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Study on the crucial element and its monotone in power grid part II: mechanism and certification

CHANG Kang, HAN Xue-shan, WANG Meng-xia, HAN Li
(School of Electrical Engineering, Shandong University, Jinan 250061, China)

Abstract: The mechanism and the related certification of crucial element and its monotone proposed in Part I is analyzed. Based on
the concepts of operating circle and limiting circle, the limiting value of active power flow in transmission elements is amended.
Under a given operation mode, the crucial element’s monotone of power systems is studied from the simple to the more complex in
three situations as following. Firstly, on the basis of DC power flow model, taking the sine nonlinearity into consideration, the
monotone relationship between active power flow in transmission elements and injective active power, and the existence of crucial
element’s monotone are proven mathematically. And then, an algorithm is proposed to find the monotone interval in which the
crucial element’s monotone maintains. Secondly, taking resistance, namely power losses, into consideration, the monotone
relationship between active power flow in transmission elements and injective active power, and the existence of crucial element’s
monotone continue to maintain. Comparing with the no-loss situation, the monotone interval shifts according to the value of t/x when
the loss is considered. Thirdly, the impact of voltage level and reactive power on the crucial element’s monotone-is discussed
qualitatively. A comparison test with 5-bus system is following, in which the certification about the above three situations is done.
This project is supported by National Natural Science Foundation of China(No.50677036,50377021).
Key words: power system; operation mode; crucial element; monotone; vulnerable part; transmission capability

hESEKE: TM711; TM732 XEBRIRE: A

0 3I§

R B M AR B TS A LIRS,
BEARESTREOEUE R BB E. FK
X LR R A ) R R B A 5, XN
NEBRGZE. W], N THESEHAEE
ERHERE N FEICIR112A L, AS0CE— PR
R 0 S B T B A M B LI AR SR BB R E
- BEREWMEET MRS RIRALERE

EEWH: B R4 AMFAL K B (50677036, 50377021)

NEHT:

1674-3415(2009)07-0001-06

Y, MLk L, ThRB R R,
RN H RN RIS HH BN
ZARBEEENERALY, QXM aREE
HRERFEREN. EEHE, LERHBEIRA
DR RERBURHAME R RN, TIhTh R
K EAAREANTTRER .. W, MZEHEmKE
REMZERNER, KBERFEEEN. H5—F
M, AR5 EMABREENRE, NEHR
BRI FRIRRE, EATTREDNESA (P-0)
Bl R R T BER  SCRR[3~T156 AU P-0 KA
ERNRREZ 2. WEBaEH T E RN E



2. S REP AN

R REAT T A B

ASCESCHAL T HRITIFEEL, X I
HIREHAT TBIE: R5, 7 P-6 #AULA L,
SPRMBTA T = A REARENE . SRR B T XT
KRR, RE, 465 WAREH
BIXS A LA R HEAT T LLBHE

1 HETHER

BTt (BRETES. MHgkE) BRDIE
1 F}?%nﬁ%ﬁ%%%%o ‘EF" pjk+jq,~k\ pkj+ijjﬁ
AT G ke PIIITIER, gu-jbu SRR jk IR,
jejo T jero A STHEWIA T SRR (—MRIBULT
BRET ERSHH.
Pictiqn gt Piitidy
jl_t’_I__:'__fW\___Fl X

jCj()I I jew

TE1 EmoumEa

Fig.1 The n-type equivalence circuit

T R SR Rk A DI TE T TR A A -

2 .
Pjk =u78 i~ juy (8 cOSOy —bysinBy) o)

qjk =M]2(b]k —cjo)—ujuk(gjk sinﬁjk +bjk cosajk) (2)

Hob: e O e QAN FIRT A o k BRI

AL, gjk=0j_9k°
BER (1. 2) B

(ij —ufgjk)z +{(gj "”?(bjk _CjO))2 =(ujukyjk)2 (3

Fobt: gy = ek + 05 K H S AIBIE.
R (3) BT TR, [N R
KA B, A — R, T

P + 45 =(F)? 4

Hor I R T AR MVA 2.

