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Abstract

Flexible AC transmission systems (FACTS) controllers are used increasingly in
many power systems, since they can control the power flow, and hence enhance the
utilization of the power transfer capability, as well as improve the security and stability
of a power system. Consequently, monitoring these devices and their parameters is
also becoming crucial for power system control. In this research, a new phase
measurement unit placement algorithm for power system state estimation under single
measurement loss and any single branch outage has been presented. Numerical results
on the IEEE test systems indicate that the proposed placement method satisfactory
provides a reliable measurement system that ensures the state estimation to be
solvable under the given contingency conditions. In this research, we also propose a
method for solving the state estimation problem of power system containing FACTS by
formulating the problem as a nonlinear weighted least square (WLS) optimization with a
set of equality and inequality nonlinear constraints. The primal-dual interior point method
and predictor-corrector interior point method are used to solve this problem. The details
of the algorithm, i.e. initialization, step size selection, are also described. The modified
IEEE 14 and 118 bus systems are used to demonstrate the effectiveness of the
proposed algorithm. The state estimation algorithm has been developed using MATLAB.
The simulation results indicate that the propose method yields a good state estimate of
the system states for a large scale power system with many FACTS. However, there
are still more works that could be done in this area. Some topics would be studied such
as: effect of uncertainty of network parameters and measurements’ noise, effect of
non-simultaneous measurements in system, application of other optimization methods
for state estimation, and measurement placement and state estimation for three-phase
power system.

Keywords: Flexible AC transmission system devices, State estimation, Interior point
method.
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wanznusruutasndnmasendanigluawalng (Large Scale Interconnected Power
Systems) lagltnanitnisuan (Dantzaing-Wolfe Decomposition Algorithm) &u3IIDWe
a o v J v Q 1 (-5
ves3inauangniligalulaslinagninasaesuiuaznisudlanany 9 adislunan
AINTLGN mﬂﬁﬂmﬁamagﬂlﬁﬁa%’maammL%aﬁa"lﬁmaaﬁmau wasnganslawdon
(Jacobian Matrix) 3833zuuiinidaisslniluiuuulassairaduudan (Block Diagonal
Structure) lasuAazURBNIZABUAUBIGEITUULBY (Subsystem) adnusznavaadansla
A A A [ A \ \ \ A > v 4 & A
deulimansilosiunadesdeznirerzuudesngnaiunguiuminuindusaula
MILray Lwiaz‘s:uuziangﬂmﬁmauasm‘éa‘s:mnﬁuiﬂﬂ%'ﬁmsﬁamsmuamﬁgﬂ
o X ' . . ' d o o ' ° M o
8T190nlnad (Revised Simplex Method) wazssnafla llostdywivan daandaauile
nndywnanazgnlfdivudsisiduihnansvesszuutes nazuiunsfaznizvhauns:
UEEINRVRL IR lunmsnesauldszuy IEEE au1a 30 U waz 118 Ua
Falcao, et al. [17] \WARANIDAIRIUNTUITH AR U LU LYW BLASNTZANE
d‘f o Aad g: a 1 o a di o n” dld dl .
UuiuzIunanIsandn ununaiadewlunsadlindenumanziga  (Coupling
Constraints Optimization Technique) WAAWFINNNNTFAIWIMUEAS IRLABIITRELaUDTN
AMULNRET  NUNIU LAZFINITDAALIAMATAIMILE  ag9 lsRaNwITed
a I AN A o & o N
nizuumTenzRtayan liduaznssunanisaldlalddnm
Ebrahimian and Baldick [18] t&®#a#anIdnIza 8NNk (Robust Distributed
Algorithm) LN a LTl szan a0 1ue 3z UURIeY  WANITAINAIIZUANIZTULIWIA LneY
& & A o v o  aaA a & . )
saniuszuvawialdn 9 Ndauriuiu ATmsuuuanmaisud (Lagrangians) gnlEn
o 1 dl U % [ A R = = % Y a 1
daaurzuudasidauriuiu nididanmnaonsdigndnmlasldrzuyinihaiawaelng

o o aad o = A . @ aA 6 .
AAWIU 2 ISUY %ﬂﬂ’]ﬁﬂuﬂLﬁ%ﬂgﬂLﬂiﬂ‘UL‘ﬂ JUNURANIDAULNNT (Centralized

