$£38% FI4H
2018 £ 4 A

€ 0 6 & ¢ 2k B

Electric Power Automation Equipment

Vol.38 No.4
Apr. 2018

PRSI T 5265

M) AL 1P L A S BE TS LB

ISt e BRER RS VIAE 5 %
(1. N K5 dEZEFR, 9 KA 610065;
2. BEM LA S AnE BE/B NG LA RS 264003
3. B E b o ) s HRAE B G, m ol R 610042)

WE AR T ERRT EAEGFNAEL— BRRELFET A GG RM, AR TREN 5% EH
v J) P K R Y S BOR S AR R R R AT BRI k. R TEAT T R, A ARAFET
BN EQERTIRE T, LR T AT ST WA FHRE G QAT R AT &R 8E At &
Wi, M EE T SR Bk ay A Y 0 BT 548 LR AR ENBITREY AT, RERET Y
713 R R E KRR IRNARA AT S IRAT 46 17 2] T RBEIH FAn I 5 BHHEAZ & 097 B R
HeFFo IEEE 30 9 & AL A LR IR G W 6945 A4 RIIE T AR5 ik o9 & ik Aot ik

KRG RV LG R ERTIRA T 2600 T8 S0 E 340 & 2G0T 08 & & R IR

HESES:TM 76 SCERARIREG A

0 3|F

UTAFA, TS [ N A A 9 RS L RO L
RGN L SRGEBATHR TR MBI o K%
PSR U e B S T IR AR £
W S B FINTR L, el B 2R B I 5] & 1 K A5
S R R, HUE AN B R B R B
APEHITETG . P, AT A0 B R SC B R AT Dy
WL 2 R s 4T S R IR LA N E S %,

BRERAE A i RE 1% i 1) HH A RN SR, 7R 4 4
R R L R L P R ST A
PHRK L ST Mg MEPPAG S8 o AR VPR 3 5 1Y
AN PP Tk o o 2 28 —RTTIEMNE T i
THCRE ST RYPEAL , BI DAL 28 G018 32 0 sl i i 4k £
A B U RE I BE ST, W DT 6 A RER s EGL /)
AR BE ik S SCHERL 7 ] 25 T35 U3 E,
e B H R B 45 s B 49 o DA 1 i 33 1185 3
HRL 8 125 R 0 A7 2 B, R P e /IN T St (D X 97 D 3R
A REEPEAS 1Y RES T o 55— 207 L T3 i
TP, EETIE A S ML ik 5 R G
VAR I S R LU E 8 /TS T U R BN DAL R S
AR FHPPAS OB | X0 DG B A 1) 2 908 DAAS 1
SRR A D oE B O R SRR R r A A B A A
TUHRBEE S o SCHRL 10 ] 56T ot i 2 A% I 28 5 70, ot
SEATRAR TR SR AE D S BT A5 B B B 5 SCRIR 6]
S SR SRR BE , M4 Joy ) BE AL 0 L RE A%
Fi oTRRARSE o RGBS Ak I i R 2% rh oy
VEPEPE RS BRFE A1 5, AR 28 PR RE A I F B A A
JEE A Y S R SRR VAL DT I A R B XU B
TR SCRR 1112 454519 4 R AR e et 1 v 45 F

%5 HE#E:2017-03-13;1&[E] B #5:2018-01-27

DOI:10.16081/j.issn.1006-6047.2018.04.012

R, R RSO RS AR A R O HE Ao

i b AETA R A, - KIE R
TESRVT R G 52 U S AR THRA RE T 5 75 —
RITEEMNE T W30 S AE IR DS R VR T SR
BT RGN BERE B o SR, R EES1Y AL
FEAE DTy TR — 3 o5 —J5 RS2 i, AN
S PR T OGP, SCHRL 13 ] AT T fE
Lo W25 4 S BE T 19 05 THG £ E A 5 55 1, (EL 4
SR T AT 8l , ELii = 0 R RS R Y
BT BT, ASCH R T —Fhit ST HHtRE s (R
GEX TR T LR T (7 R RGN
M ) XA F R DG SR PRI, B e, FE AR G ot
AV IRl S i M i v = G S N R VA
PR, 5838 7 RPT TR TR R 2 R M
THETF T BN AL R N5 5 T A e
A RE T PARZESE A 5, S0 0 AL s AR A AL
PR R AR Hs AT R GRIa 1 IR T IR R 5
RIG R AR ORGP R R AT 28R 25 &
RAFH A T 8AR ] B9 OC &R s B, BA TEEE 30
ARG S X SR R A 51, e AS SO A
HOHT Bk 1 P A M IE s A R o

| PERERTHET

TR EPUT L 7 R A i 2R el sz 4 sl i
TORERE A B A IRARE IRE ST o AR SCIE Y R R
PPV T PRO I AE 2 ZRIEA S (i 5
25 50ss ) FIPTTILRE DT, DI RAE R sty
ARZEAE XS R H He 7K 2 T R
L1 ARSI TR RRERTINEF