IS, e k TR B DR FREAE
SEAT B AR B ik

RS AT S AR BRI 6% R Ih BRI K T,
AT LAB HIEAT 4 T MM P TT A IR p o 7T
DUt %08 DB e Bt S i % o FE R 8
BT . T — MR M4 PV 3 HES,
FIRAE R — A5 CEX ML, IAETIRE
SFRNERED: THT T ENRRNE PV R
GRE A PQ WARLRY, HREEEITHR

A BB R, RECmMITARRNBE
TR, R LARRSE TR ShEIAAE ), AR K
MUB BT R T E S PR R
i, O DhRE I NEUINE .

£ LR b, A0 ISR 5% R B AR LR 1
BHFEUL KRR TC xR TCAF R . Hoh, 72T
AL, RRARRERE DG, &5
HIEAFEMEKEHERNS R T, RETHHT
WA e RS T R

2 EMEPVARFERHIRETHRIAN

ANHEBRERZNE PV T, HZAREET
PERERY BRI B R LAt b, AR R
FEH DGRt A A T B B .

2.1 R KRG FED
£ EdBRIR T, oA R iR R .
P =ujubjsinby (5
Hrb: @, AR A j BT A &k BERAHA
Z; by NEEHITHFH A BTN A K BIEA; pah
M RURTE kTR DR w we AT SRR
i, R FHET AR, ANGwR 1, &
BT HEIDRENER. ‘
ik, EEWA j GEPFEY S, FRD BFE
BB NN W W E
P =kz.bjk sin(@; -6,) (6)
e

SN ERIRAR P, K. AT
AR R :
P =AX6P D]
Hep: AARRE, RreEZErsEXr, KEffi
i [AMESE TR KD P oA AN T E
HRRHIF
Bz (6) Fx (7), AU — e B T LR

L MH IR T RS RE R
F@,0)=0 (8)
ERERENRZ, TR I A -
-0 <0, <R (9
~p}’}cax$pjk Sp}‘,‘(ax (@{1))

Her: o R ITH S S F AR % 0 I A A AR
A, p R T B A R T R
=
A 9) MK (10D, ML EIBTHRAAR L



W, 5 PSR RILREMERTA T HLE S -3-

RAEFE— D BRI, ARAENO, Anaxls Amax NG
ERAE R B AARE -

xR EREA, AR VIRIRET, SRR
EANBI, ERERITTFREIEREKE
WU RIIEALARAL -

EINK bycos g’ R/MRFPIRA T Mo 1%
MEM, MEKER (1D, EE &) BERAM
INEBEALTI R TR Ay 2

AP; = 5 bj, cos8% (A6, -A6;) (12)
kej

A (12) BIFEREEA:
AP = BA@ (13)
Hi: B RAFMBHBITHFERAFHMEAIT ST
WAERE, S ERBRT S S9EREE REEN
gfEX, HEHRB%EEEESHT.
A (13) HHEARRL:
A9 =ZAP (14)
Hrb: Z=B', BHWAETERE
e (D, G EEiTEATHIIER
BN THAP=AIXOP, R (14) BR:

A8 = Z[AAXSP] (15)

2.2 MEBTHEIIR BRI

L ERBITENXT, RSN EETHRE
NMEFRBAZ BB RR, RN NEE AR
MR, TXETERECRANNMES, IEHTE
HEBITERXT, T—HETEEDR py BEA
B R 48 R A

313 1: R AKX g, DINELE, &
FX [8l(a, )W T, HLEFXE(a, HNEE— KT

BARA R 0 (BD £1(x)=20), MR A)EXE[a, b]

WEFBREE.

IEH: RiF¥E.

BRELET FHEE A AEH R, Ba
EX [H(a, b)) DRTFEFE—ABIR(c-6, c+d), Eric
MELAANPFEFSA . B4, £ c AR
HUE fo) B RFARE. NTIH:

F(®)y=e =0
XEEE—ANSHEARN 0 FE.

