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RESEARCH OF OPTIMAL POWER FLOW WITH
TRANSIENT STABILITY CONSTRAINTS

ABSTRACT

With the development of the electric power industry and reform of power market, the scale of
modern power system and complexity of its operation is increased significantly. Power system
needs to be operated in its limit stability point. How to consider both safety and economic
efficiency of power system is urgent question to be considered in market environment. As both
dynamic security and economic efficiency of power system can be analyzed in the same time by
the method of transient stability constrained optimal power flow (TSOPF). TSOPF has become
popular and effective tool to solve problems in power system’s safety and economic operation.
This paper presents a new, significantly improved approach to formulate transient stability
constrained optimal power flow, where the sets of dynamic and transient stability constraints to be
considered in the optimization process are reduced to one single stability constraint by the single
machine equivalent (SIME) method. In this way, the size of the resulting optimization problem is
reduced to one very similar to that of a conventional optimal power flow (OPF), overcoming the
main drawback of global TSOPF techniques (its huge dimension) while maintaining its accuracy
and improving its practical application to real power networks. Numerical examples on the IEEE
three-machine, nine-bus system were used to demonstrate the Effectiveness of the new approach.

Key words: transient stability, optimal power flow, constraint condition, control algorithm,

single machine equivalent (SIME) method
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L AR FOR s o B T AR R Y £ S5 D0 AT 1 A, A R % A A2 40 P ok
KA OPF i@, OPF MR LR NEE T I R MRS, ERFLEML
Sy ZIREAFIAAEL . I S I ThR IR A RAEIE DT M s 05T, #AREZ A
[ F A 77 %8 o SR ARBIIR A0 7 vk 2 B R F O T8 B 2 FEI AL G AL O, Herh JLARR L
B MINEEG B ENE. PO ORI AR REM A . B

2.1.5.1 TajAIR SR

1962 4F, ¥k A R385 44 %2 J.Caipentier 1 4G 1 T E SLAE M4 BUFE A 2
(6 FHAE LR R RN 2R 1 H ) R G A (OPF) R AL . it P 3 RS (A5 A &, 720 2
R E 2% AT R (R AR FM) T, M HARREME R/, B LIRS R e
12477530, 1968 4= Dommel 1 Tinney #2 Hi 1) ] (B 5 (RG) S 55— A~ H A S & L) OPF
T B

FEE T AE AR A AR SR A 1) TR AR B SR IR S, B i T O AR A bR A
AR AR T v LA I . R AR B AR AR SR SR B R B, FEFR O TR . SR
DR Ay SR FH Bl BV BB VR A E R R G B LR AR 2R T 1) o il T B vk i 2k — kAR FE
(48 227 e AR B, RRAE R et A g (R AR, IR AR e (2 TR 2R 24
H bk i A SO, RN U A R/, BRIGIE AR IR SO B AR, 752 2 kAR
RESRAT IR MR o TRTA B BE BV 5 A — /N F 2t Tl 370 eR B BN S5 AR 20 SR i 1
DAl A B SR R SIGH R o A SR B R A e ) T R KSR, X 2B AL
THE I FE S I USCSIOE « 1R 2 S50k SR o RS A R SR VR T i SRS T R A4 s P T e e A o 22
k., 1

2.1.5.2 75| K%

B YR T AR e R B s . — ORI A R 1 B R MO 2R ks
B, BRI 2R — ORI TR . SRR — AR ORI e, ZosEd
SRR BT, A T S S P o P SR AL B R G ARAERE . 7F Kuhn-Tucker J7F210
B4 B AR DR AIN T AT L0 (A, T U 31 2 R B (R AR Sk A WA Sl
ZePEf . FERE— R E B ARE Th TR TS 1 i B SR il . B4 Biggs. Han il
Powell (¥ TAF, 731 Wk HRRITE SCVFA 05 10 2005 V2 A N T LR IR 2 0005 925 o 002 ik
(o S5t A TR B S0, (B e Tl LR AR AR AR L, A A5 A v K 7R X 2% T il S
AR, BRI TS AE R4 th A A

TR I T, Rk OPF 15 B3 b A B LI, B 5 e ML A e 48 5 F) ¢
PLEIE I . HPE A BT Lagrange BRI I S8 OIRIE IR K. S

;JL_\‘O

b
<
=
b
&
b=
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2.1.5.3 ik

1984 4,Sun D. | &1 T OPF [ @ [ ARt 50y, PR e RO MAC St 8 o — o 110, K] Lhb 2 v
R3] T E A A B BN HAF BB I A, sl BAD 90 AR DUk K Ji S
TR LTS Sk 2 — o fEAF A EIE A, KRG BEAEX 0 RSB R H 1
HAS X AR B, FRAME TSRS AR FE R, 780 R T ) 2 P B AR
FIRRBRAERER AR, & TR/ R R, o)

Ak e AL IR EE DL S TR T H AR s 00 B 5 850 2 A3 B2 A e S
PR FLUR R g At A g AR AR B AR B, PR AR TS BN A B, 38 A KA X 28 R T H B
{H A9 1) 55 AU MEUA 80 8 RGLI RS, Jmfe S I b Aok, i LS 428 i A2 5 1 A
FEXS f e 2 M B/IMEBCEAE, X5 e T, HAMFEETESI AR Lagrange 3714
fEXTIEA T B AR e PRI K.

25.1.4 WL

1984 4F, AT&T UK SZIG % 0 5K Katmarkar 2 W 7 76 ] 47380 9 35 -0 ) N 3. 1986
B, WRER Gill HERIEE ) AR IR . SISO AR MG AR P AT I P AT
S RIERIWIE, RIUHIAEIEA m NAZTE AT AT IR N SR G, 7R AT AT 3 1) Tk B - fe g fdrak
AR R BRIITEPTATIR N o (EX KR RS, WA PIAT S BCE BORHME S . 7EERERH O3
RV AT e A, R B SRAE AL A i B 1 3~ R 5th A 83 A2 1] 1
IR T Z BN T Z (0 25 AR 5T LAAS 005 REIEAR A — 8 LE AT DX BR 1), T4 1Y) A B R 1
WEIENTH S . NSRBI 2 R T H A RS R AR R A, RN L IR () 2 i 5
PR, BT S A B NS SR RS S T AR AT ke, T

N EERIR s A (D)BUE S F I (2)FZERIRE S RGP B AR = 5 H LR
ANK; (3 TR L0 5 4 1) TR

P RV AR R A 2 (1) SR - P et B2 PR O A AR S A ) B AT B S S B B IE TR
s, ABRIEIT TR (2) 75 B A A IR AT A AT AR e 7] 3% A R i 7 P ATk
2PN (3) ] Ak B 5O B RN A Ae] A AT AN IS R BT T S SR A

2.1.6 FAREIRN L& geBIE R

N LERE(AI- Artificial Intelligence)VE IR R 2R R — [ 1IRW MR L 228, 78
MR R AR SE R FH gt R vp, BB 280 e ms KA ar 1. N LR B 1L FFAMNE
& BB BN R, (E AR PR AR 2 1 AN S P I8 AR A R . N LR RETEE I R G
s A N AR BHE R R R R . Al L E AT LA N il 4RI AT A
o = A gy, B
® LT LEMIRIILT R OPF-ANN f#) 5

N L Be g5 MR vE 3 T A 22 0 A, ANASEFULIG P BOU &85 ) Ry o 2 A B 1 H
T B TP X 2% R0 A (P R 5440, K — R A N I P 48 X 4 7 AR A Y ) R 4 ) i
SR AL BR AL, e A T CLd I I ZR3RAE, 8 eSO S 2 X G A EE Ay BL RS AT

R A5 R
o E T IBLERTTVEARK OPF-BOMI S 18 1) I

N i B ERLAD, J7 V20 i 0t 70 N PR o BRASERY, 0] R AR5 5 40 55 O B2 T A AL
BAFEIE T R, 25 R SR AFE DD RE A SEBLR R A AT T A0 I R R S A Y 2%
R o N BE SRR T 0 B BN 532 4 R LR R R, RSB S I PR s A S Zh e -
Rm) SR BV E AR, 7R ) R G DA AT BRI AN

fE OPF i+, figar. MM J). 5 M ARV R T AN E PR R . XA E

% 8 T 4t 48 T
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PR AT RT DI I AR 4R BB AR A IR BEAT 138 o 59 SN B R 22 B R AR A4 10 1385 R P A
WISEEE SRR, WIS B VMR oI I R LR it 18 iR 4%

