F 445 521 W
2016411 H1H

Y EE X B EL

Power System Protection and Control

Vol.44 No.21
Nov. 1, 2016

DOI: 10.7667/PSPC201666

ETHERUS B R RARY R SRS

FoR, o, A, E2%EC

1. FHeMAFTHRETELLT (RAEKS), & 300072; 2. PE & AHZEHLK, b7 100192)

WE: HRSEERSRE BRI BT SRR DL IR IR A HA H B o BB AL 2 P 2R
PEEWARSE, B8 T WY AU AR R el e AP B RARSAS IS AT IR B B A5, 20T 17 R RE Y BILAK A 5
F AN RS BN R RR s o BN AN BT B S AV, e HT AR MRS Sl AR DL, JFHRIEHES
FLUR A A RS BRI U s MR IR AZU SR A . B)n, /£ PSCAD/EMTDC i E-F- &
L TR TR 2 ISR EL R L AR ST, T AN [ A e S ) 00 SR SR AN ) A L AV L T
BT HERATE .

KR RMEERARSL; BHALZ P Pl A, lES

Stable fault characteristic analysis of the DC system based on modular multilevel converter
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Abstract: The stable characteristics of the DC fault are significant for the design and programming of the DC system, the
configuration of the protection system, as well as the selection of the primary equipments. As for flexible DC system
based on modular multilevel converter (MMC), the influence of the arm reactors on the commutation overlap during the
uncontrolled rectification stage of the DC fault is addressed. This paper analyses the possible commutation overlapping
angle ranges and the corresponding fault conditions. For different commutation overlapping angle ranges, the arm
conducting working conditions are discussed, and then the calculation methods of the DC current, DC voltage, arm
current and AC current during the stable state of the DC fault are proposed. Finally, the MMC-HVDC system model is
built on the PSCAD/EMTDC platform. Simulation tests with different fault distances are carried out to verify the
accuracy of the theoretical calculation.
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Fig. 1 Equivalent circuit of the uncontrolled rectifier stage

during the pole-to-pole fault

e . .
2222 |
—Q Bt —
i D
e Ry
iy Da Ua
N2 '|<ll l B
e is D(,I/l M
M N—>
—) K
(a) PUAMBR I 330 4585 P
G Ly i D][\I
YN
—Q Pt —
Ry
[ X is DS[\[
_@ ~NN T > Us
l Ld
b is _ Dg
M
YN L1
—) —K]

(b) =AM I AR
2 W/3<y<2n/3 BESBITIEER
Fig. 2 Conducting condition of the converter

arms when /3<y<2n/3

1.1 w/3<y<2w/3

MPAHES Ay T n/3~2n/3 I, KPR AT
TN ZAIA R, ARG OUR 2 = M
AU S A I O, Wil 2 o
(AR 5 MR 1 4AH R 48)

1) DY/ M T

FR A AN AR A JR B 0] H07E Dy SR



He PR 2 P RO ZRE B AR SR RS R 0 -3 -

5,
AR T Dy Dsy De T8, FIEAE
VU HLE TR AL ey Eﬂ e>e I, ﬁrf' B S IHA

WIS 1 Al . TR FB AP A A A R Pt
ANAETRAR, R LT A3 2R 1 AR AR IR 4 25 A1)«
ot=n/6 B, =0, i RFEME 1 1R, s
M R R ETE, SRS AR R
¥HEN Dy Dsv Dsv Dg AL HT T
— I Bt Dy K WSS H K H 0 AR AR A, BRI R SR

LI BRI L AR B, NG Dy S BT Z 364743

Mro MRIGHARE S M E XM, £ ot=n/6+y I
Ds K58 KW ORI Tl . KW iR 24%
M4 D}-Dy-D3-Dy-Ds-De-D; N FAS R 74T, HAKIK
ZE /3. Ik, 7F wr=y—n/6 %], Dy Ko,
N AR SIE Be . BIDY/MTE S IR Bofr st
HL A FEVE N m/6<wt<y-n/6. SRR ANE 2(a) i

TNo
e LB T, SRR B -
uc—ec—Ls%—eﬁLsdl“: —Ld b+Lsdi:
dr dt dt dt
Ls%+Lsﬂ:ea—Ls%—eb+Lsdi
dt dt dt dt

(1)
e iy~ 20 AR 1~6 LI uae I EL
HRs L MM s

Eﬁ}dl %=_(di+di)=%=0, DAl I
dr dt dr dt dt
T HL AT SR AR R

2
HA:

Uy, =l(eC —eb)=§Esin[a)t+gj 2)

di 1
LE_E(Q —e ) 3)
WRIGHIUAR AT wi=n/6 I, i1=0, FFiF 1 AL ifin]
KA h
i = —\/gE cos(wt —£)+ 3E @)
2X, 6 2X,
X, XeoLs