U
ndn:lla A

. e (d' v v & = = a a U
Algorithm)  Naans lauaasliiAiuisanuids=antninvesddniauallaldnussuy
TWHwalng

Xu and Abur [8] LEua&NNT NMIIdaay wazliiamanasaudnsudyninig
UszinmudanuzaasszuufdgUnsal UPFC lagld35aan1olu (Interior Point Method)
untgrmsdszanmiigausnianwaiduilyni Weight Least Square (WLS) ‘laitllu
A 9 Aa a ' Lo @ o o
dadunfiiavasdenlamariusslivihdn - mydeesgnniziunszuunases IEEE

YU 14 1809 118 1R LLa:wu'J’wé"zLamam'sz“naai:uugﬂﬁﬂﬁuﬂmLﬁaszuuﬁmm@

o

g U 1o v v v
(@nuiulunonuiiduresfide ana. uaz am. lddndudesiudimanald) w0 4
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IJ Ql J v =) { Qo
Ingauuaziimaiaiuzasgdninl UPFC luszuy Asldiauaismismnaiiadiuysys

ﬂqmﬁﬂwmzms@,%mﬁmau

1.3 Tagilszavdzaslasonis
1) L'ﬁaﬁ'@uuﬁ%mnwm‘%'aoﬁam’m'ﬁ'@ﬁmmmulmzuﬂﬂﬂwﬁwé’aﬁﬁqﬂﬂmi
FACTS
2) Lﬁaﬁ'@uuﬁ%mmﬁﬂtymLﬁ'amﬁ;@ﬁmmzauﬁLﬁ@mﬂmsﬂs:mmmz%m%’mzuu
R n897iE FACTS
3) L‘ﬁaﬂ%’uﬂgdﬂizaw%mwhmiﬂixmmﬁwﬁm%’mwﬂﬂﬂwﬁw §3713 FACTS
1.4 52183539y
1) @nsATmsdszanadannugluszun Wi e

ad
N1 ‘Eﬂ"lﬁ'l’]x‘iLﬂi@x‘]ﬂJ@’J@VlLﬂN"l ﬁﬂJl%‘inUvLWWWﬂﬁﬂ\‘]

N
p A

nay mmiﬂiwmmman’]u°1m°uuvlwmﬂﬁadmaﬂﬂim FACTS

w

o ad [

wwm’sﬁmnmﬂmsmnmaail,wasl,%’lum‘sﬂ‘swmmmamuﬂuwu"l%l%hm Ny
qﬂﬂim FACTS

5) walmldsunsuiialglunsdszunmaiaaiuziaznisnaaiadiaia

)
)
)
4)

o Aa

6) NARAUYUILENTHAVDINITUTZUI AN amu::"naas:uu"tﬂﬂwﬁwawwqﬂmtﬁ
FACTS

7) ﬂ%’uﬂﬁ;ﬁ%miﬂi:Lﬁu@hamuzﬁﬁ"nLaua

8) FYUNALALTHULNANULAL TN UMY

1.5 VB ULVAVDINTITIVL
- Wzt TULTIT Interior Point Method tiNauAtgyninsuszanmaranine
X o . = ' o,
289500 WA lasazlE39uny Weighted Least Absolute Value (WLAV) G43:338ldd)
A Ao AN A
anamumiafidayaf i@
o 1 dl A = dl =
- INTNIELRBILATeslataNnNNzaNIsRaIBLasnarau laslElUsunsy
faNALAes lasinsaslainnazAansannfa Remote Terminal Unit (RTU) Wae Phase
Measurement Unit (PMU) laglfinafiamamdiaauiuyineinsdnsndiin (Heuristic
Solution Techniques)
- gunanlluszuunmssslWinszuasauniianubangu (FACTS) flaziansan
L% Unified Power Flow Controller (UPFC), Thyristor Controlled Phase-Shifting
Transformer (TCPST) Judu laslunimasavaziiansanuinnin 1 sialuszuulnia

a9

¥ un o 1o v Y v
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- szuu Wi nlElunsfnwreziduszuunasgauaes IEEE 14 U8 uazizuy
V1933 1Wa4 IEEE 118 Ua tWall3uufisunsvasszuuniinssmeaianuazawialng)
o Aa v d ' . i a &
- msienzidayaili@ (Bad data analysis) Mifiaduluszuy