Bk, RATRERRAL. IEEE,

3|13 2: B (8 MK (15 AR AE I
RAFE, 1£Z HHHRIERE. P 20 MBERT, @b
TOHE TR pp MR B AR SEC A 0.

e KIEESRBSHRIEN, &:

dp i _ dp i Xdejk (16)
dA  d8;  da
KHER (5) 15
%:bjkcosejk an
J
FEk,
A8 =aPrg (18
Hep: @ o VRV AEXBEET 5T ik
XN AT &
B4ga (5, B
95 _ lim ﬂ=a‘f'v")251!’ a9
dA  Al-0 AA
T, S8 dpdAFT LA -
%pjﬁ=bjkcos0jk xa PRz 5P Q0

Al L, 7R E SO I X (] (-6, G R
Pi™ pi W, REARIE Z iR ERE. P 20,
A FE dpp/d A A K 0,

T RS HEHE.

AHEH, 5IE2ESE—EHWES L. W
R—ANBEMEERR (ZHK, MAMEREERE
EHIThE (P £0), A, HERINEREAIY
MG, S—HBETHENAEIRERSHEZ K4
B, ANEFAERFEDRAZRBECH, X2
B (KCL., KVL) ®RER.

EFIE 1. ELEERMBITHEAT, £ Z AWBE
FE, &P =0 MIELLT, MR IoiE i BAnE AN B
W IE I R A

ERR: 4853 1 M5|H 2, AfEHELKET
HH IR R EAR B R L.

O AR RERERE R — BB
WEHNA, ZRETERNIREN AL, B4, B
BATREA 2 B Y

EWIBRT, R LTk OB RURE
TEFFMEN, BIKHE Lagrange FEEH, LRTEA
—REE, A), /R THRAZ—MAL:

, Pi() - pi(A)
pjk(§)=f’°—ﬂq_—f"—~—>o 21D
Pix(B)=pi(4) -

22)
PR

P )=



-4- (PR X T L2

X QD FRERR B jk IFERES%
T3, i (22) XM B ITH jk IE IR
H5ZEZT7nHk. WEHRY—gBTEA AR
Aoy, B IO kB TR 4 E E R R

B (200 TR, BB cosd=0 i, 1

HUTTHF jk A DDA A= 1E, TR I G=tn/2,
RH LN .

M dr AL, EEE.
2.3 REETHryBEAN

FE—-ERBITHERT, mREREARLE
—XE, RETTIREBRFFEIANE, BARXE
AR Rz T BRI A . T EHIE B A X AT
TFEEM.

513 3. SHREANE ER TR A6A=0 KI#E
o] B QA)RATBEARNEGL R EL, BALRFE—DR
FHREN A AR (A0-AA, Ao+AA), TEILEBIRA
it 1) B o BT R KM A .

UERA: JRiEV:.

BRI AR, BAFERET, B

A=A b, fRIEE 6° W& TTRMEI FRAN:

8260226 (23

ER, R TR R R K/ NI AR R T A 4
o FESLHERGL b, HAREREAMNMANENLE, #
AR

0'=0°+A0 24)

MMUAI0 B, MEFHIRE e AEITLEA
BHER (23), WHHAG0. TR, X5®ENE
AR EANELL RBAE T

Rltk, JRaRERAL. iEEE.

EH 2. izt (8) Fik (15) FrHRMIE T
RART, EE-EET, FEM@BotaFs
WA B X A

IEH . BSERIER (8) ATLLE Sk FH s ot
TR RN X R E:

fdr,)=0 (25)

TERF AL T SRR R M e IO jk R I RoR N
Iy =22
Dk

FEEE 1 Jn LI Zhift s AR 2R
PR MK (250 MIERE Ir (BRI REER)
R BARELRE. H7# 3 ATLUEY, LRE

ESWE L WEFE—NBEH(A-AL A+Ad), FE
P AR MT 5 Ao RS —B, BRI
BT B .

AT Ay RABHIE . TEEE .