A BE R PR B DT B SN PP 1Y it O RE
DA T AZ " Tl RGE A V5
55 L HAR A DDA O G A 15 R R



F4H

FIESY, T HRIES TN TS

L A T PR T L B B4 R ®

F R BIRFE 5 A DV 05 REXT B B A A AR, G
7 X i R AE AR 23, 193 B 2 RE R R G0 AL
A R R A O

g=["" U vy
i_j(ﬁ;',l/;") [fi(aio D gi<8i’ i) ] [dU,] =

N 5,
PL(8,-6,)- U, 2 l]sz:fSin(Si_aj) 5S+
j=1 i

N S
U, ZI/jBUcos((S,»—(Sj) 55+
j=1 i

N U, U,
;U}.Bﬁcos(ﬁi—ﬁj) U. U?+Quln E_

Z‘TUJ-Gijsin(&—@) U, g (1)
Hor, £08,,U;) \g:(8,,Up) 23l b1 i WA 2 e
NIRRT AG Py Q20 00 05 1 A ZhiE
ARTEHEN ;G By 4357 R i j L5 M
45(5,,U,) (8, U;) 533 R s AT IR L R g sk
THRUEBATIREN Y A A B N N RGET
A HRARF R ESHUE, W E,FRR 5 sl 5
TSI, 5 ST AR A AR W T -
— 7T, RS B TR A PR B i A s AR A B
SHERM BN, HyT TR 15 s 53— J 1, b
A RTINS RE fE AR AT R Y A2 4k
88 R A, B YA L KT 52 B g AR HH L A% 1
S5 R T IRE s . R, al el
SREEAR L 5 H AL R St far P 8l T 19719 S
L THRESs .
RS RE R AR, FRIAh
AE. = |E, - E,,| (2)
Hp B E, 53310075 53 AR RE B Y Y Hi (R A2
FHEH . AE 8N, FAETT S YT TR SR I f iz
PR BGR , AT T RE ) s
RS RER S SRR
dE; 9E, 90, OE,
S;=——=————+— (3)
dU, 9Q, U, aU,

Wt AT AR, 1 A P e S BN T R
1 RS RE R JIORE AN W& 1l S, HLAS 3
A RE A AT W TR IR (E ) R A AR ) . 2
S, =0 I, I i REARHH s IR T i 1L
55, HERF L ARG E I RE B0 5 2 S, <0 FF, %1 /LY
S RE T BE A PR s 7P 1) B AR T 39 O, v e 7k
PR BEI DR, T BT P RE 185 o

FI L, WAL AL 5 RESRE
A E S I AR A ST i 3 ) 4 e Y
MIPTIERE ST I, AR SCER G 1 RS RE AR

JE 5SS, R SCIATRsh T /Y 0 T T4k
- F (i)
AE;S, S, =0
Fl(i> = { -
AE;'S, S, <0

Fy(0) B/ AR 5 S RTE R B G 5z
PRGN , Ho T I FHs AR B H il 2., 5
AP TR RE TS
12 ¥REZTHTREEATIHETF

SRS B 20 2 G SR R 0 H) - il by, 2R
TSR ™ A WA o L RGBSR A
RGHEA N S s R (Ho s AT T Sk B e
FW ST s E AR B AR G0 BT AL sa A1 RS 9 A R i
SRR, 5 A B R O, TR X v s
¥t —E BB . I, A SO s 17 i SEPE RS
HA R T T U Y SR A5 R 5 LAY
PLBETT VAL, S 457 1 AR 25 B A% i 1 7 140722 £
LEIE ISR 16] o

RS S 518 BE AR BT, 3 13 S % 4532 0 1
it L AR AS |, S SCSZEE T 9 S R T
AT Fi() N

(4)

N
2 ‘P/AUL"
. =1
FKLFW (5)
Ny
pi=p/ Y P (6)
=1

e N R GE S M BB p) o S L A5 B AR
— AT ; p, W L BB AR AU R S 1A
B TR A R AR R U N R R
JENEAR ; U™ S 5 SRR AR R, — 8 i
HLERY 90% 7 F (i) B, R AE S BRASEIZ X1 45, i
T P T e R, T IR A T R

