, = arCCOS( cos eah -



& AH) ALK 82

FERIESE R u,, <0 Z )5, HA(18) Jofi , ok, f Ik |
HLT S s AN 7 I o

u, - =
\\ ’/ /\‘/\\ub //\
/ \ 1’
O — ; Py
Ua
Sm M~ /,t b= -~
S - A
S . wt
LAY F
S wt
o
Siu U wt
ol L V]
S wt
ib
oL hl N
S, wt
o | / |
wt

— IEHHUH — BRI

7 y.<0 BT EMBERIFREH

Fig.7 Voltage and current switching
functions when y ., <0

S, A7 R] R (17 ) T 53 46 A A e R A

AN
Ll X0

Lo ey, = 0 (24)
A
Moy =27 = 2a = 20, (25)
H wt=m-6,1,i A HRKE:
L \max=ﬁUha[COS(a +0,) —cosm| (26)
2wl
2.3 IR

LT SCH 4 A, P AR 8 45 AH A AH A D B
1 JHAR A ARSI SRS AR B X R A A TR S
PEAT T, IF AR 4 24 10 A8 AR A, X I 56 s RICR:
TSCRA o7 B I il 1 e, o] 4 P 8 T /R 3 A X 6 R
BT R R 3 AR

(1) T340 40 v AR A7 A B8 #1354 £ FAE.
A

(2) HRHETFEEE IR W S i AH T R AR 5

(3) AR 24 Hir B AR A e B B (1448 AH 3 R 3
T S ARG A A A R A5 F i R KA
SRR A5 6 W B R ARCLA O R

3 HESMH

3.1 (HEHES

REUE LCC-HVDC R 48 ODE 557 (1) fE i 14 Fi
F 2 bR B0 T R 0 A RO, SCH DL B R
+1 100 kV B ik i R G0 52 bn LRESHONRE , 535

t=t,

¥ 1=t+AT |=
WL | ST ol D
FEATRE (| B AR A El?

TR 20)
e ol
A

AR

finh ) %1
FEHAT T
WEFRZ )7

‘JDIIJE%%EE fﬁa‘}?sit(lg)
' HELHA,
= | B0
WA 172 TR
iR
= {8 % B 7
HER(19) HEA T
HEEIN A
! Hi = (23)
A RT TR |
/MBS 7 ARff, TR
6t AT IR

=]

e
AR FTARGL, S
WA AN, HIHIE
AT R T 5% PR

8 FFXERBUF IR

Fig.8 Modulation process of switching function
T AR S U AN Ao R L e o R e e L % TR
stk 7 LA A41)

S 1:1.6 s BFZI7E 500 kV SCf B R AL I E a
AR SRR, 355252 0.1 s, SR 2 fik A 42 i, 28 3t 0N
AT AR B fih e £ R 2 (L7091 O 8° 1 145°

A 2:1.6 s P ZI7E 500 kV 22 it REL AL BB =
AR BB RRE , 3525 0.1 s, SR FH 2 fik Ay 428 i, 28 3t 00
A B fih A2 1R A2 (R0 O 8° 1 145° 5 B &
A S, AR O b R AR 3N 10°

S 3:1.6 s I 2 78 T U0 4 B 8 3 A ) 2
— RUBCE R R EE 0.1 s, SR AT Ml A A4
AR O R A O ) floh #4053 DAy 8° D 145° 5
WO AR I R Mk A AR B TN 1640

D ECIF RN 2 s 00 b i 2 19 LU AR B8 X
P12 ki LCC-HVDC, fnis 9 fzn ., Horb ik i
A 750 kV 3ZFH M, 2 a4 /2 HE A 500 kV F1 1 000
kV S R, B RS RINR 1 R .

BT I0h R Y LCC-HVDC £ 48 ODE KA,
1E Matlab/Simulink HrEES7 480 ) HVDC RS F A,
X EL AR GE 500 kV SZIRELR a AH bl R AT 0
LIRS R S UM DM E AT AR
32 FE&R

S 1 AERR R I 2 BRI, PR AR R rp i



83 FRESE 2B IEHFRAE R LCC-HVDC #EBTy i 5¢

9 FERZEMN
Fig.9 Structure of simulation system

x1 HREHSH

Table 1 Parameters of DC system
B % T R/ MW 12 000
ELHLAE HUE KV +1 100
ELAUE LI/ A 5454
AP B R/ KV 750 500/1 000
P B/ mH 300 300
P B HUE A/ (MV-A) 607.5 587
P A e B Rk V 775/236.2 15 égg /222;';3
P Ar 2 3R i i/ % 0.25 0.2

it WL T R T2 A B oxd 7 1)+ Hs T 5 o 50 o D5 TE
Wi 10 Pz, Hovb iR o RO bn A (6, R ME(E
500 kV; PR L ODE KAL) T R B LU 44
2 L WS R S TN o 1 W 2 S S VAN SR B

=
‘\)6 142]
5 0 TA““H_‘TM_H/’LW‘{_LI /bm 403 $
=-0.5 05
® 15 5 U, 15 2
2 osfy ey g T s £
=05 05
5 15 s, ; 15 2
= e VT3 3
*055”41ﬁﬂrvh\;fv A05 5
= -0.5L, L N 05
w8 LS Uy, 15 2
K -0.5 A B O
® 15 ys 15 2
E 05 ﬂ ;(LM‘J:L‘ W 0.5 Eﬂ
=05 A B (3
w5 15 15 2
% os o e g g “Sos S
© 0.5 v K,// . d-0s5%

l‘l56 l.l57 1.I58 l.l59 1.I6O l.l61 l.l62 1.63 1.64
tls
10 WEBESBEEFXRBHERE
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Modeling method of LCC-HVDC considering fault state
WANG Ziyi', XIAO Huafeng', GAO Bo®, DING Jinjin®, SUN Hui’
(1. School of Electrical Engineering, Southeast University , Nanjing 210096, China;
2. State Grid Anhui Electric Power Co.,Ltd. Research Institute,, Hefei 230601, China)

Abstract : The parameter design and fault analysis of high voltage direct current (HVDC) system depend on modeling and
simulation. The simulation of traditional detailed model usually needs real-time digital simulator and other equipments.
However, it is difficult to ensure the accuracy of fault state in the existing simplified model. Therefore, it is necessary to propose
a new modeling method to reduce the transient error of simplified model, and then reduce the simulation difficulty and design
cost of HVDC system. In this paper, an ordinary differential equation ( ODE) model of HVDC based on line-commuted
converter (LCC-HVDC) is proposed, and the fault state of the switching function is modified. Firstly, based on the theory of
switching function, the ODE model of LCC is proposed. Then, the influences of natural commutation point offset and
commutation failure on the switching function are analyzed ,and a switching function modulation strategy considering fault state
is proposed. Finally,the simulation error and operation efficiency of ODE mode under various fault conditions are calculated
with simulation examples. The simulation results show that the ODE model proposed in this paper accurately reflects the various
fault states of the converter valve,with small error and high efficiency.
Keywords :ordinary differential equation ( ODE) model; natural commutation point offset; commutation failure; modulation

strategy ; simulation error ; operating efficiency
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