TR EX AR RN, AXEH MR
AYEEATRT AT ETTE . R EYMEL T,
AT LA R T B BR N AR B 1 AL B AT A
BN a0 B O $ HRAR BT Ao B I3 i 2R 18
miEEE, BaUHIAB B TR EYIE A B
TR IHE, KRBT IREEFEAE. By
W

BREAREVIMEA R H B ITH | b T, B
In&X. BAHLEE—HHETH m BREE I, %
AR EAYIE A M GBI MR I B, IR E
wEN.

in~In,

M’":dm . (26)
i pp™
ML ZAR XA 5 AL T ULRIR A
Ad=min{A4,12<m< L} QD
b, L RRMIEE BRI ITH 4
N gE % FE S RIE R .

UEBA: BKERAZE A, BEBAEAAR 25 (27)
TEE A, RETUFRRE R RRM, REERAE
Tot m IR EAE dp, /AR KT ARE AN IR
BRE.

dp;

2 k

i X J/é;)xdeﬂ (28)
da? oy =~ dA

g4 (19 X 20) A

pjye : () spy2
—a—h——é——=——bjk8m9jk X(a > Z&P) (29)

Heb: jo k BRI m BRI RS EES
BRET, X QO FIEf—HEHNTF.
FrLh, FEArERAL. ER.
Z P, AT AR SR KR ER BT
TR TABIRE pp SRBARECCR, XK
HOE 52 SR A — 1 BRI A T R KL

3 HEMXBTHERFMEAARME

£ BREAE B, B0 BRI, KA
B &M HE KK (Flat Voltage Level, g
FRHEEN 1.0), WHEHTREX SRR M
.



W, % BFXRTERILR AN MEEIEY -5-

3.1 MFEMN B E R R
Z BN, WEITHFFEDIRER (5) AKX
(1), lﬁ—iﬁfﬂu:‘%ﬁa

. 2
Pj =u ey jr SO — g ) + UG8 ji (30)

Hd oy AT jk FIBEUA, ya I jk 3]
SR

HAUTF e 1 UER, [FIRAT LAE % R 1R 46
MHESL T, I B SRR R B AT B AR B
B R LRET, WETOR DR AR E AR
THH:

2

ddjf =—uﬂ%yﬂsnueﬂ-aﬁ)x(iif)2 (31

I, 4 G=opt B T, BB BRI Y
HIETREE XK. BFEEARX Q7)) FRTRIFK
TR AT TR E XML FRAER T, (B
FE € BE 2 50T B IX 1) A7 AE P O E AR AR AL
3.2 AMERRERTXBETHRBELILR

X (30) BEiEBmABTT AT LR B R (32)
I

Pix =ujyp sinf (32)
o pu=pu-ujens O =0y -ay . ERFELH
BYHE . BITHERFEREKPHFMET,
ulg o Moy WHEH.

XPHER (32) FIEHAHF THAR (5 TRk
W, HEAFMHRANKENR. BlER, HEHRE
AR B FREARTEN, TR REMLEFR
AT ix WRAEE—EBNWRE, TTUEER
fRERINTRE . LR N RES, vix MEEE
FsN, 2E— R BT P BRI LR S T
WHEASRERE.

4
Qi

Operation Circle

r=Sy""
(P, Q)
Pior Qo) s

Limiting Circl
Py

»

2 HMS R EEITEMRRE
Fig.2 Comparison of operating circle and limiting circle
between with and without losses

22 F 1 5 T 45 I R IE AT B A0 AR BR [ B Xt
. FILVE S HERETRIEC. FRE
ERUNRAR, MNEAIREMEITRESE SR
EEM . TP —ETEE N FF AR
KBTI SR, 7R85 R & S B AR X AT
i

4 BEXIHMKETHREMERE

4.1 BIEKFEXEINERIE D

MEE 1 TR P e LG
H, EEKFHESTUARMESEIIRE: A
Biadg LT UEN, BEKPFRRETURR
BKALMBET -

mzX (5) ™40, ERIF FVL BATIRT, HE
KPFRRRERY RS N BTN AR, HE

- AT RAZEREN KRN ER TR, B

HE—EREBITHEAT, BEKPASEERETH
B, R ERERER AR, SRR
X falK )