2 TREEgEmET

RGU R W], 254 5 D RE AT RS R
AR 2 FPEA R R, AS ORI A 2 A R
PR30 00 DR 25 BT i ZE R SN 7 A 3 DS AL B i [
TR &N I RE R S s AT RS R A T,
SO Y ARSI R B HGE Has 1T R &
R FRINAS 9 AIbEA I
2.1 TREHEERmET

PRUE Y AT DR Gl AT RE ) S R AR
B R o i A O A BT AT 2 45 B
HIRIREREM, vrab 1 A O BB B i T
IR AR BN AN L, AL 145 AL — B 9 sk
Z RIS AR AR 251 S o PR OO, A B S5 B
ARG LI BRE SRR, - RS
F R ARAL SR, 1R RO R G R



84) & D 8 it %

EIRLE

M) 3 S5 2 5 WD O 9 7 T 2 TR M R A R S A R
W7o PRI, AR SOB 2B T 51 A B
R ST S NS R T B, () A -

B(i)= Y JW,W,IB,()] (7)

meG,nel
Slnwlﬂ 871,wl1
W, = , W, = (8)
2 Slllw!n, 2 8’lw"
meG nel
. iz 11,.(i,))| i#m,n
B,(i)={27%5 (9)

1 i=m,n

Horr,m on 5358 RS8BT A G UL 435
HR L AT AR W, W, 23R R HL LY A
m AR 0 GG AR S SRR LGRS
W B, (i) [7E“ Ko - g 5 5% (m,n) 8]
AL R IR S, 761 a0 B2 AR A 4G
&, IR KL S m 1 HL R 5 TR B AR AT
R n AT BE T 5w, o A HUHLY A m Y HE
AL ) 5w, S ST e 1 S PRERIE 17
s 11, (i) [ R =5 A 45 6 (m, ) )3
NFLLHRIRG , TESCHE § B AR AR T A
5 A B E AT R, B.(0) MUK, FRAE
TR RN R R
22 THREBITREZWEF

TWPE S —Fh R, =X R G s T IRE R
AR AT R ph A ) AT AR Y R
11X R GEIBATARASTE )0

B AL IR B AT R S 1 A oA

AP, =P, = Py (10)

Horp Py (P 2300 71 5 1 IR B AT IS S L R
RS LRI IR T -

DU B B AT R S s Y A e

wH

AP,

oy = N ( ]1 )
S AP,
=1
A PR RIS T A5 0 @ R h o A
M
Hy =— Zaliln Qi (12)
=1

Hyy S o i 2B I8 170 2 G0 i b ol (19 2
AR, HAR N FRAE o 1 B H 24T 38 A T
il (R4S SO AN 1, X R L as RS
JIRI AR

SR, AL GE R L ph ol i AR R A R SR a8 17
RZSIF, R BB A AR R, (5 18 T i
e IR PR AT, AR SO AR AR A

[7] , BT R 0B s 47 3 A F1 0 i o £ 45 S
SRR A, BE R S A)S IT R R A R A R
NABGS R PRI, AR SCAS 4 SO A AR BE X 1Y A

T PR A TS IE, SOV Rs AT ARAS S e R
H(i)H:
N
H(i)=- ZO'II-IH gy (13)
=1
Ay
Oi =y, (14)
> A
=1
A, = M~ Moo (15)
Mlmax _/'LlO

Horb o, 70 5 B IS AT 5 SO | AR L A
O A LEE s A, 1Y A 1 IR s AT 5 S L AR
FUsttio vt v M 7300 SIS L ERAD 00 B 2803 1Y A
B s AT A R TR AR R

2 H,(0) KB KAE In NI, 99 B B AT
G ook 4 A A A A5 S R S L A
H(0) B/ ZAE 0 18 A8 475 A0 1) 3 o of e
PP P ATTERE JL AR S b, ) 3t PR S B it A3 2
EY-8¢3 0 U I RRINAS APy 4T