FEROH OPF [rl LG FU I R, B S B2 BB A A o e e S A A A L R 1)
AN E VE RS RIS S AT R, RGOSR AR B BUL LA T3St o ARSI
PRI IZHTR A i o AERATL L) R AL B R SR DO AL 170 AL P 20 TR 7 DA T DA 24P ) 24
AR AT R R AR RE A 2R o ) PSR S BEAR MR AL ER L AORT H Bk e, it mT LAAS 24 OPF
[
® JLFAT ORI ) OPF-HEAL I i 1 B ]

N T REAT AU 5 VR 5 T RN -AT B R B R AL T . il BN A A2 ) i R
PESNFIAT 9, LB >) . BER .. B, B3R, RN LRI, #H75i%
JETAT O RERS, AT ORI ik BRI S . BB KRR

Lt N A AT

BRANHEAL T 2 S R 0 T A DURE S5 UK I B SR B DL GRS 2 (1 — KB L
&NV R T . AR RIE(GA) . HEEHLRI(EP)MHEAL SR (ES) & EE 3 Fifiatlist
WITiE e X 3 MEHRR R T B AE LGN B AR R R AR, a3, #8779 AE M
PSR ANMALEE T oK, BRI R B REAL4 R AN, 4R TE A B EEAL 7 i A2 2 ik
Stk

RALIE K HE

AU IR K B AR TR R R rhoxt < e in i R £ PR PR K R, AT AR g —Fif
BT, BT E R R BN R 7k B R A, e I R kAT R R
BERMBIE, FoVF— € MR L LGRS 2 M1 Dy A ATE AL R I -

2.2 ERESREARKMIREREE

AR, 5 R R G SRR E LR A e AL ) 51 T AR AR TRE A ) iz ok
T, BN HL ) R G AR E TR AN A i) — A B B T 5 1)

2.2.1 FHRE LR s A ik

ST R AR IR, FRA L T HE B — MBI B0 o o IR R A I 2, B R
], tong NITIRAT LI ], 7ET = (to, ta] U (tap tena] 102 AT 0 11 EX N, TSOPF
i) AR AR

ERaNE 8
fx(0), y(©),w) 1

LI KM

1) FaSZR 414 (Pre-disturbance steady-state constraints)
Gho(y',u) =0, [ox)=0 (2
Hb%(y",u) <0, u<u<u 3)

2) BhAZI R 2% F(Dynamic-state constraints)
%) —Fx@®),y(t),u) =0, VteT (4)

G(x(t),y(t),u) =0, vteT (5)

x(to) = x%, y(to) = y* (6)
3) B AL W %1 (Transient stability constraints)

H(x(t),y(t),u) <0, vteT (7)

%9 T 4t 48 TN
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Hru e R 2 RGHEHIR R KBRS, wllud il RE u il E TR, REGRNA
BN PR AR B A ECAZ 8 735l HIx (1) € R™ Mlly(t) € R™ 3Rk . AN AR SE B B &
HREYIEE Mxt € R™Alyto € R RN . B (1)-(7) &) TSOPF il i, FAITAER 24
HEEAF 1) M )MIATHE T, AERGHIATIHA LT T — D RGAATIZAT AR H bRk
HLF(C): Ry — REVAG R /IME .

2.2.2 TSOPF #E RS (R 245 20 R 464

25 R T 20 TR B AT VAL el R TR ) R S 4 TR 4% 1 (2) N (B) 43 T SR R S T A Ty R g
Gro(-): Ry*nu) - R0y | 2 G5 §) 44 IR A5 77 F2 1t (-): R(xny) 5 ROx | 2 45 4 B8 Fi1SE 47 B 6
Ho(-): R(oy*ma) — ROH' 1 2 G sl A5 i

2.2.3 TSOPF #E Y () sh 245 29 W 464

B3 R8T 2 W B A0 I 1) R TR Bl 3 20 R 2k AF (4) A1 (B) B — A B AR B s 2
(DAEs-Differential Algebraic Equations)ZH /i, 4372 ie#% 7 FEF(-): Rix 0y iu x T — R
R ITFRGC): ROy +m) s T R0, (04 PR R I ) PR 1 46 A A LA I 2
N\ OPF i) fi ) 22k 2 o PRk 20 (4) P B AR 2092 0] (Trapezoidal Rule) % 45 b &5 24 i $uis 25 7>
Tt PURTESE & FIRR A X 0] T B DA, X Bl AR FE B i 35 75 2436 A2
I TSOPF [a] /@A 7R v 75 B2 FE 1l 2 AR R BR ] AN 80055 T e A At A2 00 S i 1) B rp
A A E .

2.2.4 TSOPF [ @i A5 Y )8 A 2 R 2% A

BT A5 R 5T 240 SR B I W I e RS T 1) T A5 29 SRH (x(6), y (), w) R0y +u) 5 T — Rovt {5
IE RGEAE 2 TRV I B (RAE R G BT Fa & AL IR X ) T AN Karb 5 =
()0 2, AT LA R G R SR

2.3 RENE

AT T PR ARG RE LRI S WA [ e PR AR o S M e DL UAE 17 AP 5
WETCR S MR M iR AR R VR SRS SR it 1) AT 1 k. SRR A4 T TSOPF
[P IE A, SR T TSOPF [l R 8 A AR, 3 W A AR v o J ) 35 P L SR 2% A
T AE T ik .
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BZE ETRIESFSAFHNGEZCIMERERESREN
RE R R F5 &

3.1 B L35 K ER 75 5% (SIME-Single Machine Equivalent)

3L1IEFRNA

L1 R G ASFaE N U FEL ) RGO ILRI RIS T BERIE 72 1) — N o B AR E Il Ak 2R
I — N BAR RGAEN R T T2 BR e R 4k SR SIS 1T IR

BT B IREUE R o I S FRE TR I MR R 282 itz — o B8R
HAR Sy T A SR RE e B T BT A 1 H ) R GUAE B RE S8R 20 TR I R ot R e Rk A2 1
VBRI GA VEAN IR o (EX P53 2 B 55 m 2 R/ R A HI(E S, R 45 T i 388
ER M IERTT EA RS ER, R B LFE AT BRI MR 1R KR R R A =

N7 R R s, AL 60 AR UGS, DL Lyapunov 7 9 AER B ELEEE AT
e, 80 FANH, FHiE Rt PR T S AE N (EAC-Equal Area Criterion) ) B 7
Wi J5i% o Bl , 25T Lyapunov-like VRS 1245 21 TR KK & - BAHLTE 55 K& 28407 15 (SIME)
& — PR A TR SR BB v . T, SIME J7¥2: e J T i 45 B 7 v A [ el d it 2
RO NBRAF I 1 &R R R GRS e PR

BINVEAI L, SIME J7ER— N NE S KB RGRE T E 28 KB E &
Gu. SRUWN: ()%MELRETREN, X 2L R AT B A B . (i) THE
AL L (A8 A B o (i) 8 T R0 AR 2 RO RS 8 B VPO A . 1) 5 A PR (11 S D) ok b ) i
IhRMPR). —J51f, SIME J5 i A8 5 B0 1A LU AE T S ) _E AR B b . B — 7
T, XFOTIEEVEN T Foe 4 s 1 [R5 500t 2 WL R Gk FELZE PR I FTLA . X e 3RAR 1Y
FRMAEE LI RGE T REEEHT #HI7 5 7 A 2R o

3.1.2 ML 75 KA &7 15 (SIME) it

SIME )55 T LA R s

Bl BwZA8A, BARGRDIIGIET RGN A LA /TSR 1) 5 5N
PANEEA . L, ZHLRGEMESTREM R LA —MEER . Sl B ByLIe 55 KEEZ
(OMIB-One Machine Infinite Bus ) K&K

ik2: BpLTC TS KB 8 A A E YRl i B AR e M En RN, 8 SONRCE RE &R
HEE R

BTN, PLEPAMER S FEIREE H T4 AL (EAC). FISIMEAHEL, EACTT %
& TSN A B 8 HUABIARY o R B FRAT Tt 06 2V B B SIME 75 VA FH IR 8 5 30 77 V2[RI (1) 3 FH
IR

3.1.3 BT KEEE (OMIB) R AL ik

3.1.3.1 OMIB F 7Y 1%

K2 W RGRB R ENTE S KBRS B AIE . (VEZ PR R EHE S N
PR BB (i) 7 BB AN & M UBESS RO — AN R R LR . (i) — 52k 2L
T6 55 K BFLRARRY B 4 b — 2D 252 AN S5 00R LA

11 T 3t 48

=



Y X FRXAAE

— Shanghai Jiao Tong University %Jﬁg?&fféié’\] %?ﬁﬁtiﬁﬂiﬁﬁﬁ?ﬁ
3.1.3.2OMIB R 2%
—n LRG| EVEBRHN SRR