BT AEERGSE . W m &% R
D-D,-D3-D4-Ds-Dg-Dy 24T,  HAKIKAH 2% n/3,
AATE wt=n/2 B Dy 45 1l o DRI Y 3 2
P-T/6=wi<m/2 HﬂL’ D, KW Dy ARTFIH, B SR

BB AT Dy Ds. Dg Iﬂﬁ‘%LE’Mﬁi&, R =AHA
?‘*ﬁmuﬁﬁﬁ%ﬁ)\#ﬁ%ﬁ@% Mg, Ao
K 2(b) T

5 Dy TR B 2 HTARL, ARG
By BEHLBR A T AL -

3 3 . 2n
u, =——e =——FEsin| ot —— 5
de 2 b 2 ( 3j ()
dip 1
—=—(e, —e 6
=ale—e) ©

£ y-n/6<wr<n/2 FrBe, HrE TR KIAIGE W
B RE . T H @R, Y o=y-n/6

o, i = jf (_a+Jf R T SR A 1%
BB 1 By

NEY n. BE

i =- + (7

S(@
2X 62X,

S

Vb B RERE 7 DY A A =
PRSI AT, W EIRTVAREA T SRR
fift, MRTREAGEOR. RyE BB TET A2
ANTTHUA (20 ms) WS 1 HLIAL A AR AT 20k 5

0 OSa)tS%orS?nﬂ/Sa)tSZn
\/gEco( 3E ESa)t£7/+£
2X, 2X, 6 6

i =

—IEcosy+\/§E y+= <a)t<5_1r
2X, 2X, 6 6

—f cos(wt+£)—fEcosy S—HSa)tss—n+y
2X, 6" 2X, 6 6

(®)

R B e A OB OBE K B KR AR 9T A0, M
PHR/6<wt<5n/6 I, [AFFEME 1. 2. 6 T, R
BUEE EARE A 1 Sl BT La=itists,
e T FZ I TR) B A PO 1 LAl S B R, B
V3E . BE ©)

“ T ox Ty
[, AR & B i) B L b U SR A
eV AR OR SESL (EWS)

7—5\/§E . T
I“ 6—sm[a)t+—jda)t—
3% 2 2 B

6

de - . -
g Izn3—Esin[wt—2—nj (10)
V‘E 2 3
3\BE 33E
cosy +
T 2n
T EH S i 2 R R UsemRe X 1ger 1
REGHMAHES My N

y =cos”' Rm=3X, (11)
Rm+3X,

R H Q). (D BF R 2T 2N ZIMFE 1 /L
AE, AR R A VR AT AR I . AL




_4- T RS R R

T F g ) T AR B X (12) Rk 15
i, =i +i,
iy, =i, +i, (12)
i =1, +I
[ R ) T2 100<Ry/Ls<900 i} AH H
B IR m/3<y<2n/3, BV A AT SKAR 7208 Y o
) Rg/Ls>900 I, HAHTES M/ N T w3, W HAES T
SR M RYLe<100 I}, A S MK KT 2n/3,
ARATRIFETTIEATRE
1.2 2n/3<y<m
WIRTSCHTIR, 24 Ry/Le<<100 I, HeA S fks
KT 2n/3, A5 MMC P9 R I A B AR A B B
ANFF R =R SRR DY AN S B AR B
oL, T2 DUASE R S 08 A AR Sl Al B
o T8 53 AT T RO RS LA S Ay b T
E

ELUR A B IR 7 0k
I, =3.1227L
X

S

3E . T
U =—|1+sin| y+— 15
de 27T|: [7/ 6j:| ( )

sin(y —2.34) (14)

2m/3<y<m. [AFELIMEE 1 FFeG IR APIUE, AT
B0 AT 2n/3<y<m I TLASHYREE Sl R DY AN R
TEIE PR LT ) e AR

7t Dy FHILER B, Div Dsv Dav Dsy DglAl
I A T FUIRAS . Dy FHAR Sl (1) 4521 A HE BB Fi R
e KT BB AUy, XCHHT-AE MBI BeZ B A A Dss
Duv Dsv De Tl MG OL, AR AN FL g% 4 Fh ] sk
13 uy=—12e,0 KILATAH{EIXIG 0L T HYE 1 FFah 308
1540 e>0, Bl w0, AHNASENZI B W)U 4%
54 w=0 I, =0,

FRLTF () ik sk, LA 4&E, R
P HL B H) S 500 7 FR R AT SRAS TN e
VUM IS 0 AR FEgm s F R I SRR AE

— AN THE A (20 ms) PRI HL UL IR Al AT 46 04
AR R A3 (LA 1 40, A nr L),

¥ e o<orsy -2
BE U E E s 2
- cos(wt ——) + - sin(y + — n n
] ( 6) Xs ZXS (}/ 6) }/—?Sa)tS}/_E
VE . E E 131 . o
- sin(wt) + + sin(y - — D N gt
S (1) “Tox (r 18) y -y Ser<
E E NTE . 13w 2n
i =4- cos(wt) — + sin(y ——— —<wt< 13
| ¥, (1) ax. X -7 3 Y (13)
2n
- 3E cos(mt + E) + 1.803E sin(y —2.374) - £ ySots—
2X, 6 . 4X 3
.803E 3E 4n 21
- t i -2.374) - - Sors—+
Scos(a))+ ) sin(y ) ix, 3 3 y
0 Z?R+y£a)t£2n

AL AT AR B 20(12), 7E S F R A
P JERT EoRAT . AR B s b IR 2 1O R
Us=RaX Iger RAFHAHFEZ S y H(16).