3 BEMXETRPRRER

3.1 RBREEHTEMEEE T

FL N AR GE I L R A R el iy S A 4 R 2R L
B AIESE S TEK T A DU R T AR —E Y
ANHRRE T B AN 58 e, ST B — S KB R G
I, X R G B ST SR VR R TR 2
JETERARTEWE o WA IR B B K (5 R &2
M5 R EROY ARG, S T RIESE TR b
AP IR IME PRI AT A5 RIARHE, W] LIAT
RO AL A TR MR S B PR RPE IR M 2 AR 2R
A [ U A DAy 7 B IR B2 [ 3L, RE A 4 T 3 53 BT 45
JRVE] AR B ZR , A7 A5 ik G B 5 0] (i 22
32 TRXBEMREXBKITNERTER

PP S Y SEPQUSAZINIVE % N5 7 31l

a. IR RYE ST MRl B A TR,
T RO P DR 1 s B BT B Js 1, D
K i 5%y) a;= { F\(i) k(i) ,Bs<i) JH (1) o HBEA K
A1 N AT R0 OB B VE A 15 2 A9 00 0 phe S
A=(ay) o, Forb MO GOCEEEEVPN B D h
TIHBRA AP Y E v S e S B — 20
AN AT B, TE TR SR 2 BIPRE) 8 D SRR B A T AR UE
AP A3 RIPREAL SRS B = (b)) anro HIZSIFHT
DR A s SOl B 8l B 973 r e I T 5
F\(1) A5 R PRSI 1 H, (1) SABITERR, 3



541 FIESY G FET R TR 75 5 A 50 PR 7 A HL 00 S B i R @

HEfEE R R EPTEIEE 1 F () TR

T B, (1) RS HFEhR
X T AR , A
a; — min(ay)
b, = 16
* = max(ay) - min(ay) (16)

Xt AR bR A

max(a;) = ay

e max(a;) — min(a,) an

b. F I K SRR R BOR o 28 H AR HEAL 2R SR
A P T 1 S U 4R S % ¥ 51 B, =
[Fo,Fyo,Bo,Hyol o BRIEKECIEIIE , 25795 15
JEI¥3 B, 5% 75 By I ORI R BN -

rIl}\inm&n ‘ by=b, ‘+p maxmax ‘ bo=b,, ‘

) | by=b;, ‘+p maxmax | by=b;, | (18)
/E\:DP P ?ﬂﬁ@?%éﬁ,ﬁﬁﬁlﬁ 0.5; ‘bo = by ‘ VoD
5 kS OREE LI I 15275 1R AR ) 48 %)
750 FHATA Y ROCHRE B K (0 ORI B B 4 R

C. RO R B IMAU o 39 OGP
RZR S P R 1 19 B SR AE 22 7, D A5 AR
AP AT 1 BRI R AT INALL B A SCR
R RGBT 2 PR - 19 AR W, AL
TR € & PR 1 1 2 WAL W, ik 46 il
F B MAEGRLEGHE W,

d. THERESCHRBGAE . 78  CHEET B,
1TEZ7% 4 B, >

Tik

— i Do =1
D, = ‘Bi‘cosﬂi = L_) = - =
| B, | 2
Y w
f=1
M wi
Zrik (19)
k=1 M
2
>, wi

DS Wi i 1 REERFS B 5255 Bk
WRRREE o DR, FRAEIZY s R Jy 1B 2
B PA ALY i AR O R 1 S R A
3.3 EMXETRIHARE

ARICHET R IUA 15 2545 82 i [R5 X
TR AT K G RHRPEN SR LT ILRE T S
SR A TD B TR O B T A, R R 1
Bs .

4 RS

4.1 SHTALE
IRV N 1 3, T3 O R BT TR

R G
{ i 3
M| [T TR ] B R GRIE
wgh| R E2 e i
| BB |mesieg KGR
AT Cmriaan] | | i i
z N 1R BT REHR, HiE RS
e IRk i) Fh R B 4 1
5 s 2 R NGt I SR A e
o ‘ AT e
Lifly SEBUARE K 20%
s [ R H R B
BT || 7k T AR R
5 W B A
AT l
BIE, A
TRETRE| T
wwET | [ 5 Rl AU
[N P
5 U
YA
I

T RISV, 75475 OCHEE
JPIES )T H) L BB, FEPOCHET i

1 XEHRIHAREE
Fig.1 Flowchart of identificating critical nodes

T REFG M TAEIRE . ARSCERIBR G AT K
20911 G Ao 2 SR 3, S A% il ¥ O A (ELRY |
ERBEE N 0.95 Sy~ 1.05 Sy( Sy st i il I 4
ERE)