8i(wy) BT (FHIEE)
Prni (Pe) R A2 S NI (it i) T
Pyi(=Pmi — Pei)  KHHLAHINIE D)
M; KL : R 5

N TR A BHLTC T KBRS, BATE RS h 1R LS NP AN HLEE, R FI
B, JFi&UL R BRRATHAE
(i) I AR AL (B O K T AL 23 ) S B R S ) S5 80 FIAT LA
CAFLEE R Rl
SR 2 Mp ™" Tker Mk Hr Mg = Yxer My A 31
FRBLRIGT HLEE B SO B 22K
(i) IR KD R () A SR R LA SR RO — AN S — IR L IE 55 R BEZR A5

R,
82 86z —8p =& 3-2
(i) 5 SRS 55 K BB LR T 2%
P = M(MR™" Yker Pk — MB‘lzleB Prmj) A 33

HrAM = MgMgi /(Mg + MR)/Z22% 1) OMIB FEAY (45 2%, OMIB FEAY [
HEIh R P AT E R RIETE 2o R BT K HHLLL I Py A P AL T 1)
AR, IR )5 P AP, AR T AH R 3 37 1k

3.1.3.30MIB BhAEAY
SR HHLTC T KB I Bl TR N -
M& =Mo =P, — P, =P X 3-4
X 3-4 £k 7 OMIB [z BiAy, 2 izs) i fe. Kl 3-1 ik 7 —4> OMIB #&
BRI DR IS L. ()R (b)) 73 Al KR 1 AN A e FEs e I A i O«

P P ___/Pep

DR B
. :

& 3-1(a) AMaEELR B 3-1(b) FEfEi

3.1.4 OMIB H4EFE M

3.1.4.1 I A5 TR AR DU W ) 2 - Th A A e 1

EANEMAENR AR 3-4 s RamEafe il FUrERGEME S
FEME.

n= Adec Aacc :_EQ35

TE: I 3-5 1 Agec X N 3-1 P RIIRCHR HIAR,  AH N R A X0 N P FR ok T AR

LA VAT RAEM I EM En 5, v LR E I RG0SR e 1 En<0, |
WHRGEESEGER, HBKED > MV RAGTSARE. 2 =0, WRFELTEHS
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Fe B B SO0, X It P s 5 Dk e 1) B0 R G e KD
3-1 B AR A o BRI ARA goc S AR E MR BN I A X ITTF.

e e
Aacc = fSO Pa dsé = f50 (PmD - PeD) ds ﬁ 3-6
Sy Su
Adec = - f(ge Pa dé = — f5e (PmP - 1:)eP) ds ﬁ 3-7
n= _fSS“Pa dsé 7 3-8

B 2Py p (Pmp) /& F 40 8 AL AE T AOHUA A (RIS ) Zh %, AL T, PupMPyp
AR BB A I TR R AR AL T AR AL o ARALLEK],  Pop M1Pep A 4% AF IE5X L 31K

3.1.4.2 OMIB 4k ik 1Y) 2 55 08 b v
TR R ThFR- T AR RE (R ) U —REE T B ML 55 K BHE RS (B 1. T
P . DDA, R (A E)OMIB U I bR e i F .

ARG —NHHUET R RGP, (8, 5 2P (t,) = ORI £ = t, > 0.

4t > to M Lo (t) > 0(ty = t(8 = 8y)), MXAFHLICTT KB AATE R L. Kbt AR
GEARFER %, 8 AR E I ZI 0 N AR E Th A

FOEHZE: —NEHLTE T K RGHIBLE I 2 (0 (t,)=0)i# 2 8,.(8, < 8)FIP,(t,) = Py <
0H 9t > t > tofw(t) > 0, EXAFHLIC TS KEEE A Fae T . Horhe ik [E1i %) (B e ik
Z), 8 AIRIEIThf(FEETIA)-

MR FEE (AR ) L: — NMRHLE S K RGBT E I ZI (P, (t,) = 0)IAFR [ Th 6,
A, WA PRAS & (A Fe) i ol. 308 W — AN 5 TH E S 24t ] Zl(w(ty) = 0)ik A F
SE T A U AR PR AR 150, 2 T P P 000 240 [ ) £ 8 R AN T 9 S AH ) DU R A SR A e, 3
H 8 PR AR PR AR T A

3.1.4.3 OMIB & (M) = b 1A
M 3-4 FATATLLAZH]:

M§ = P8 X 39
ey

1 s Se S
SMo? = [0 P,d8 = [(°P,d8 + [ P,db 7 3-10

o NRUEME:
168 = 8, AR 3-10 7 53 3-8 LR B AT ERE M THEA KXW T:

Ny = —>Mw,? 7 3-11

Hoh U KR T2 B2 (Unstable trajectory) flw, = w(8 = 8,)»
o FEME:
8 = 8, AR 3-10 I WLEHIS = 6, 0, = 0,  FRATFH:

Se 8¢
fgo (Pep — Pmp) 6 + f(se (Pep = Ppp)dé =0 X 3-12

8y
Nst = — far (Pmp — Pep) db i 3-13

Horp St Ry aE #1135 (Stable trajectory).
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3.1.5 OMIB Iif5 5 (Critical) 1 4H 2% (Relevant) AL ZH 15 5]

LU HEAHRANA T — AN RHUTE T KRR R 4(OMIB)FIF e FeME, (EX T AL TS
KEWITIH(SIME), WA 345 A1 % 2 — AN OMIB R AL & B EL Y.

S OMIB L 2Y (3R N T AN P IR 3R AR «

()i 3 11 W L4LHE 77 2 (Critical machine ranking method), i€ {56 ) OMIB %Y,

(i) 3 7] B v U (Gap criterion), i€ S2Fr OMIB 7Y,

3.15.1 G ANHFEF (CMR-Critical Machine Ranking) 7772

15 F AL HEF (CMR) /53 T DL R M4

® U ANRGFMIH G RN IR R L FD 2 G (B #E A 2= K T3607)

MBI RG TP IR IIF I Z], 8 SOWELT 2 At s o
® (Lo M, [FIZE A LI T AR A R I AR e R R R =
B, ST —MNEERRRED TR, CMR B T 515 5B 5E (n-1) Mk il AH 5%
WL

0) 2 F8 LR AN [F] () B A7 0 (8 22 Gt T K 52 R A e 1 R Y el Y )

(i) K IE SUTH S R I B AR T T R G I RPN A AT B R B, BA
tobs I 17 1411 3o 4t s B Z1 R FAIL D) A1 IR /N MOR BN 0T 8] 28 i F LR AT HE
o

(i)  AWr(n-D)AMEEAHHLEE . — I, AR —EPLE8E, &KW E, ...
BAMIN-1)E.

3.1.5.2 [H]F@#EN (Gap Criterion)

PATR G FHVEHE T 754G R oL T % DA HE e R R LS BATTH AR AR
PR G R HEATLZE 2 TA) (R Ty £ TR R, JFG mh )y o T Bl v P e KA 58 SO B K TR RRG  F R TR DA L 11
R EHLALINN OMIB B b (A LR (Relevant machine). 5 A RIFE LT ) & BLHLZELIN Ay
OMIB #541 H ) H & LA (Other machine).

§(°) Relevani OMIB Trajectory

Relevant OMIB Trajector

0. 025 05 075 1, 0. 025 05 0.75 1:-(,)
& 3-2(a) e & 3-2(b) FasEEIL
3-2(a)Fi1 3-2(b) 7> Al —FhAs s 1B LA —FR ARG LR R G HHLL I AH SCHLIE AN
FENUBE BRI 73 1500

3.1.6 OMIB Z %8l % (Multi-swing phenomena)

H T OMIB ALK 1& , Z2 1B I R LA KAH LR s B35 7 B 3. —1> m(m>1)
BEAE (MR IR M BLZE Ry OMIB AL D) M 75 HT (m-1) 438 P 3% A 1 2 AN Fe e D) £
Su(FE D8, 5. FESE m BN

o ARRUEIIMIIFLE, RafaE
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eed_ Shanghalsiso Tong Unverity R ESREYRBMBRRASR
o LRIANTEINMEMIKM, REATEE
[l BATRE R R, W SV AR T2 A0 Al B U [ REE T 2428015 L. 3K 3-8 i
BUHEAXFEEH T 28E0, B HEDT:

n=—Jy P o R 3-14

Horpid' (8" )25 m ERIIAIAE (A E)OMIB BRI Thff

3.2 &F SIME B TSOPF |o]@Rt& Al

3.2.1 BN T KEER(SIME) J5 i 1Ak

SO SIME J7i50% Z WL ) RGN — AR SR LE 75 K BEER (OMIB) B AL
T S BRI SR HE PP 7520 ) B o D42 22 ML 20 A AL R R AL 9 AN 0, FRATT A T
DL K A 5< HLBE AR O dim 5 BIL BE (CMs-Critical  Machines), % & #L B 7% Oy 4F I ¢ B B
(NMs-Noncritical Machines), %4 5 73 74 P M LEE S RO A LI S 8O0V, 50 0a PR AL
T 5 O L2 B VAT S 20 52 IR LTE 95 K RRER B AR iy by g, 29

