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Research on Single-Phase Grounding Protection on the Valve Side of
Converter Transformers in LCC-HVDC System

Zhang Yanxia, Wei Le
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Abstract: Because of the nonlinear operation of the converter, the valve-side winding current of the converter trans-
former in a line-commutated converter high-voltage direct current (LCC-HVDC) system changes with valve conduc-
tion and commutation. In practical engineering, differential protection refuse-acting after single-phase grounding of
the valve-side winding had occurred. In this paper, the analysis method and fault characteristics of single-phase
grounding of converter transformers were investigated, the performance of differential protection and zero-sequence
overcurrent protection was analyzed, and a new scheme for grounding protection of converter transformers was pro-
posed. First, the time period division method was used to divide a power frequency cycle after a fault into 12
periods, and the time periods were classified according to their commonalities. The fault characteristics were ana-
lyzed based on the classification results, and the grid-side and valve-side current expressions of the cycle after a fault
were obtained by merging multiple time periods. Then, the full-wave Fourier algorithm was utilized to calculate the
fundamental and harmonic amplitudes in the differential and zero-sequence currents. Given the serious fundamental
distortion after the valve-side winding single-phase grounding of the low-voltage bridge converter transformer, the
differential protection will be blocked because the second harmonic is greater than 15%, and the zero-sequence over-
current protection will be refuse-acting because the fundamental amplitude is less than the setting value. The proposed
scheme reflects that the proportions of faults with second, third, ---, sixth harmonics in zero-sequence current are

all greater than 15%, which is complementary to differential protection and zero-sequence overcurrent protection and
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can improve the protection performance of converter transformers. A simulation model is built to verify the effective-

ness of the protection scheme.

Keywords : converter transformer; valve-side winding single-phase grounding; differential protection; zero-

sequence overcurrent protection; harmonics proportion; grounding protection
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V41 and V51 are on

BRI A4S V21.,V41, V61, V51 Sl
(INEEE (7) , I/ 9(a) W, 1, FERMZELH rh 2R3 5 1, 3
K M SRS 3O, RN AERCR AN 9(b) ~
(d).

{jla:Ea/(Zs"'ZT) (10)

[2A :[O+1/31V21T +1v41 +2/31ve1
7 T jZA _ E

1. =] R —
diff Aa la
kg Zs+Z,
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E2, D3, d  200/3 W2k CTy, 1 CTop HOFLIE N
kém kv kyn Ky jla = Ea /(ZS +Z;)
i, _E)7, I, 0 {1 m iy 4l 4230, 12
Zs+ 2y k\2{/A kY/A /J\ﬁfj] Eﬁ,{ﬁﬂ\j
ﬁ'fl:'jvm N Vel FIHLIR. . ) i i
Ly =1 +25-= o
kyp Zs+Z;
i Ea/ZT + jV41 + 2[.V61/3 ~
E Kon ks ks
l L L%, Ly (13)

C2

Zi_v42 E V62 ZSsz
- 1

(a) HLFLUIE ISR

va1 b

AR HE o
CT,, JF

- (b) 321

(d) %3
E9 V21.V41.V61.V51SEHERAT Fu AtH#EH
Fig.9 A-phase grounding occurs at F-point when V21,
V41, V61 and V51 are on

BRIV A AUFE VAL, V61, V51 S8 pymt
B®), K10, I, fEMRMZEA G ; 1, 8 M A5
IYRUPIG , — 4 VAl BREES, B—% Vel &
o3l C A WIFHZELL R B AHSR4 2l b i

Il

C2
V42 62 /\V22

E 10 V41.V61. V51 BEER T F= At
Fig.10 A-phase grounding occurs at F-point when V41,
V61 and V51 are on