HFZ UG 4 1 LB e i, B JE LA I
R TSN 5 SR IE M O 2 288 37 i P S A X
X BT THRE 1 9 SOk A F AR 2 5 30 Fh A5 R i
W 5ia PRS0 N 1000 25 44 J 5 T e Js
RSN AP IS IS AN R -3 v i = P S
T HLEE M N 770 5 G IERE S (R GRS
TREEI ) S RE R g (1 i R GERYRE I ) 155 1
AL A H RGER M R, AN IR SF 2
25 BAR AL DR B v A 80 A PR ARSI R 45 D
Y TR A o $5 AR ] B H 3k B T W
BCE A 245 PP I 7 RO SR B TR LR 5% A 3k
Al A2,
42 fIESH
4.2.1 IEEE 30 ¥ % & Sts Ao 47

IEEE 30 47 5 R 50 M 25 #$ MATANTAT 2 Bk

RAASO LA R E P IIES % )y
G FAIBGAE, LA RAE Y m S S . SRR Bt
PEERINE 3 Frone Horp, CHEBEHE P AT 94519



86) & D 8 it %

EIRLE

S EER 1 PR,

29

L38

26

I— |
La 25 Las ;l

2 IEEE 30 5 R R4 M4 E
Fig.2 Network topology of IEEE 30-bus system

e
~

[=)

W RORBR Y
o
[\]

3 XBVRIRER
Fig.3 Identification result of critical nodes
F 1 [EEE30 WRARFXBTAPHALER

Table 1 Identification results of critical nodes
in IEEE 30-bus system

Wy W RGD G B() HG) ng{g
1 6 -0.521 0 0.0100 1.1930 3.7110 0.348 8
2 30 0.250 0 0.086 0 0.067 0 8.006 0 0.290 0
3 4 -0.336 0 0.0180 0.7640 3.4920 0.2852
4 3 -0.426 0 0.016 0 0.2970 3.4350 0.274 7
5 9 -0.598 0 0 0.566 0 4.168 0 0.273 0
6 2 -0.104 0 0 0.683 0 3.3880 0.272 4
7 10 -0.4910 0.0160 0.7070 4.496 0 0.272 0
8 12 -0.4690 0.0160 0.6750 4.5750 0.269 8
9 15 -0.5650 0.0340 0.3980 5.0820 0.269 2
10 11 -0.741 0 0 0.136 0 4.706 0 0.268 2
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Table 2 Identification result comparison of critical nodes
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1 6 13 6 2
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3 4 14 10 4
4 3 9 2 6
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Table 3 Identification results of critical nodes

in a practical area power network

by BAEGHUE

iy s R Fi(i) B.(i)

BEE
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3 1 0.013 22 0 0.000 45 5.0802 0.7317
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7 2 0.456 44 0 0.001 51 8.2578 0.4233
8 111 23.708 1 0 0.044 711 8.7496 03354
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I3 3 A, M A SO iR AR i X
RISCHETY 5, 1Y A 57,65 1Y S T AV J AT 2 Ao
S AT DX R S Pz A7 B0 AT R, 19 AL 57,65
DR R 2R ) T S R s AT RS R
P DR PG AR T R PR I 1) S B R T , ATT 2
532 3t DX P, O 800 7 DG 325~ A4, I 5 A SR BB 47 £
SR, Ko 5O 2 O B0 O B e %, AT 3 R S %
P 2B 81T, e & 3 BORMENE S i K A, R
PARTE S

TRl 1.5.6.4.2 S A T it XL R 9 P L
J7 T}, 290 R ) BBOR T AR Bl AU A J 2%
31 DX FL P PR — A% R D) Rk A . e L
T 12 EHAHIE, iz DX R 4 3 A AR Ok R
Z—, ST Sl I S B Y HR g DLAE R 2R G A
ST, AT HAR Y S S 2 IR SR , BT LAY A
1.2 i FIRE S5 o

TR 11110 32 G4y B sl /s, st 4 g
Tkt (B AL N A 32 A B IX Y F T R 2% A
P AR H s AR B R AR XS BN iy LY

AL THL 10 ARG R T R 25

g b R A SO B HE R O 15 R GE ]
WA AR A 5 B0, He 5 52 R GEas AT RS AR AL 1Y
SO, ELA A SRR X 2R G D e i A R T R
AR s AT N R B o

5 #ig

AT ES RGEMEAEANEMF L %K,
PR T PR T R RS T - S 25 A e R
HAL D S BREYY mBHR % 1 B LR 458

a. PSRBT R - AT A O A 67 e U B
R BB 2 R LRI S AT BT s b TR
T3, 9N TABGE sy T RE 01 PP AL 7 B4 s s
BTN 5

b. TR G T AR NG 5 s TR
PO THZRAE T 99 S iy g, si ik T AR S 9 gy ik
AZEAE SR A B — 2 TG 9 s A 7 OB PR PRAN A
AT