S R K B 1) E B AR

M¢ = Ykec Mk 3 3-15
My = Yjen Mj = 3-16
8c(t) = M) ™" e Sk (Mg = 3-17
wc() = Mg) ™! Tec 0k (DM 1 3-18
Sn(0) = (My) ™" Bjen 85 (DM 3 3-19
wn(®) = (M) ™ Zjen w5 (DM 3 3-20

30 3-15~3K 3-20 58 1 I AU AN AR Il FRHUIEROSE 2. Horb C NI AR &, N A
Rl AN S, M AR R LA RS SR 5

8(t) = 8¢(t) — 8y (D) A 3-21
w(t) = wc(t) — wy () 7 3-22

= 3 3-23
Pe (t) = M[Mc_1 ZkeC Pek (t) - (MN)_1 ZjeN Pe]' (t)] ﬁ 3-24

Pm(t) = M[Mc_1 ZkeC Pmk (t) - (MN)_1 ZjeN ij (t)] ﬁ 3-25
3 3-21~3 3-25 5E Ak T BAAHLTE 55 K BEE (OMIB) B AL i Ry 7, b, () 1P, (£) /& OMIB
Y e (1 FL B A LR D 2RI U N D
AFERE LT FA TR T - HATERE:
Ny = —M(0(t,))?/2 X 3-26

A 3-3
[F %R e o, Wik 3-3 A, AT 3-13 BEATUTLALEE ] = M I AR B AR
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SRR ERERTE AL, AT
Nst = |Pa(tr)|(6(tu) - S(tr))/z ft 3-27
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S IR 05 B ) ) — IR 2o (i) PRI L R R BE K OMIB B AL A Z5i A5 M ) 1 2 R X (AT #E 25

m $E N IE B R AR ) o
55 K YRR (2 PN A (A1) (R A i R AP M Sy (o) ML A U R
Siltem) = i_g tn sk_2<2c:§:gti<tctrl) A 3-28

RGN 3-28, (15 RGBS Emy = 0ff) OMIB #5112 (1) Th # i 22 B0 A Ran R

‘Sshk(tctrl) = 8k—1(tctr1) - s:(l;:rl) 7 3-29
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— AN I8 (to) T 28 3-35 PR ASPREN, 357 AT A IR BN R ¥k TSOPF 54X 1S (R
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4.1.2.1 PSS/E B 5

PSS/E(Power System Simulator for Engineering) & 1 3% E /1 £ K 2 &) (Power
Technologies Inc.-PTI) T~ b4l 70 SFAFF A FHER 7. HEMTIAfE, LA BRE S
e, PSSIE AN BRI ] RS FA AT . PSSIE W] AHA TR THE . 2% S5 {E A 5)
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[ Branch U8 73667 i i i 3673 EY
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[ 2Windng 5 BUS_5 2300, 4 i i i 09812 23
[ 3 Winding 6 BUS_5_ 730003 1 1 1 09774 EFg
13 FACTS
[ 2TembE 7 BUs_7_ Z300 2 1 1 1 10347 FET)
[0 vscoc 878l 8 300702 1 1 1 /0354 631
[0 N-TemDE
0 Area 9 BUS 9 2003 1 i i 10419 57
11 Dwner o
[ Zane
[ GNE
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Select an object on which to get Help Solution not attempted Bind items Next bus - 1
& 4-1 PSS/IE XEHH
NuE:rl:;er N::e Base kV | e Nur == Nur = iz VO:I::?& Angle {deg) Lf;:eigu) L(::Tﬁu: Lﬁfﬁ., Lisie(?u)
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2 BUE 2 180 2 1 1 2 1.0500 06
3iBUS 3 138 3 1 1 2 1.0500 0.88
P8 T2 3300 q q 1 08673 EVL)
5TEUS s 3300 q q 1 08513 B39
B BUS & 2300 3 1 1 1 0.9774 727
7 BUE 7 2300 2 1 1 1 1.0347 434
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*
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Model Model
Name Identifier

Damping

Type| Inertia H constantD

T8 GEMCLS GENCLS 1[BUS_1__  16.500] 1

Stnd : 23.6400 9.6000

[ Compensating GENCLS 2[BUS_2  18.000]1

Stnd 6.4000 2.5000

[ Stabilizer GENCLS 3[BUS_3__ 13.800]1

Stnd 3.0100 1.0000

[ Min. Exciter *

[ Max. Exciter

| Exciter

[ Govemor

[ Turbine Load Cantraller
[] Line Relay

[] 2Tem DG

[ vSCDC

] M-Tem DC

[ FACTS

[ Switched Shunt

[ Wind Generatar

] Wind Electrical

[ Wind Mechanical

[ Wind Piteh

[ Wind Aeradpnaric
[ Wind Gust

[ Wind Ausiliary

] Load-Bus

] Load - Owner

[ Load - Zane L4
] Load - &rea

71 | nad - All S

m

Metwork ED""L Madels |Plot Data CONS AICONS ,\VARS /
&l 4-3 PSS/E B FAHMNE O

LRGN AT 5, ARSI R AR B AT, JATIER AR L 48 gt

BN R L B & 2 A

Event Study Propertiesl g

Parameters

Study Mame:

Channel Filename:

EventStudyl

The settingz below are only used if the Study iz n az a Dynamics Event Study

C:Al zerszhouyunt D eskiopsipd 452500t g

Run to [zeconds)

Integration step [zeconds)

Tolerance (p.u.)

Iteration limit [steps)
Frint interval [steps)
“w'rike interval [steps)

Plot interval [steps)

5
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0.0001

25

100

1

0

[ w= || =&

)

& 4-4 PSSIE fiESEHMNE O

£ PSS/E 15 HL 24U\ B 1 I 3075 B AR S Jn 15

BEE Ja AT DRI 0 FR i R

lip=%i7

KESHAT



YFERAAYE

Shanghai Jiac Tong University %Eg?&%ig@ ;EHE'EM:@] ;ﬁﬁﬁ;\:
B +B B B
1 [ Channel Fies PR
=[] ipnew

4ec 1-ANGL  1BUS_1_
4o 2-ANGL  2BUS_2_
4ec 3-ANGL  3[BUS_3_

4e 5-POWR  2BUS_2_
4u §5-POWR 3BUS_3_
4u TOVARS 1[BUS_T_ L
4e §-VARS 2[BUS_2_
4o §VARS 3[BUS_3
4u 10-ETRM  1[BUS_1_
4e= 11-ETAM  2BUS_2
4o 12-ETRM  3BUS_3
4 13-EFD 1[BUS_1_
4o 14-EFD 2[BUS_2_
4e= 15-EFD 3[BUS_3_
4e= 16 -PMEC 1[BUS_1_
4e 17-PMEC  2[BUS_2_
4u 18 -FMEC 3BUS_3_
4e= 19-5PD 1[BUS_1_
4e 20-5PD 2BUS_2
4e 21 -5PD IBUS_3_
4e 32.WOLT  1[BUS_1_
e 33-ANGL 1 [BUS_1_
P PRR T (a1l & 2o i

< i v

——ln

0 1 2 3 4 [ 7 8 ] 10,

Time (seconds)

1-ANGL 1[BUS_1_ 16500]1 :ipnew [
2 4-POWR 1[BUS_1_ 16.500]1 : ipnew

" Hework | OPF] Dyna | Models FlaiDaa [

& 4-5 PSS/E fiE& R E O
7E PSSIE 47 BLas Rl 2k o 1, SERR R A ¥R, AT DA B S 2 45 51 i 2%
HHATHIR .
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MR AR E B IR AR, e RH MATPOWER T EA TS RS H M RIEIRIET . A
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B 4-7 IEEE3 ¥ 9 W mWR RS EE
IEEE3 #1 9 19 5 R4 — NS IR 24, BARK R4 SH00] LLE 22 Ck[53] 4
BTk o