ZS+ZT k\z(/A kY/A

BF BRIV m AL FHAR I Vel =i, B 11
B (1) V6L VI Fal T, [, 7E IS4 H 3R 5
I, Wit V6l 543l €. A WIFIZE4I R B AL 5

IR L
CE
\& 17:_191

Cl1
V21

C2
V62 /\V22

11 V61.VI1 SEERT Fm AtH#EM
Fig.11 A-phase grounding occurs at F-point when V61
and V11 are on

I, =E,[(Zs+Z,) 19
I, =1,+2/31,

1‘ :I' jZA — Ea _Ea/ZT+2jM/3
diff Aa la 2
kY/A Zs + ZT kY/A

Ky

(15)

BB VI AAE V21.V6l . VI S py et

B(12), W 12w, I RIS 1, 8 M S5

T, — AT V21 JEaRl4 C. B MAHZE4LAT A

FHERH B, 5 —#ad V6l Je4rilse ¢ A Bl
ZRULAN B AHZRAL 2B s

{jla =Ea/(Zs +Zy)

. . . . (16)
L, =[0+2/31vs1+1/31v21
B
Lygpa =1t sz =7
YIA sT4r
Ea/ZT +21V61/3+[V21/3z
k\Z(/A kyn by
E Elz I
a _ az/ T + M (17)
Zi+Zy  kyn o kya
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H= (7). (9) . (1D L (13) . (15) AL (17) AT 501, =
FEAT B SELH B AR R, o T WP A8 s 4 ) /N2
BN LI Ly, ELAE 3 TS OO 1, P HLIAL
TR AR A i AR IR 7, . o, S E R S
PeAEaE oy 1 1 0T HA BRI, TE 1y, 5
i F R fr. D, HONZESh R aE s, LI R
jDIFFA :jdifan +jdiﬁYa :jdifan s RZEZH R HLRE B
ol .

B 12 V61.V21.VI1 SBERT F= AR
Fig.12 A-phase grounding occurs at F-point when V61,
V21 and V11 are on

12 EFEFEPHIEELERSM
(SRR IRIMIZEAL £ 05 A FEEHL S ORI 2 H1F
TR (@) 4, FHEAMTRIM b MR ¢ ABRYHL L
Te PP LR
BRI Ty 255000 AL C BIMIEEH , Wit I ¢
ML 1, B 4R48t, B ek h
I, =-E,[[2Z,+ Z))] =

~VBEE" [[2(Z+2,)] (18)
TR R b AHZRAL R IR 1, FERTBR D @ 5
WM b FHZEAAHECAIE V32, V62 ¥R, Ik
L, =0. BE® . @, 1, YRR | 0]
C.B HMIZELH | & HMT RN ELIAL R 6 I Aa) okt 1o (8 %) H 3t
P13 25 R R I BR @R AR, BRI
_ Ege™ [kyin -
Zy+Z,+2Z,
V3E™ [y,
Zy+Z,+ Zeq
WO LA 1,
jsb :j4B/kY/Y =
\/gEaejéou /(kY/AkY/Y)
Zi+Z, +Z,
B A T ;I 2R BY v 4 it A2 s 1R ) 28 2 25
SOl = HIRIRE B3, =, + 1, +1,, =0.

4B

(19)

(20)

AP EERAV . S50 A VB AR Y, Jaast i
b S AR R E,, $240t, H R 0h
ij = _Eba/[z(ZS + ZT)] =
—BEe [[2(2,+2,)] 1)

SCT.,

CT, . £ CT,,
CT, < CT
&5 — C2

= 1 v42/\ve62 |A&V22

B 13 RERFER I FFER (HED)
Fig.13 Zero-sequence current during time period I (time
period @)

At M ¢ MR 1, - B OH S C
ARG V52, V22 BT, 1, =0; BFE®,
O I, PR 0 B, C AHZE4] . &k
B ELIRER B TR B [ B i i, PRI 14 25 e
Bt @ H J it 0 AR
_ Ebaeﬁoo/kwA _
CZtZy+Z,

VEe ™ [ky,
Zy+Z,+ Zeq
DR L 378 7, A
j3c :j4c/ky/y =
\/gEaeijlzoo/(kY/AkY/Y)
Zo+Z +Z,