4.2 TINThEIFXETHBED

TIhDhEMERER TN SBERETH GAR
oVIOP=0, oV/0Q#0), i s BERZINLE THIL
R . TR LLE BRI &, IAXH
H—Em T BRI AR, AR ET
R A SR -

TRt 84y, v =MERITHE .
(1) BREE, HEKPFEEE PR,
FETTARIEEARIE, RAXKEY K (2) X
I HEANE, FVL 2R L, BT ABED
FREEEUARN, TR XERS), BIKT
AT RE g Re T, SR ERELE D (3) &
X EESZ, HIBEEHRIRE, BB IT
AR R, WA, RENTITHEIE, 2
fER G BA BT R R RE.,

FIZHIR, HIRERTITHE KIS KRR
HAMER A, BAT EENRELRR. Xt
FRENRRIEFEBITH, TRBEERBHRESER
FEHEMEMGE. WER, B PMREIMTEERN, X
Souf R — R 2N DURRFR.

Hsp, 7w 2 MiEHEREY, [UNERHL
fRIRERAREAFELRHEI . 7T, AERE
RER. RE=ARBEELENERBIER, &
ERE=AREEELENTIRE ER, XETH
AR S BARWEE, T DX AR 1A X (R Y K/
T . BEER PRI X A E AT O,
Amaxls RE = AREEAER TR ETR A TE R 2R



6- &0 EREYFHRH

DX [ R HEAFIBAT m MHE R — 4B Ap-A4, Ao+AA]:
TR B = £ B BR S M HO7B B0 This] VAt 0 2810 X ] 42
REFIBAT mHHEE SR A-AL , AtAd], R
AWM L AF S LRGSO LB W . LI
FEAL T $8 1ol LIS 7K /] AF R 4RI oo A AL
PRI S RIS, 3 o S A
AR T S E 15 S B o SR PR 2%

5 HEIsHh

PR LA T BT EIE 5 R RGAH], K
R =T GLBEAT ST LA

Case 1: ZIRHHEITTFRNHISS, X TaE
E4ERFTE 1.0 K £, B S8R0 RN, i,

W2 R TR BNAE T N, A T BRE AT LLEALA K
ETHEINERME. R 1 BEETETRBRFENLE
TFEPFESL T, AR AT ACE T e oA
RHE .

HE 1 ATLLEH, SEoot 2-3 BcEneit
RERAN. 23 THRNEGRERMLE, TUE
HEESEEm R 2SN u R BRI KN, |
X T &R BERL BRRRALTEFTE W, E
=X (32) FiR, BRI S CH AH E3F
BHREZN.

Case 2: ZBSHIFEILAENT BB QAT R PR 2 4%,
& SRS, TR EACER ST
.,

FT 1 ERMERMOSELARIEE WRafd)

Tab.1 Results of load-rate comparison between with and without losses (in p.u.)
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Tab.2 Load-rate, key element and its maximal interval under different voltage levels (in p.u.)

U; Iray Irs. Iras Iras Irss KT Al
0.95 0.541 0.008 0.918 0.769 0.354 2-3 0.401
1.00 0.541 0.008 0.918 0.769 0.354 2-3 0.447
1.05 0.541 0.008 0918 0.769 0.354 2-3 0.482
1.10 0.541 0.008 0.918 0.769 0.354 2-3 0.525
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Tab.3 Bus voltage under base and maximal mode (in p.u.)

THg BT BABARE
1 0.862 0.833
2 1078 1.075
3 1.036 1.031
4 1.050 1.050
5 1.050 1.050
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Tab.4 Active power flow limit under base and maximal mode

(in p.u.)
X5 ESHEARE  BrEANEHRE
12 2.441 2403
13 1793 1.752
23 1.391 1.388
2-4 6.389 6.408
3.5 6.444 6.431
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