4.2 |IEEE3#1 9 i ARG EH 1

4.2.1 S A

S 1 SR IEEE3 ML 9 T SR R 4, ki B Jy 0s BELR 7 Sk = AR %, 400ms
i Z B IR 2 7-5 TRk, 23T, 25 LLE L OPF 545 H 45 o R G WIthis
78, MFETR R N RGBS E . Wi B AR el 50k, 78 SR 4 i e AN A8 Fry %
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17,500

T T EI-P T oo i
12,500 - o  ————

T N -l - pb i

T T T T T T T T
0 1 2 3 4 5 5 7 8 9 10
Time (seconds)

1-ANGL 1[BUS_1__ 16.50011 :ip0 v
v F-ANGL 3[BUS_3  13.80001 :ip0

& 4-8 HH OPF RGBT R HS — th
4-8 7y IEEE3 Ml 9 7 s RGLE LLH M OPF 45 F N RGHIUHIZAT ril £ R Ge Tl sl e
IR ALy A - ) F 2 o R AR i AL P 7 R R ] R v U, A AL 2 M B 2L T Il FRALEE
RN L ARR T AR AL IO R BRI T .
4.2.2.1 1pP°
UGS OL IO 5 8 S LA, R L OPF [, 115 H i) R Gik)a 261

2-ANGL 2[BUS_2__  18.00001 :ipl

e
R 41 IPP ARG KA

Pyu(MW) Qgi(MVar) Pyu(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

IP®  105.94 17.30 113.04 4.77 99.24 -15.56 1132.18

H1 PSS/E B AFX 2R GeAE FRBLH & T IR0 320, BRI OMIB BRSNS g {1 2L 45 Rk

1

| : 1

H t t I
I 0 1 bl 3 4 5 3 7 8 ] 10
1 Time (seconds) !
i !
1 v 22-VOLT  1[BUS_1__ 16.500]:ip0 W 24-VOLT 2[BUS_2  18.000]:ip0 I
i v 26-VOLT  3[BUS_3__ 13.800]:ip0 W 2B-VOLT  4[BUS_4_ 230.00]: ip0 1
i v 30-VOLT  S5[BUS_S__ 230.00]:ip0 @ 32-VOLT 6[BUS_6__  230.00]: ip0 1
i ™ 34-VOLT T[BUS_T7__ 230.00]:ip0 @ 36-VOLT B[BUS_&  230.00]:ip0 1
i v 3B-VOLT  S[BUS_S_  230.00]: ip0 i
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&l 4-10 IP® OMIB SFRARRL 5 FEL T 2R - Th A B £
4-8. & 4-9 F1E 4-10 7375 J91P O 3017 L 45 F R RATL I A1 -If [ B2 . =9 A L Ps- I )
2 &, OMIB S5 R A A L D) Z-Th M I 46 . FEIPOHIARIZAT M2k ME N, REEEANIE,
AT EMEN, . OMIB SFRAR R YIUR T i i Z28% 41 T N IKIEA OMIB S8R T 12 T 1
728 s THH T -

R 42 IPRBETRENTER

Ny (pu — rad) §to(rad) Sep(rad)

Ip° -0.01794 0.1242 0.1118

4.2.2.2 1p?
H W] 46 17 0 IPC 15 B /) OMIB 4% 5055 71 1 22 Ih 1 fl 72 8, =0.1118, 8 i & 2 1y
MATPOWER T H BT B EI R T H AR RGBT S
£ 4-3 IP1 RV EML:

Pyy(MW)  Qgi(MVar) Pg(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[Pt 109.12 14.94 111.04 5.57 98.00 -13.89 1132.32

5,000

4,000
3,000
2,000

1,000

-1,000
-2,000

-3,000

-4,000

Time (seconds)

1-ANGL 1[BUS_1__ 165001 :ip1
v 3-ANGL 3[BUS_3__ 13.80011 :ipl

B 4-11 1PUBHIEAT A5 R FALT) #A - ) 4%

2-ANGL 2[BUS_2_ 18.00011 :ip1
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Time (seconds)

1

1

1

i 22-VOLT 1[BUS_1__ 16.500]:ip1 W
i 3 26-VOLT 3[BUS_3_ 13.800]:ip1 ¥
1

1

1

24-WOLT 2[BUS_Z__ 18.000]: ipl
28-WVOLT 4[BUS_ 4 230.00]: ipl
32-VOLT 6[BUS_G_ 230.00]:ipl
36-VOLT 8[BUS_S_  230.00):ipl

30-VOLT  S[BUS_S_ 230.00]:ipl |
34-VOLT  T[BUS_T7_ 230.00):ip1 ¥
38-VOLT  §[BUS_9_ 230.00):ipt

Bl 4-12 1P iR 07 FL45 SR i ri s -Hf ) 4%

s | | | |
0 1000 2000 3000 4000 5000 6000 7000

& 4-13 1P OMIB SRR I FEL T 22 - T A B £
FEIPYWIGIZAT KRME N, RHEEEARE, AMaEMEN,. OMIB S RUEALAIIRTH fi
fimZE8% T o JFiER R FERAG T UGS OMIB 45 R4 R 1 58 Ty ffy i 22 S o TH 540 T -
44 IP' RGESRESTER

Ny (pu — rad) St (rad) Sep(rad)

Ip? -0.007350 0.1118 0.1032

4.2.2.3 1P?
HIPYE 2t OMIB S5 30h 7Y 11 28 Th £ i 75 84,=0.1032, BT 1&e% ) MATPOWER T E
BT BRI HAR B R GUis AT S R
£ 45 IP2RGHIMHE G

Pyy(MW)  Qgi(MVar) Pg(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

P2 110.55 10.63 110.14 7.38 97.47 -10.56 1132.54
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Time (seconds)

W ——— 1-ANGL 1[BUS_1__ 16.500]1: ip2 [¥
v 3-ANGL 3[BUS_3  13.300[1:ip2

Z_ANGL 2[BUS_2__ 18000]1:ip2

1
1
i .
1 Time (seconds) !
i -
i v 22_VOLT  1[BUS_1__ 16.500]:ip2 W 24-VOLT 2[BUS_2__ 18.000]:ip2 1
i ~ 26-VOLT 3[BUS_3  13.800]:ip2 ¥ 28-WVOLT 4[BUS_4  230.00]:ip2 1
1 ~ 30-VOLT 5[BUS_S5  23000]:ip2 W 32-WOLT 6[BUS_8__ 230.00]:ip2 1
i v 34_VOLT  T[BUS_7__ 230.00]:ip2 ¥ 36-VOLT B[BUS_8_ 230.00]:ip2 1
i v 38-VOLT  9[BUS_9__ 230.00]:ip2 1
_______________________________________________________________________ -
2 -
& 4-15 IP2R3g 0 FL 45 SR e H - [A) b 28
23 T T T T T T
2l i
15+ —
.4 i
05 —
0l N
05— —
-1
5 I I I
0 1000 2000 3000 4000 5000 6000 7000

& 4-16 1P? OMIB SERAR AL & FEHL T 2R - Th A B 2%
TEIPPHIIRIZAT RAFE T, REFEATE, AaEfEN,. OMIB SR BIYI45 )
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fmZ=8% N T o JFilE R FRAG T UGEA OMIB S5 R0t R 1 28 Ty ffy i 22 S g TH 40 T -

R 46 IPPRGESRENTER

Ny (pu — rad) 8o (rad)

s (rad)

[p? -0.002948 0.1032

0.09751

4.2.2.4 1p3

HIP2 153 2 1Y) OMIB ZE 30 AY 1 25 1) f s 7 6,4,=0.09751, i#id &4 # MATPOWER T E.