VII/AV31 V51 Z, E,|
CT,, it
=1 '

Bl

I

(22)

(23)

C1

V4l |[@Ve6l /XV21

CT,, P wANeE: v32}v52
2 A2
CT,, Z CT,,
C%ﬂl —g = e
- v42 |[AV62 /\V22

=

14 RERZERI, BFER (HEE®)
Fig.14 Zero-sequence current during time period type Il
(time period @)

B AR A BT, 34, He Wi B D ~ Q240
RSt [ARELAEL 2 1 Cy 205 ot g 16280 42 BRI
S a MBI RS 1A TSR 31, %



2025 4F 11 HKHIEE A : LCC-HVDC R GEfiit 22 [ 1 ) SRH et AP RO F 5 - 1115 -
0 0°+a+u<wt<150°+a
0 150°+a<wr <150°+a+u
V3E, [[ (kg sk ) (Zs + 2y + Z,,) Jsin (@1 +60° =g, 150°+ ar+ 1 < ot < 210°+ ox
\/gEm/[(kY/AkY/Y)(ZS+ZT+Zcq)]sin(a)t+60°—(p;) 210°+ < ot <270°+ &
0 270°+a < ax <270°+a+ u

. . . . 0 270°+a+u<wt <330°+ o

3IO(Y) =13a +[3b +13c = 0 330°+ a < axt < 380° (24)

V3E, [[(ky skyn )(Zs+ 21 + 2,,) Jsin (@1 ~120°~ ) 380° < @t < 390°
ﬁEm/[(kY,Akw)(zSMT+Zeq)]sin(wt—120°—¢;) 390° < wr <390°+
0 390°+ o<t <390°+ o+ u
0 390°+a+ u<wt <450°+ o
0 450°+a < wt <450°+ o+ u

b o) =arg(Z,+Z, + Z,,) . A (24) 45 kbR )S
LA THRN 31, BODETE LI 15, T+ 55
AR PR PR HO S AN [R] , P 303 AR TR A R I Se 2 A
AHEE T 20T B DN RN S50 — AR, BBE S 1
ASTHA AN 2/3 BIBTRIZR PR 37, 55T 0, 1
FNIE 5% ™ AR
oo
0.1F
0
-0.1F
_0.2 L
ol

-0.5F
-0

B3 (pou.)

.gH'N a+p+2n

ot/rad

15 R 1A TRE 31, K

Fig.15 Waveform of 3io(v) in one power frequency cycle

after fault
K 4 N =200 ARG (24) IR0 HLMAL
RGP L 31, HE WA 45 U S DR 1 L %
WIS A R OB ED 5 EE, 2 ~ 6 U HE AR
T 15.0%. & 5 MG H T ARG 0 HRTEX

®4 3, BH. 2~6 REHERELLL
Tab.4 Fundamental wave, 2nd, 3rd, :**, 6th harmonics,

and their ratios of 310(Y)

g{;;ui;;?; (A1 AT /%
R 31, 0.19 S E,, /[ (ky nkon )(Zs+Z:+Z,) ] | 100
2 W 3Ly, 0123 6 E, [ (kyinkon )(Zo+ 2o+ Z,) | | 103
3 UG 31,,, |0.1013 Em/[(/cmkwY NZs+2Z,+Z,, )] 85
4 YW 3, |0.057T4E, /[(kmkwY NZs+2,+Z,, )] 48
S W 3y, 0026 TE, [ (kyskyn N(Zs+Z:+2,) || 22
6 WM 3,y 00343 E, [[ (kykyn )(Zo+ 2+ 2,)] | 28