3X,

y =T + arcsin(

arctan(

2
\/(3J§XS ~12.5Rmcos2.34) +(3X, +12.5Rmsin2.34)
3X, +12.5R,nsin2.34

2 A6 T HJHRANE S y=n RIATRAGE A
B M BTEANTPNE AR O PR 7 R 1
TUrLPH Ry 15 MY HUBK L fOI S LE AR

33X, —12.5R,mcos2.34

)_
(16)

1.3 #AHESM v 4T n~4n/3
IR Ry SRS HLRG Lo LU /N T 1.2 75 R BT
IS LCAE I, AR E S AT no MMC PR



% i,

He PR 2 P RO ZRE B AR SR RS R 0 -5-

ARSI AT BoR AL T A S IEATN
AN S AR B TR O, Sl 3 A s ko
RAZ O AT EE A y AT nedn/3. LTI

Jiiks PRAFZFAEOL T AU LR YRR -
A I A LR AT R A T
PR 1 o, AR E).

E 2n
- cos(wt 0wty -——
Y. ) (wt) Y3
s E Sn 2n 2n
- cos(wt — =) + + sin(y — — y——Sot<—
2X, ( 6 X, 2Xx r== 3 3
2n
- £ cos(wt) + + £ sin(y —S_H) ?Sa)ts;f
i = X, 2X, 22X, 6 (17)
21
BE n. E E . 5m y <ot <=
- cos(wt + —) + + sin(y — —
S ( 6) XX (v p ) ) 3
E . S o< y+—
——cos(wt) + sin(y — ?) 3
S S + 2—“ <wt<2
0 Y 3 SIS LT
HHR A TV FEERRFESH
o 3E 51 3E o Table 1 Parameters of the simulation model
i CAN N L™ (18) RABH Bl
. . BUE HI LR /AV +200
Hi RN R
e 7 /MVA 300
U, = 3_E{1 n 005[7, _ EH (19) SEFAE HEAV 200
2m 3 LI 101
AT I AT AR PR (12),  FE SR R A T A/ F 9750
PR F SR AT . R B s S R A T OR R W e t/mH 37.6
UsmRoX lger SREFIAHEES 5 Jo SO B (Q/km) 0.055
Y= S aresin( 2Ry _ZZXS ) (20) £ B4 50U/ (mH k) 1.29
\/(\/ng +\/§Rd7t) +(Xs +Rd7t)2 2K i /km 100

FH AN ST V) AR AH SR U o] %1, S AT R
S WA 16 S IR I ZUAH 2% 2n/3, T AN
WA 2m, DRIMARAE B S o S Ay 1 X
A5,y BB BRAE A 4n/3. HRFE(Q20) T 401, 24 Ry=0
I,y JAF R 4m/3, B H e S A B
Wi O o

2 hEHEH

AWAE PSCAD/EMTDC 1 B0V 6 45 2 P i
MMC HiiE R4, MHNRGESHWER 1 s,
Sh O R R SR T SR L S A SR AR T
A4y R H E 50 km. 20 km. 5 km
A0 km RAEPRRLEE S, o B AN T S
B ETE n3<y<2n/3. 2n/3<y<m. n<y<4n/3 L)
Jo b PR A3 I RHR O SRS AT S S ERf T o

(—) n/3<y<2m/3

VB AE PRI, 50 km A A AR i 1%
Wk, R ZN =1se AN, BOE RS 1 ms
VA I o AH Y T FL A5 R B 4l S
3 fion. MR RGSET LAV I S A
y=0.6121, AT w3<y<2n/3 VS, BHERH
Uit M RAIAZ I T HR8)y (9)s (12)1H5
25,

F ) B2 A S B VB A T LG A im0, i
Wi Jo 28 P — Bt i P R DUS, BHIR . A&
it L AR R PR ) 0 B AL B T B A R e
BEREHAUCEC . L, BRI RN 16.1 kA,
05 HAR K B B A 16.5kA, REN
2.42%, FRAMIEW] T HEISTHA IR AE



-6- &) &G 5N

/kA

2

AL

)

H

B LKA

AU HLRKA

1.00 1.02 1.04 1.06 1.08 1.10 1.12 114 1.16 1.181.20
t/s

3 50 km A FIRE KB ELERERTIHTEER
Fig. 3 Simulation results and steady state calculation

results of the pole-to-pole fault at 50 km
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