AT R FAS R R GEAT R T
R 47 IPP ARG KA

Pyu(MW) Qgi(MVar) Py(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[p3 11151 7.94 109.54 8.52 97.11 -8.44

1132.74

T T T T
0 1 2 3 4

Time (seconds)

T T T T
[ 7 2 9

1-ANGL 1[BUS_1__ 16.500]1 :ip3

v 3-ANGL 3[BUS_3__ 13.80001:ip3

2-ANGL 2[BUS_2_ 18.0001 :ip3

c
Time (seconds)

1[BUS_1__ 16500]:ip3 W@
3[BUS_3_ 13.800]:ip3 ¥
S[BUS_ S5 230.00]:ip3 ¥
TIBUS_7_ 230.00]:ip3 ¥
9BUS_9_ 230.00]:ipd

24-VOLT 2[BUS_2 12000
28-WOLT 4[BUS_4_ 230.00]:
32-VOLT B[BUS_6_  230.00]:

36-WOLT SB[BUS_8&  230.00:i

ip3
ip3
ip3
ip3

& 4-18 IP3RHISAH B 45 5145 p i I - ) i 28
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25 T T T T

NIRRT |

| | | | | | | | |
-15
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

& 4-19 IP?® OMIB SERUEAL K LTI FR-Th A 2R (a)

& 4-20 1P FIP3 OMIB SR AY jx AL TIZR-Th F 1 2R (b)
4-19 #£IP3® OMIB S5t Bl K AL I Z-D M i 2. M%2 ] 4-20 H11P? FIIP3 OMIB
SENUR ALK LT R - M 1 2. 3 ML 9 1T RGAEIP3HILRIZ AT M 461 T AIAEIP2HIARIE AT 5
A N RFE AR, REUETEAXAEH, FIbis,, = 0.958% 3K Fki%EX OMIB %
R R WA ) I 228, o AR E MM~ OMIB 2R BE R 4] 44 1y £ i 22 6% F1 8 o, FMEL T 1
‘F:
R 4-8 IPPRGHSRESNER

Ny (pu — rad) St (rad) Sep(rad)

Ip3 -0.002199 0.09751 0.09263

4.2.2.5 IP*
HIP375 51 () OMIB £ %50A5 AL 311 28 T 1 i 5 64,=0.09263, iE i &%) MATPOWER T E
BT BRI HAR B RIS AT s R
R 49 IP*REVIMHEMG

Pyi(MW) Qgi(MVar) Py(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[P+ 11231 5.64 109.04 9.51 96.82 -6.59 1132.93

=
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_______________________________________________________________________ I
!
i i i
________________________________________________________________________________ L|
i i i
--------- S RECEE SRR I
. . I
--------------------- s ST I
L L i
:’ i i
b b i
__________________ TR B |
1 F ] ' !
| | i
_____________________________________________________________________ SN N |
. - - g N - - - I
S I
: i i
8 5 100
!
1
1-ANGL 1[BUS__1__ 1650001 :ipd ¥ 2Z-ANGL 2[BUS_2Z__ 18.000]1:ip4 1
3-ANGL 3[BUS_3  13.800011 :ipd 1

1
0 1 2 3 4 5 [} 7 8 5 10!
Time (seconds) !
1
v 22-VOLT 1 [BUS__1__ 16.500]:ipd W 24_WOLT 2[BUS_2__ 18.000]:ip4 I
v 26-VOLT  3[BUS_3__ 13.800]:ip4 ¥ 28-WOLT 4[BUS_4  230.00]:ip4 1
v 0-VOLT  S[BUS_S__ 230.00]:ipd W 32-VOLT 6[BUS_6__ 230.00]:ipd 1
V 34-VOLT  T[BUS_T7__ 230.00]:ipé & 36-WOLT  8[BUS_8__ 230.00]:ipd 1
~ 38-VOLT  8([BUS_9__ 230.00]:ipd i
_______________________________________________________________________ -
4 -
Bl 4-22 TP 07 B 45 SR % i ri s -If ) 4%
25 T T
2 |
15 -
L _
s | | | | | | | | |
-60 -40 -20 0 20 40 60 80 100 120 140

& 4-23 IP* OMIB S5 RL R AL TH 2R -T A 1 2%
MK 4-21~& 4-23 FTLAE Y IEEE3 #L 9 9 55 REU7E e b 251 F & ASfaE, FEm
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HNg~ OMIB SF B UR D) fy w22 St T LU R .
R 4-10 IP*RGHBRESNER
Nst(pu — rad) 8t (rad)
Ip* 0.06838 0.09263
A < 0.1, IEARTHREE R, P4 R IHIURIZAT Bl IEEE3 AL 9 11 s RGU/E T
R LR B BR BT A e A

4.2.3 BB R0
4.2.3.1 HBSFE RS
£ 4-11 BEHERTSERG R B R AL ER

Pyu(MW) Qgi(MVar) Py(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[P 105.94 17.30 113.04 4.77 99.24 -15.56 1132.18

IPY  109.12 14.94 111.04 5.57 98.00 -13.89 1132.32

P2 11055 10.63 110.14 7.38 97.47 -10.56 1132.54

IP? 11151 7.94 109.54 8.52 97.11 -8.44 1132.74

IP* 11231 5.64 109.04 9.51 96.82 -6.59 1132.93

® 4-12 BHEARIEREHE. FERANBANPRED ARELER
n(pu — rad) 8t (rad) e RS Ssn(rad) Cost($/hr)

Ip° -0.01794 0.1242 0.9*8 0.1118 1132.18

Ipt -0.007350 0.1118 REE 0.1032 1132.32
T

Ip2 -0.002948 0.1032 REE 0.09751 1132.54
T

Ip3 -0.002199 0.09751 0.95*8"% 0.09263 1132.74

Ip* 0.06838 0.09263 SEREAEHA 1132.93

R A4-11 f3R 4-12 08 1 & AR e S SRR AL h B OSSR R AL At 0. &
SR N AN R e AR B ) S5 RO AT A A B T A i EL. MV RARE Y, Bl
FEIEARREUIIE TN, OMIB S5 R AL IR D)y 1 (i 22 8 o R /)N, IXEWRAE TSOPF (7] /L (1)
HALRAFA BRI . [N 2R G A AR 8 # R B A S ARG Ik, &A1k
18, RGETBCEIERNTE I h SRR G SRE . HF EE RS B SR ek
¥, TSOPF [l (¥ H b5 ok K R 2 Gt rU LA RRE 2 -2 AT A3 Ty

4.2.3.2 RGEWIRE SIEIBIT SUIEH

b, BN AR E R EER R RA 1SR T A TS T IEEES KL 9 T AL
(K — AN AR IWIIRIBAT S N T RIS B8 SR T I8 T SRR IR R 81T 2, RATH
IR N ] E TR 400ms 34K 405ms, ISR IO A5 Fa i IIWIUAIE AT SN RE0HAT
T2, T OMIB S5l ba R 40 b Hofa s 1k
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_______________________________________________________________________ "
Channel Plot :
20,000 : : : : : : : : : i
17.500 i | i i | i 1 ! H

0 1 2 3 4 5 6 7 8 9 10!
Time {seconds) I

1

] T-ANGL 1[BUS_1__ 16.50011 : ipSnew2 i

v Z_ANGL 2[BUS_2_ 18.000]1: ipSnew2 i

v I_ANGL 3[BUS_3 _ 13.80011 : ipSnews2 i

i

1

iz !
i !
i" !
i !
i !
io. !
i !
i !
i i -
LI 1 2 3 4 5 5 7 8 ] 15
1 Time (seconds) g
1 d
i W ——— 22-WOLT 1[BUS_1__ 16.500]: ipSnew2 !
1 v 24_VOLT 2[BUS_2  18.000]: ipSnew2 I
i ¥ 26-WOLT  3[BUS_3_ 13.300]: ipSnew2 I
i v 25-VOLT 4[BUS_4_  230.00]: ipSnew2 1
i v 30-WOLT S[BUS_5_  230.00]: ipSnewz I
i ¥ 32-VOLT G[BUS_6_  230.00]: ipSnew2 1
i ] 34-VOLT 7[BUS_7_  230.00]: ipSnew? i
i v 36-WOLT 8[BUS_5_  230.00]: ipSnewz i
i ] 38-WOLT 9[BUS_9_  230.00]: ipSnew3 i

&l 4-25 1P* ty = 405msHy {7 B L5 R T LRI 6] i 2k

25

i L HIIS 1

s | | | I | | |
0 1000 2000 3000 4000 5000 6000 T000 8000

& 4-26 TP* ty = 405ms OMIB Z¥UEE] K ML Th2R-Th A ih 2%
M 4-24~[E] 4-26, AT LLE HY IEEE3 AL 9 17 s JE T iP5 00 8 S g WA IS AT s 1P
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M OL T, 2R DIBRIN ) 1 400ms 3Ky 405ms U 2 4t SR A3 2T AR E . A
A DAIE WA SR PSS B AT B DTSR IS TR 50, IP* ) R GEHIAR AT AR RGBS E
IBAT jTT H A2 RGRER SR E LI R A

4.3 |EEE3 #1 9 ik R G &E 1 2

4.3.1 FH1iH

40 2 R AT IEEE3 HL 9 5 /S IR RS, HbsBl By Os BEER 7 %2 = A3l 450ms
i ZE T VIR LR 7-5 R . R S H R i E K 6s, (EZEK 0.001s, 1
R ESE R, MRGMFTHERE0 < ng < 0.1, MK RGHIR 2 A Fa iR b
EAREER .