Q4) THEEI 31, BEPFNEBE L, R, 2~ 6 X
U AR T 15.0%
®5 FEBEE B3 EHE 2~ 6 RIS
Tab.5 Fundamental wave, and the ratios of 2nd, 3rd, ---,
6th harmonics of 3i0m when commutation angle

u is different

L T IO N Bl . 1 S—
WM | 29k | 3% | 4 | 5| 6K

22 0.1200 | 101 | 83 30 25 | 26

24 01205 | 99 | 81 48 26 | 25

26 01212 97 | 79 48 28 | 23

28 01218 | 96 | 77 48 29 | 22

30 01225 | 94 | 75 47 30 | 21

TE : H IR (i — 1 A R T e e Em/I:(kY/AkY/Y WZs+ 2y + 2, )J )
030 728 T 48 08 25 P o U DR AP i SR 0 1Y
BT L I B E h
3 e = Kt ma (25)
A AR R R K TR 11~ 1.2 5 RN L i
T = 1%, o B0 T 58 0 26 40 11 11 = 1

TR 1, 0 M
[k,max = Em /(ZS + ZT) (26)
$ 3K (26) fRAK 25) F
3]050t = Krc][unb,max = 0165Em /(ZS + ZT) (27)
H1 4 J1 = 20°IH IR A RN SE 20 AR LAY
FRP LN
31, =0.119 5%
Em/|:kY/AkY/Y(28+ZT +Zeq )] (28)

K by =kyy =Up [Un U|N=\/§Em (U Uy o+
) DA T s e LA R A L TR, E, A
FEARGHRSE) AKX 28) 15

3y, =0.04U [ E, (Z+ 2, + Z,) | (29)
it
2
3[O(Y)-l — 0.04 UZZN ZS + ZT <0.24 % (30)
3, 0.165E. Z+Z.+Z, E,
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2 2 2
2 0.24 Uni ) —g70f Y | —oof L.
E \3E, kg

o A5 U S T A O B R S R AR Ay >,
3oy <3ly » FIFATARIIES). AR AR A
FEEAS FERS, W 0.845 <ky,y <1 B 31, <31, » FIF
WA RSNk, <0.845 W 31, > 31, , FIFid
TR IERSIE. 2 5 b u BRI 220~ 30° XN 1
Sl

AR 45 728 A5 R I S8 2 A B A e il e
Wi A A8 s P el i R 2 4R 8, T s dit A2
FEAR AT BeE Bl FES R IEZE S - s T AR
AV A A5 EP A i B R 308 R A R 58 8 S 8 PR
FEEE RN — A B, RIS 1 A TSR AN ZY 2/3 1)
BRI P L 31, ) S5 T 0, BRI HW A, Z i i
PRAP A B B i /N T A

1o R AT A 58 4 BRL A 4 b 1) 2 LA 3, =
I+ 1+ 1, FEEB ST A R G B B i
FLREERER , Rk R s .

2 iR TIERREMIRIPHRIE

21 RIPHIERIEEE

RSN I LR it A P R 8 2 2]
MBI, 25BN RAP I 2 WK T 15T
B M A 5 A2 P 2o 07 I A A T 5 2
HES) . T P FTR A TR A L T e 3. R, 45
AT BT T S (AP 17 )7 22,

G A A0 725 T U S5 20 YA
93, W A T L FL 2~ 6 I O T
159 , PELHCAS SCHE A (0 BEHO AP 0 e

[3[0(—”>15%j&[3[“—m>15%j&
0(Y)-1 0(Y)-1
[3]0(\()—4 > 15%] & ( 310(\(')-5 > 15%] &[310(\(')-6 > 15%)
3]O(Y)-l 3IO(Y)—I 3IO(Y)-I
43 ms 31)

M3y, 2 ~ 6 YCREH RERIN & T 15900, 4
H AP A

A AR IE 16 (@) FoR, 252801
P FE RS AR LA 2 R ANE 16 (b) Fros. HER{K
T 5 0 58 21 PR b Fr) A N PR, 2 Sl D
B, A SCHE R AN SR , B BT R i O e g
FWEWATREASITE, B, “s7 i 1, “S59E 17
Wtk 1, 5 27 1, Gk s AR A A