. JRESCHRBGEIEM BB 25 & 7 F ik
WV, #5521 22 8 1 [m) R 5% Ak oy D HK 3
B/, R A R T AR AR R A G RR

d. KIOOTELGEPUTIRE S (RGN 1T B3
i ) 5 5200 3 (75 A0 R GE A 52 ) ) T 7 T FF TR DG B
R BAE G R HER T e Rk

e. AR FH I S B is ME SRR 5 T8 T 3¢
PRI S, AT M B R AR AEE
Z AW E R W, ane] 554 T 452 0 v ) R 5¢
BTSRRI REE T — S .

P 5% JUAF) M % 5% (http ; // www.epae.cn) ,
SE

[ 1] 57Kk, 987 A5k it Xob i Bl e B P BOR B AR s [T ] W
T &5 A h1k,2012,36(15) .1-7.
FANG Yongjie. Lessons from September 8,2011 Southwest America
blackout for prevention and control of cascading outages[ J]. Auto-
mation of Electric Power Systems,2012,36(15) :1-7.

[2] Wi, b4, B2, BREE“7.307 “7.317 Jofss v Sl 247 e )
ARLI]. hEHRAPLTREAR,2012,32(25) :167-174.
TANG Yong,BU Guangquan, YI Jun. Analysis and lessons of the
blackout in Indian Power Grid on July 30 and 31[ J]. Proceedings
of the CSEE,2012,32(25) :167-174.

[ 3] MARIT 1500, IMEZR, 55 LV 247 A5 H T 0 S x vl 189 22
REBITIARIT]. BT RS Sk ,2011,35(9) 1 1-5.
LIN Weifang, TANG Yong,SUN Huadong, et al. Blackout in Brazil
Power Grid on February 4,2011 and inspirations for stable operation
for power grid[ J]. Automation of Electric Power Systems,2011,35
(9):1-5.

[ 4] MRS, IMVER i, 4. ELPE 11+ 107 R4S F 0o AT K s
AL &S A 31E,2010,34(7) : 1-5.
LIN Weifang, SUN Huadong, TANG Yong, et al. Analysis and



% ) & % it B £38%E
lessons of the blackout in Brazil Power Grid on November 10,2009 136-141.

[J]. Automation of Electric Power Systems,2010,34(7) :1-5.
[ 5] XKL, ERmeae, 2fenm. BUCH I RGNS 5Tk [ M].
L5t A e g L , 2007 :18-19.
[ 6] ¥93Cz , Z4REL. BT IRIUL Fin T wRk BE 14 v 7 00 O B 2 i 1
TRBHALT]. RS E 3L ,2012,36(9) :6-12.
JU Wenyun, LI Yinhong. Identification of critical lines and nodes in
power grid based on maximum flow transmission contribution degree
[J]. Automation of Electric Power Systems,2012,36(9) :6-12.
[ 71 XURESE, ¥R 55, XU Jr. 79 i A BESA T A v e g 355 1R S A
[J]. R E AL AR ,2008,28(25) :30-37.
LIU Qunying, LIU Junyong, LIU Qifang. Voltage vulnerability as-
sessment in the node potential energy framework[ J ]. Proceedings of
the CSEE,2008,28(25) :30-37.
WREE, 5k A0 100, BOk G, 55, 56T e/ S R U Y L IR E
TSR BIELT]. REA ,2006,30(24) :36-39.
CHEN Min,ZHANG Buhan,DUAN Xianzhong,et al. Study on weak

—
o0
[

buses of voltage stability based on sensitivity of minimum singular
value[ J]. Power System Technology,2006,30(24) :36-39.
R, ZETER, W OO, S S R4 T B Y R R R 2 i
[J]. HH3EHLRRE,2007,34(12) 1155,
HE Nan, LI Deyi, GAN Wenyan, et al. Mining vital nodes in
complex networks[ J]. Computer Science,2007,34(12) . 1-5.
[10] FRHCA, Wik, 2 Al 0% 45 BT B0 52 2% 0 28 A5 700 11 o, ) G
ATHHRLT]. I RS 30k ,2016,40(10) :53-61.
XU Jingyou, CHEN Chong, LUO Chunjian, et al. ldentification of