4.3.2 FHIE R

5 [ T & 9 10,
Time (seconds)

1-ANGL 1[BUS_1__ 16.500[1 : ipDout [
v 3-ANGL 3[BUS_3  13.800]1 : iplout

& 4-27 ¥ OPF RGBT RIHERATES — tH]

4-27 4 \EEE3 HL 9 5 15 R GLAE LA H OPF 45 58 RGWIURIZAT s 72 R G T s
IR RATLTI) A - ) H 2 o R AR i AL P T R R ] R 7 U, R AL 2 A B 2L T Il FRALEE
KA L ARR T AR IR AL AT R R .

4.3.2.1 1P°

UMW TS IO 7 5 R8T, RIH LR OPF [al@l. 115t i) R GibIaa 261
‘F:

Z_ANGL 2[BUS_2__ 180001 : iplout

R 4-13 IP°RGAIM KM

Pyu(MW)  Qgi(MVar) Pg(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[P®  105.94 17.30 113.04 4.77 99.24 -15.56 1132.18

H1 PSSIE BXAFXT R GUAE T i T ISR 50, BRI OMIB BRI dskff S 435 R ik
R

% 34 U1 3t 48
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Time (seconds)

1

1

1

i 22 _WOLT 1[BUS_1__ 16.500]: ipDout W
i I~ 26-WOLT 3[BUS_3_ 12.300]: ipDout ¥
1

1

1

24_VOLT Z[BUS_Z_ 18.000]: iplout
28-VOLT 4[BUS_4_ 230.00]:iplout
32-VOLT  6[BUS_S6_  230.00]: iplout
36-VOLT  &[BUS_&_  230.00]: iplout

30-VOLT S[BUS_5_  230.00]: ipOout W
34-VOLT  7[BUS_7_  230.00]: ipOout W
38-VOLT 9[BUS_9_  230.00]: iplout

& 4-28 TPORTIRAG BL45 515 r e F -k ) 28

) /\A AA
VLUV

)
T
|

[Tl
TV

| | | | | | | | |
15
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

& 4-29 1P® OMIB SRR 5 sELL T 2R - T A B 2%

4-27. & 4-28 AP 4-29 73 HI9TPOI S (17 45 SRR AL Ay - fe] 2k s 19 o -
1] I ZE K. OMIB SE R AR LI R -Dh A i 2. FEIPORIARIZAT RRIF T, RAEEA
FasE, MFEEMEN,. OMIB SR ARBIIRTh A 228" W1 R L F JGEAL OMIB S5 R AL 1]
B ARy VHE U

R 4-14 IP'RGHESRESNER

Ny (pu — rad) St (rad) Sep(rad)

IP° -0.06414 0.1242 0.1118

4.3.2.2 Ip?
H 9] U6 175 0 TP 18 B i) OMIB 25 2505 7 1 22 I ) fl 2% 84, =0.1118, 8 i & U 1)
MATPOWER T Bk 4T e Ll i+ AR B R G s T R .
* 4-15 IPL ARG %M

Pyy(MW)  Qgi(MVar) Py (MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[Pt 109.12 14.94 111.04 557 98.00 -13.89 1132.32
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Time (seconds)

1-ANGL 1[BUS_1__ 165001 : iplout ¥
v 3-ANGL 3[BUS_3  13.800]1 : iplout

Z_ANGL 2[BUS_2__ 18.000]1 :iplout

1
1
i .
1 Time (seconds) !
i !
i W ———22-WOLT 1[BUS__1__ 16.500]: iplout V¥ 24-VOLT  2[BUS_Z__ 18.000]: iplout I
1 v 26-WOLT 3[BUS_3__ 13.800]:iplout [ 28-VOLT 4[BUS_4  230.00]:iplout 1
1 v 30-VOLT S[BUS_S__ 230.00]:iplout [ 32-VOLT 6[BUS_6__ 230.00]:iplout 1
i W 34-WVOLT 7[BUS_7__ 230.00]: iplout ¥ 36-VOLT  B[BUS__&__ 230.00]:iplout 1
i ™ 38-WOLT 9[BUS_9_  230.00]:iplout i
_______________________________________________________________________ -
1 -
B 4-31 1P R4 {7 B 45 5145 e P B -fof ) A 2%
25 T

2 |

15— -

1 /\ -

05— —

ol |

05— —

r | | | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

& 4-32 1P OMIB SERAR AL & FEHL T 28 - Th £ B 2%
TEIPYWIIRIZAT KFAT T, RABHEAEE, MMaEHEN,. OMIB XA Y]IR D)
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EEESREARRMBRAR

ZES U R . il

I R THE RS N IXiE L OMIB &

SRR S B TN £ i 22 g TH SR U0 T

R 416 IPRGESREMER

Ny (pu — rad)

8o (rad)

s (rad)

Ip?

-0.05318

0.1118 0.05167

4.3.2.3 1P?
FHIPIA53 21¥) OMIB 52505 Y HA B8 1) f1 ff % 6, =0.5167, i
AL AT B AR AR B RGUSAT R
R 4-17 IP2RGHIMR %A

_‘,4

&M K] MATPOWER T..E

Pyr(MW)  Qgi(MVar) Py,(MW) Qg(MVar)

Pys(MW) Qg3(MVar) Cost($/hr)

P2 118.71 -11.98 105.20 19.52 94.53 7.62 1135.47
r 77 ChannelPlot :
17,500 .
1
15,000 -] |
12500 - s Feeeeen . R — L. e e e e !
1 1
11T i

5 i

7,500 : : : : : : . : .
0 1 2 3 4 s & 7 8 9 o
Time (seconds) I

1

I~ 1-ANGL 1[BUS_1__ 1650001 : ipllout W@ 2-ANGL 2[BUS_Z_ 180001 : ip01out i
v 3-ANGL 3[BUS_3_ 13.3001 : ip0out i

1 Time (seconds)

1

1 v 22-VOLT 1[BUS_1__ 16.500]: ip01out
1 I~ 24-VOLT 2[BUS_2_ 18.000]: ip0out
1 r 26-VOLT  3[BUS_3__ 13.500]: ip0lout
i i~ 28-VOLT 4[BUS_4  230.00]:ip01out
1 i~ 30-VOLT 5[BUS_5  230.00]:ip0out
i r 32-VOLT  6[BUS_6__ 230.00]: ip0lout
i v 34-VOLT  7[BUS_7__ 230.00): ip0lout
1 i~ 3IB-VOLT 8[BUS_8&  230.00]:ipMout
i I~ 38-VOLT S[BUS_%  230.00]:ip0out

Bl 4-34 TP 07 B 45 3R Rl ri - e ) i
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2 T T
21 4
15H —
1H ﬂ B
05+ —

s | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000

& 4-35 IP? OMIB &SRR & FENLThZR-Th A fh 4R
TEIPPYNRIZAT AN, RAEEARE, TFREHEN. OMIB SR AyI 46 Th f
2SI N o JFIE T RBUE T H IR T UKIER OMIB S0 A4 1A 28 1) 1 i 22 861, V1540 1
R 4-18 IP2RGHESRESTE R

Ny (pu — rad) 8o (rad) Sep(rad)

Ip? -0.01360 0.05167 0.03101

4324 1p3
HIP275 51 ) OMIB S %50A% AL 11 28 T 1 i 75 64,=0.03101, & it &2 /) MATPOWER T E
AL AT BRI AR B RGUSAT TR
R 4-19 IP3 RGHIMRE KM

Pyu(MW)  Qgi(MVar) Py(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[P3  121.43 -20.21 103.69 26.24 93.60 14.19 1137.30

Time (seconds)

1-ANGL 1[BUS_1__ 16.50011 : ip3out v
v 3-ANGL 3[BUS_3__ 13.80011 : ip3out

Bl 4-36 1P B4R 07 F 45 5 5 e LD £ - B[R] B 2

2-ANGL 2[BUS_2_ 18.00011 : ip3out
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5 [} 7 8 5 10
Time (seconds)

0 1 2 3 4

22 _WOLT 1[BUS_1__ 16.500]: ip3out W
I~ 26-WOLT 3[BUS_ 3 12.300]: ip3out ¥

24_VOLT Z[BUS_Z_ 18.000]: ip3out
28-VOLT 4[BUS_4_ 230.00]:ip3out

I~ 30-VOLT S5[BUS_5_  230.00]: ip3out W 32-VOLT  6[BUS_S6_  230.00]: ip3out
W 34-VOLT  7[BUS_7_  230.00]: ip3out ¥ 36-VOLT  &[BUS_&_  230.00]: ip3out
v 38-VOLT 9[BUS_9_  230.00]: ip3out