JE A BRI S8 20 FRARFE RO, 25 SRR B , AR 3
ORI ENAE , A T oL ORISR, 5
1, “HIE 17 1, 5 27 1, G Eki ;A
FEH AR AE D REIR TG DL T SR8l 228h RP T gk
SIE, A SCEE R R SR, A F AR Rl e
SEATREASIE, s 1, “SEE 17 o,
R <5 27 % o, DRAP A Ho I B AR (current
transformer, CT) 7 FI1E &0 T , 76 R BUB/INAS - i HE
VA S 25 S RPN IR S, AR SCHEHL RPN S

‘s 0, “HAE 1T HEIH 1, 52744 0, 4
PFABHHE.

e shoe s e g kA

TR ) (31 ) (31 )

T >15%|& —>15%|& >15%

7 AT e EY ARl LT AR
31(\\

: 3,
023 o 06 o gt )
3,0, >15ﬂ))&(3,0(w >15/o) F#423 ms?

¢

=]

s
wyrsmsin | | miroz st e oF st g |

(a) ASCH R RFE
1

.:‘j P
—| s — o
| A st —e] st

(b) S5ZIEy TP G2
B 16 MimiEREMARPIRE
Fig.16 Flow chart of converter transformer grounding
protection

AL, ASCH DR 5 22 S R KT i O
TREH AR, AREE R T i A IR e Re.
2.2 FhELRIRER TAS BRI EIERE D 7

7 s g 3 A TR R AR B B U0 B s P, s R O 2ok
T 2377 A Tl T O 5 DA RGN FH SR Bl [ 5
SN S B AEASE | BRES R FRIRE ) R/INFR T o] | LSS
it 0] B BET LA B AR e ) 25 e RS P T 18 5 5
X T AR AR T =, ATART Iy 2205 ) 22 /DA AR 25
PUREFEAS IR (Sl R TR L. BT i e SR R, Ak
A FNAE AR (B2 AL, AR e g s L, S
AR IR AR AT E Lk B R, A SCEE
Al R S e R LA T 43T

K17 BAHAR e s 3G T SE a8 L i b, SR 2R
SR u, =U, sin(r+e,), R L . R, F L, . R,
ML, 53 RS H RS A8 R — IR G4 | 8w il
S A FELBEURITERLER, 4, L i, AT S—IRGELLFLIR L il
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WA IR G IR, AR LR E R R E 8
(R+Ry,+R,,)i,(O+(L+Ly+L,,)

di, (1)/dt=U,, sin(ax +ea,) (32)
SKRE RS
, U,
i,(t)= - - -
O Ly +L, + L) +(Ry + R, +R)
sin(at + o, — @)+
U, sin(a, — @) N D, e
\/wz (Ls +L,, +Ls)2 +(Ry, + R, +RS)2 L,+L;

(33)
K. p=arctan[@(L, + L, +L,,)/(R,+ R, + R,,)] HE
0l [ B BT A 5 7= (L, + Ly + L) /(R + Ry + R, ) F3E
AR A w BT TR B, @, AR RAR A R TR

E17 BETERTHAWMENEE
Fig.17 Equivalent circuit for no-load closing of single-
phase transformer

H1=C (33) 1, Jh i FL I B A (E R S d Ry Bkl 73
ML S P AR R o, Hoh— A S
(] ok ) gl o3 v 7 A, 53— R R A

X F =GR AR &, LA a A0 BRI T
R B, A T I = A A TR AR 5 B o =00,
o, =—120°, o, =-240°, =\ (33) HIZS H — Al
HL 3 Ky

(1) = -U, cos(a)t+0°) N
\/a) Ly+L,+L) +(Ry+R,+R)
U,, cos0° D, },/T
+ (¢
\/a) Ly+L,+L) +(Ry+R,+R) Lwtly

. -U,, cos(aJt 120°)
ip(1) = > +
\/a) Ly+L,+L) (R5]+Rm2+Rs)
{ U, cos( 120°) o P }e’/’

\/a) Ly+L,+L) +(Ry+R,+R) Lwtly

i (1) = -U, cos(a)t 240°) N

\/a) Ly+L,+L) +(R,+R,+R)

U, cos( 240°) . D, }e'/’
\/a) Ly +L,+L) +(Ry+R,+R)  LwmtLs

(34)
Kb @, Mo, KA ER B A C AHEFIRE.