[9

[

power grid key parts based on improved complex network model
[J]. Automation of Electric Power Systems,2016,40(10) :53-61.
(1] T A2, gt it T8 P XU 8 ) 52 2% L o) 3 00 I g 33
PEHERLT]. IR S A 3L, 2013,37(17) :52-57.
DING Ming,GUO Yi,ZHANG Jingjing. Vulnerability identification
for cascading failures of complex power grid besed on effect risk en-
tropy[ J]. Automation of Electric Power Systems,2013,37 (17)
52-57.
[12] THY, A2, e di b, 25 T 2800 KU IR A B £ 5 P A 52
ZerL T R ME S PEPEAG [T ], W LHOR 24, 2015,30(3)
214-223.
DING Ming,GUO Yi,ZHANG Jingjing, et al. Node vulnerability as-
sessment for complex power grids based on effect risk entropy-
weighted fuzzy comprehensive evaluation[ J]. Transactions of China
Electrotechnical Society,2015,30(3) :214-223.
R XV BT BRI, 55 T B M kA 8 ) ST T RE 1 1
TREEAMESTEMR R T]. ) A S B4, 2014,34(7) .
144-149.

[13

i

LEI Cheng, LIU Junyong, WEI Zhenbo, et al. Intergrative evaluation
model of node vulnerability considering network transmission ability
and anti-interference ability[ J]. Electric Power Automation Equip-
ment,2014,34(7) :144-149.

EPE, AR, X, 4F. 2k T St DEAHP BT i 57 Bk 25
BNESEHETAG L T]. MEIAR ,2016,40(4) 1 1249-1256.
WANG Yujia, LI Huagiang, LIU Peiqing, et al. A branch compre-

[14

[

hensive vulnerability assessment method based on improved DEAHP

model[ J]. Power System Technology,2016,40(4) ;1249-1256.
[15] 3KAR, Tok%, Zetenm , 45, 25 AR 4 SR X 7RO L 1 &

GEWmEE R eSS TE M [J]. B0 A BB, 2016,36(3)

ZHANG Cheng, YU Yongjun, LI Huagiang, et al. Analysis of nodal
comprehensive vulnerability considering energy margin and weight
factor for power system[ J]. Power System Protection and Control,
2016,36(3) :136-141.

[16] FhICTE, BEbR, XN . BT LB TR I RGBTl 5
PEPRAELT]. A RIHEA ,2005,29(15) :6-12.
SUN Yuanzhang, CHENG Lin, LIU Haitao. Power system operating
reliability evaluation based on real-time operating state[ J]. Power
System Technology,2005,29(15) :6-12.

[17] FEI Xiao, MCCALLEY ] D. Power system risk assessment and con-

trol in a multiobjective framework[ J]. IEEE Transctions on Power

Systems,2009,24( 1) .78-85.

XU 2R X B, 5. 2 IO L3 4 T Y L T 22 4

RSP D [0]. a0 B 8 Akissg,2015,35(4) - 132-138.

LIU Peiqging, LI Huaqgiang,ZHAO Yang, et al. Power grid security

[18

[

risk assessment considering comprehensive element importance
index[ J]. Power System Protection and Control, 2015,35(4):
132-138.

[19] BLREH, XMR B R IE, 45, 3T W 2 505 A 42 4 1y v I 9 P 25
MHERLT]. RS AL, 2011,35(4) 12-17.
WEI Zhenbo, LIU Junyong, ZHU Mi, et al. Identification of power
erid topological structure based on network data mining[ J]. Auto-
mation of Electric Power Systems,2011,35(4) ;12-17.

[20] Ak, EFW, EH L. T o B b W% S i bl
SRR, b E PR 4, 2010,30( 13) :61-68.
XU Lin, WANG Xiuli, WANG Xifan. Cascading failure mechanism
in power grid based on electric betweenness and active defence[ ] ].
Proceedings of the CSEE,2010,30( 13) ;61-68.

[21] &—F, £l , Eunfe, 4. LT WM A 2 24 M B 412U
FRASFIWEERIT]. i RS Sk, 2011,35(7) - 1-6.
CAO Yijia, WANG Guangzeng, CAO Lihua,et al. An identification
model for self-organized criticality of power grids based on power
flow entropy[ J]. Automation of Electric Power Systems,2011,35
(7):1-6.

[22] 2253, XUMR T, XUGET*, 55, HE T 000 S 47 A vl o) 326 S0 e o A6 4 o
PR NESS MEERS [ T]. IR S A Bk, 2012,36(19) : 11-16.
LI Yong, LIU Junyong, LIU Xiaoyu, et al. Vulnerability assessment
in power grid cascading failures based on entropy of power flow[ ] ].