& 4-37 IP3HIRAG 45 515 r e F -k ) 28

25 T T

T A HAAM\A l

1

| | | | |
15
0 1000 2000 3000 4000 5000 6000

&l 4-38 1P3 OMIB SRR & FEAL T #R-Th 1 #1 £% (a)
FEIPPYIIRIZAT RRAE T, ARG SAIRE, MaEHEN,. OMIB ZERERIHTL ) Ay
fimZE8% T o JFiER R FERAG T UGS OMIB 45 R4 R 1 58 Ty ffy i 22 S o TH 540 T -
£ 4-20 IPPRGHASREMMNER

Ny (pu — rad) St (rad) Sep(rad)

Ip3 -0.004673 0.03101 0.02020

4.3.2.5 IP*
HIP375 51 (K] OMIB £ %0A5 A4 11 22 T 1 i 5 84,=0.02020, & it &%) MATPOWER T E
BT BRI HAR B R GUis AT S R
R 4-21 IP*RGAIIEFA

Pyy(MW)  Qgi(MVar) Pg(MW) Qg(MVar) Pys(MW) Qgz(MVar) Cost($/hr)

[p* 123.18 -23.24 102.68 28.75 92.97 16.82 1138.36
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Time (seconds) I

1

v 1-ANGL 1[BUS_1_ 16.500]1 : ipdout I Z-ANGL Z2[BUS_2__ 18.000]1:ipsout i
v 3-ANGL 3[BUS_3_  13.800]1 : ipdout i

1
0 1 2 3 4 5 [} 7 8 5 10!
Time (seconds) !
1
¥ 22-WOLT  1[BUS_1__ 16.500]: ipdout ¥ 24-VOLT  2[BUS_2__ 18.000]: ipdout I
v 26-WOLT 3[BUS_3__ 13.800]: ipdout [+ 28-VOLT 4[BUS_4  230.00]: ipdout 1
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RESEARCH OF OPTIMAL POWER FLOW WITH
TRANSIENT STABILITY CONSTRAINTS

Modern power systems’ operation should be reliable, secure and economical as the scale of
the systems is becoming larger and larger. A conciliation between the economics and transient
stability security requirements is possible by formulating the transient stability (TS) problem and
the generation dispatch problem as an integrated mathematical optimization problem, which is
referred to as Transient Stability constrained Optimal Power Flow (TSOPF).

Two main steps should be taken into consideration to meet the approach. First, to ensure that
the synchronous generators maintain stability in response to a specified contingency, both
dynamic-state and transient stability constraints should be formulated in analytical expressions of
the transient stability problem. Second, these constraints are included in discretized form into the
OPF formulation, and an optimal generation dispatch is determined by solving the optimization
problem by conventional programming methods. After solve the TSOPF described before, an
optimal equilibrium point is computed that is transiently stable.

To solve the transient stability problems, the conventional, world-wide accepted approach
relies on time-domain numerical integration. The main advantage of this approach is the ability to
handle any power system modeling and to provide detailed time-domain descriptions of the
physical phenomena. The main drawback is the lack of sensitivity and control information.
Despite the performance of computer develops rapidly in recent years, time-domain methods
remain computationally demanding.

In order to avoid the above weaknesses, Lyapunov-like direct methods started being
developed in the early 1960s. Another type of direct method, based on the equal-area criterion,
was proposed around the1980s. The Single Machine Equivalent (SIME) relies on time-domain
simulations with early termination and calculation of stability limits dictated by the equal-area
criterion is also a hybrid time-domain-direct method.

More specifically, SIME replaces a multi-machine power system by a one-machine infinite
bus system, and assesses transient stability by: (i) running a time-domain simulation of the
multi-machine system for a short integration period dictated by the well-known equal-area
criterion; (ii) computing via this criterion the corresponding stability margin; (iii) appraising the
stability limit (critical clearing time or power limit) by extrapolating successive stability margins.
The direct outcomes of this approach are: a substantial gain in computing time over time-domain
methods on the one hand and assessment of margins and identification of the system critical
machines on the other hand. In turn, these latter pieces of information open a whole range of
applications to analysis, sensitivity analysis and means of control.

After transformation of the rotor angle trajectories of a multi-machine system to the angle
space of a single rotor angle trajectory of a one machine infinite bus (OMIB) equivalent whose
stability properties, inferred from the equal area criterion (EAC), define the transient stability
properties of the multi-machine system, the transient stability of the multi-machine system can be
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controlled by constraining the OMIB's rotor angle maximum excursion to a value that ensures
system transient stability.

This constraint is naturally derived from SIME and is formulated as an initial value problem
in terms of the variables that characterize the initial steady-state operating point of the
multi-machine power system. Consequently, the number of dynamic and transient stability
constraints to be considered in the TSOPF formulation is reduced to a single, time independent,
stability constraint, such that the dimension of the resulting optimization problem is reduced to a
size very similar to the one of a conventional OPF model.

The stability constraint proposed in this paper allows us to obtain and incorporate its Jacobian
and Hessian matrices into the conventional OPF problem seamlessly, overcoming the difficulties
of the constraint transcription technique associated with the transient constraint derivation and the
computational burden required to calculate its gradient terms.

The new approach to global TSOPF for controlling first and multi-swing in stabilities
proposed in this paper overcomes the main drawbacks of this kind of method, by reducing the size
of the optimization problem to one very similar to that of a conventional OPF, and by solving the
problem of deriving and including the stability constraints in the OPF, improving, in this way, the
practical application of global TSOPF techniques.

In the new global TSOPF techniques, we use MATPOWER-a power system toolbox based on
Matlab to solve OPF problems. In the early phase of accomplishment of optimal power, we choose
MATPOWER version 3.1 to solve OPF problems. But after essential modification to MTPOWER
3.1, we cannot get a global optimal solution of the power system but a local optimal solution
instead. So we try a higher version of MATPOWER to get the global optimal solution of the
power system. So we modify some m files such as opf.m, opf_setup.m, opf_consfcn.m,
opf_hessfcn.m, mips_solver.m in MATPOWER 4.1 and use the embedded OPF algorithm to get
the global optimal solution of the power system. After use a higher version of MATPOWER, we
successfully get the global optimal solution of OPF models considered transient constrains which
are formulated by constraining the OMIB's rotor angle maximum excursion to a value that ensures
system transient stability.

In TSOPF, we choose some open-source toolbox like power system analysis toolbox (PSAT)
and power system toolbox (PST) to do time-domain simulation. But neither the time-domain
simulation results get from power system analysis toolbox or power system toolbox meets the
demand in the proposed method. In order to ensure the accuracy of time-domain simulation results,
we choose power system commercial calculation software PSS/E(Education Version) to do
time-domain simulation. Because of the use of PSS/E, the problem we meet before in time-domain
simulation of transient stability constrained optimal power flow is solved. As the time domain
simulation results we gain from PSS/E is accurate and effective, we can use the results to do
further one machine infinite bus equipment to analysis the transient stability of the considered
power system.

In order to illustrate numerically the prowess of the approach proposed in this paper to
control transient stability, the IEEE three-machine nine-bus test system is considered in the
numerical examples. The classical generator model is considered in all cases. We consider two
different definite fault cases in IEEE three-machine nine-bus test system to illustrate the proposed
transient stability control method. Firstly, a single contingency scenario is defined by a solid
three-phase fault to ground at bus 7 applied at t=0, which is cleared by tripping line 7-5 at
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tq = 400ms. For this contingency and initial operation point calculated by conventional optimal
power flow method, SIME simulation determines a first-swing unstable OMIB equivalent, with
critical generators at nodes 2 and 3, and a noncritical generator at node 1.After 4 times iteration,
we get a power system operation point which is transient stable while the system undergoes the
default fault. As illustrated later, this operation point is a limit transient stable operation point.
Secondly, a single contingency scenario is defined by a solid three-phase fault to ground at bus 7
applied at t=0, which is cleared by tripping line 7-5 at t, = 450ms. For this contingency and
initial operation point, SIME simulation determines a first-swing unstable OMIB equivalent, with
critical generators at nodes 2 and 3, and a noncritical generator at node 1.After 4 times iteration,
we get a power system operation point which is transient stable while the system undergoes the
default fault. As illustrated later, this operation point is a limit transient stable operation point.
Lastly, the results obtained by the new proposed approach in the paper showed that the new
TSOPF transient stability control method is valid and effective.

The importance of TSOPF has a broad understanding for people, but the research in the field
of engineering application needs more work and have a long way to go. In recent years, progress
in modern optimization theory and development of the calculation technology brings new
opportunities to TSOPF research. With the deepening reform of the electricity market, electric
power system will be more open and operate in a more competitive environment. In new business
environment, more and more engineering problems need to be analyzed and solved by the
optimization method. These new problems with TSOPF methods also become the focus of
research.
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