Xof I ) 2 L A
3iy =i, () +iy () +i. ()=
: U, cos(ax +0°)
\/a) Ly +L,+L) +(Ry+R,+R)

U, cos(wr—120°)
\/a)z (Ly+ Ly +L) +(Ry+ R, +R)

U, cos(ax —240°)
\/wz (LBI +Lm2 + Ls )2 + (R«Sl + Rm2 + Rs )2

+

U, cos0°

+
J& (Ly + Loy + L) +(Ry + Ry +R )

U, cos(-120°)

+
J& (Ly+ Loy + L) +(Ry + Ry +R )

U, cos(-240°) oy
\/af (Ly+ Ly +L) +(Ry+ R, +R,)

(¢rA + ¢rB + ¢r(, )e_t/r
Lm2 +L51

— (dsrA + ¢rB + ¢rC )e_t/r
Lm2 +L51

(35)
1 =X (35) AT, Jal i G 3 15 400 T R 25 1 HEL I 34,
G a2kl R o, HAME R — AR 5 A8 e
LB T YL RE . I FE BR E ) (B3 A X
S (-1 (e‘”‘—e’”").
2am ~ (@ +i)n
[acos(kt)—ksin(kt)]=
= (1) (e™ —e ™)
DT, IV
sin{kt+arctan[a/(—k)]} (36)
XF= (35) BEA 743 AT A

3iy =i, +iy +i. =

an —an
e — € —¢

an —an

€ —¢

((‘DrA +Dy+D )e_t/r/(Lmz + Ly ) =
I:(QSrA + O, + D )/(LmZ +Ly )] ’
e —e"
+
{ 2(-n/7)
-n/T _ en/r

(Do + Py + D0 ) [(Ly + L )]ez(_—n/r)+

0o ( 1) (e—n/r en/r

sin(kt+6) |=
T o+ K

I:(@rA +¢rB +¢rC )/(Lmz +L ):I ’

i (_l)k (e—n/r _ en/r)
SR CDHMENEF o . 20 . 30 . 40 | 5o
16 AITTELH 34, WAL IRAE 31, LIS 2 ~ 6 IR

sin(kt +6) (37)
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WEAE 31,1 =1,2,3,4,5,6) 43BN

3 Pt Py t®e e e
0-1
L+ Ly ‘lr\/(—l/z')2 +@’
3 =Pt Pyt P e eV
0-2
Lpy+Ly  n(-1/7) +4a?
3y o Put Pt P e
0-3
Lp+Ly  mf(-1/7) +9a?
-/t /T (38)
37 :¢rA+¢rB+¢rC e —e
0-4
Lpy+Ly  mf(-l/7) +160°
3y o PutPutPe e
0-5
Lpy+Ly  m(-1/7) +2507
3y PutPutbe e
0-6
Lp+Ly  m(=1/7) +360°

BUAS i S5 R G LR Ug =110kV | U2 4
i S =100 MV - A LK BHBT M o =85° , MIACHAFH R
GErHLBH | HLPT S R
R, =UZ /S cosp=1107/100x0.087 =10.527 Q
X =U?/S,sin@=110?/100x0.996 =120.516 Q
Ly = X,/®0=120.516/(2x3.14x50) = 0.384 H
(39)
BUR IR 28 4E 25 S, =50MV-A A H 110kV/
242kV, ERATIHMF S HAB WA /3 1,%=0.9% ,
ZEAFE B, =67 kW , FEEAAE B, =210kW , BHBTH
JEU, %=13% , WAZ g 110 kV A0 iy e BELFR g Sl
Xl
. _U,%/100(U7/S,) _13/100(110%/50)
o w 2x3.14x50
0.1002 H

_BU2_210x110°x10°
S; (50x10°)°

R, =1.0164Q

(40)
110
0.9%x(8,/~3U,)
3
R= /1= 67x10 -
[0.9%x(8, /3U; )x10 |

11928 Q

X, =\|Z,] - R, =\[46 413.5 —11 928* =
44 854.6 Q
L,=X,/0=44854.6/(2x3.14x50) ~142.8Q
(41)
MW z=(L +Ly+L,)/(R +R,+R,,)=(0.384+0.1002+
142.8)/(10.527+1.016 4+11928) = 0.012s , 7’ =14.2.