Automation of Electric Power Systems,2012,36(19) :11-16.

EEE N :

E A (1994—) , 4, L AW E A,
TR E, ZEMATOAE N ZANIE
+# 4% (E-mail : Wangxuandan120@163.com) ;

478 (1965—), B, M F A, %
B E, EEES  TEMRATOALA R
Go M7 A E B ARAL (E-mail ; 1ihq1986@ hot-
mail.com) ;

Bk (1987—) , B, LA ME A, TP, A+, £ 247
RA @A C AT Fel W& B F 2 (E-mail ; liaofengran @

gmail.com) ,

EXe

(F#:% 125 R continued on page 125)



541 RANFR A A B YRR s ik R R P T S A 5 &

EMU-traction network modeling of high speed railway and electromagnetic transient
influence considering secondary arcing of pantograph catenary
SONG Xiaocui, LIU Zhigang
(School of Electrical Engineering, Southwest Jiaotong University , Chengdu 610031, China)
Abstract; Aiming at the electromagnetic transient phenomenon caused by the pantograph catenary arcing of high
speed railway, the research on EMU ( Electric Multiple Unit) -traction network modeling considering the secondary
arcing is carried out based on the MTL( Multi-conductor Transmission Line) theory. The parameters of chain lumped
n-type network matrix of traction network MTL under all-parallel AT ( AutoTransformer) power supply mode are de-
duced. According to the structural parameters of CRH2-type EMU and the relative location and electrical parameters
of vehicle,rail and traction network during the practical operation of EMU ,the accurate simulation model of EMU-
traction network with chain parameters is built on MATLAB/Simulink. The secondary arcing is taken as the research
subject to simulate its influence on the traction network voltage , the electric potential of the car body,the discharge of
the wheel ,and the rail potential difference between the wheels,and the results show that the proposed model can ef-
fectively simulate the steady power frequency condition of the high speed railway and the electromagnetic transient
phenomenon of the primary arcing and multiple arcing during off line of the pantograph catenary.
Key words: high speed railway ; electric multiple unit;arc of off line pantograph catenary ; electromagnetic transient;
model buildings
O L L N S L
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Critical node identification of power grid based on voltage anti-interference

factors and comprehensive influence factors
WANG Xuandan', LI Huagiang' ,LIAO Fengran®,LI Chunhai', WANG Yujia®, LI Yan®
(1. School of Electrical Engineering and Information ,Sichuan University , Chengdu 610065, China
2. State Grid Yantai Electric Power Supply Company, Yantai 264003, China;
3. State Grid Chengdu Electric Power Supply Company, Chengdu 610042, China)

Abstract; To solve the problems of existing node identification methods such as single evaluation and too one-sided
selection of index weights, a multi-level and multi-angle power grid critical node identification method is proposed
from aspects of anti-interference capability and comprehensive influence. Based on the operational reliability theory,
the node voltage anti-interference factors under branch outage contingency are established, overcoming the shortage
of traditional node anti-interference capability evaluation method which only considers load fluctuations. Based on the
electrical betweenness and impact entropy of power flow, the topological structure influence factors considering the
social property of nodes and operational status influence factors considering the capacity margin of branches are es-
tablished , to characterize the effects of nodes comprehensively. The multiple indexes are evaluated comprehensively
by grey relation projection model to obtain the rank of node importance degree ,which considers both the subjective
favoritism and objective information. Simulative results of TEEE 30-bus system and a practical area power network
verify the scientificalness and completeness of the proposed method.

Key words : critical nodes ; voltage anti-interference factors ; comprehensive influence factors; static energy function;

electrical betweenness ;impact entropy of power flow ; grey relation projection
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Table A1 Weights of evaluation factors(IEEE 30-bus system)

PHATER T W, W, w
(i) 0.2500 0.2439 0.2470
F (i) 0.2500 0.2998 0.2749
B, (i) 0.2500 0.2617 0.2559
H, (i) 0.2500 0.1946 0.2222

F= A2 BETNEAFEE (FHXSEFREM)
Table A2 Weights of evaluation factors(a practical area power network)

PHAT T W, Wo W
F (i) 0.2500 0.2379 0.2440
F (i) 0.2500 0.3497 0.2999
B, (i) 0.2500 0.2735 0.2618
H, (i) 0.2500 0.1389 0.1943
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Fig.Al Equivalent network topology of a practical area power network
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