Zm

K Se 2B S (38) 45 2 5l e I i 1 00 1 34, Bk
P2 ~ 6 YU S AT EL IR 6 Frons.

A a R w A B REIR A LR, 3i, T
T02.3.4.5.6 YOEBE LR 15%, ASCEE IR
froxizah, (A E 16 (b) Bl &2 48 %R S
P

F* 6 MELERERT 3i, B, 2~6XiIGHRRESL
Tab.6 Fundamental wave, 2nd, 3rd, ---, 6th harmonics
and their proportions of 3i, under inrush current

FEDRIE i be/%
FW 31, 100
2 Yl 31, , 50
3 W 31, 33
4 PG 31, 25
5 UG 31, 20
6 YK 31, 17

2.3 CTiaMER TR ERPHSEERES T

— IR ARG , HIER H A el A 45
. PR AR AR AR R CT ki,
FEAE NG CT WA & 18 i CT SEH
B d i A g R ARG, L, L L, AN
R, Il e Ja | R e 11 A6 (I PRI P B

B 18 CTHIEXEK
Fig.18 Equivalent circuit of current transformer
WG —WRES a B i, =1e" -
I cosart , 7, F— IR RGN H B, 1, R 5P 0E
(B Fg¢dn)™ w1 O0 IR F8 93 0 0 B 5 Dk R e
S, 5 a A CT JHARTRANAYINTE Ay ¢, , B SCHR[12]
CT M A A

- . a
Ie"" +1I_ sinawr -—<t<y,
@
- . (- T o
(I,e""+1I sinar)e ™" t <t<—+=
. 2 w
N T « o
Ie"" +1I_ sinawr —t—=<t=<T-—
2 o w
o
0 T—-—<t<T
@

(42)
K 7, =L, +L)/R, 4 CT [0l B ] %505
o =arcsin(/, e /I ) =arcsine™" .
TEATE CT WA AT LGN T, B 18 Hril
T S BN — R SR 2 A P i HEL AR 55, F I B H T U
IO A
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N,[d®, /dr]=i,R, (43) ot (t,/7,)—sinax, = wt, —sin ax, (45)
EJ‘D—‘]-"Eﬁl]rﬁ‘lta El/‘J%:‘:ygqjsal/¢m ﬂ:‘l]d)ra/dzn N Qal/q)m

A @, W B, PR A, = (%j ,

1
BHE i =1 e —1_cosar fRAZ (43) 15

D =0 +]m(N1/Nz)Rz [0)71(1—67’/7' ) —
N

pa
2

sinor |= @, + @, [a)rl (1—e™)—sin a)tJ (44)
b @, Wb, @, =[1,(N,/N,)R, ]/(@N,) HIEH
B P REIEIEE ; N N, CT — | IR R AL

Yo, =0, (@, NFHE) RS TR,
Wt e =¢, , BT CT PRBUGERNRAT RN, ¢ /7, ¥
F 0, ARIEECF BN TLIT NS 1-e 1 /7,
SEUY, FREI @) ik

(¢sat - djra )/djm = a)Tl (1 _e’ta/rl ) _Sin wta =
Ie"" +1_sin(awr—120°)
e + 1, sin(ar, —120°) Je
l —
* Ie" +1_sin(wr—120°)
0
5 a MFFE, BB BEFT CT IR GELH Wi
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Fig.19 Simulation results of single-phase grounding on the valve-side of low-voltage bridge converter transformer
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Fig.21 Simulation results of excitation inrush current generated during no-loading closing
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