0 = A oA,
- INNNIANBINANIEZNUVDIINILATIN A NI TU TSN R DU aﬂiz‘].llleWW']

1.6 Uszlaminazlasuanlasonisisit

@A E N33R LA 09T AT FULa M TU TS AN I I U RS U TR U
VLWW’]f‘hé’aﬁﬁizuumimvlwﬂﬁmnmaé'uﬁﬁmmﬁwgju lasaunsa bt lany FACTS
WINNIT 1 TR lagsIINTARRNRNEIWES Power system with multi-type FACTS
devices states estimation based on predictor-corrector interior point algorithm lunssns

International Journal of Electrical Power and Energy Systems e impact factor 0.304

o

g U 1o v v v
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uNn 2
nsilszanmaanineszuu IMH e

(Power System State Estimation)
2.1 UNHI

souzzasrzun Iwihmasnszussauaanne g ldnnuinaussaunazyy
wafidadng 9 luszuy Toyaina1ais (Real-Time Data) fildunanszuvazgnilulglas
s 1 . A I a { Y o
fyTzanudanIue (State  Estimator) Taidulusunsunanfiniaasnliiuimnmizwa
unduuazynaYaIiade 9 lasdayanaaiindaulididzinadianiucuud 2 vila
fa Taya (Data) UAzA1IEN3NAIE (Status  information) mau‘ﬂmmz‘ﬂmaaqﬂmfﬁa’i@l‘f
(1w LaifaInined ladlan wazgauunvasniioudas) axdrtslassassvedszuy
o @ = a = o 6 A 6 %
e émmafﬂz;umimaﬂuLLﬂmI@ﬂmsmmumaoqﬂmmmm mIvszanauaaunzazls
& o <, P P @
lugudnsauguazuuIwihlunaiugunsssigileldednadr gineadas ns
Uszunaranuzanvasiduwuuusiia (Static) 138 Wale (Dynamic) NIUILUIHAINIFB
wuuldagnibhanlgluszuy Wi laslunuidsizfnsiawzuuusiaringm

¥ 1 d U s a a J ™
PaaVaINITUITTNI AR UE Ad Lﬁa"nagamﬂmimm@wmwmmu Ban
ad ' o ' A = AaA A o '
’Jﬁmiﬂizmmmamu:mmmaﬁamamu:ﬁmLﬂumiﬂizmmqu@ﬂLﬂuvl,ﬂ"l,maam
a o & . o A a AN o o
souzfignead mamam‘sﬂszmmmamuzfﬂ::gﬂlmeaﬂszmmﬂsu’]mﬂ"lmmmsm@ﬂ@
Ta8639 89NN 1TUTE U AR DL HIFNNITNATIIULASLITILAT I aa L Iz Uy
dl v v 1 v A g; dl Q a L U 1 Q dl v Y dl
ﬂma;&a"l,ugﬂ@aa malumamamsaamm@wmaﬂummmmammwa’l,wa%law
gﬂﬁaavléf

%

lagmaldudrdayanldandudasdyano (Transducers) 9:gn3IUTM

v v

{ 1 . . d a g; o 04 {
lasguninifiunin Remote Terminal Unit (RTU) @9pn@aaiuuszuyiniidudie

MonuwnMIdisundaidns 9 uaziaesdayanisiauuls ao uazgUniniingadne
laslunn 9 ldf3wfi RTUs  azgnnneduen uazisafisuyssiuainsinazgnaaciu
izuuﬁam‘ﬂﬂﬁoguﬁﬂm\‘]mm}uwéﬁmu (Energy Control Center) RTUs 161 RMS a9
PNAUTIaH Masn e uazdoyadu 9 Ndudu  dndudrdzesiassiuaziiasien
= L5 v o v 1 13 1 tﬂl tﬂl &

filazgniaudrazilimadszanadranusdudyninsmd s ngauuulada

A v

LTILRW (Nonlinear Optimization Problem) TIRDININARANM IR ADUULLIUD LT%

ATNAAUZ AU (Newton-Based Methods) [1] uazifiasandayafildainnisanaia
lildanatannanduiumlinisdsanadluszoy nihmanld ladudrngndas

luia9iiu mBalaslugnnsia (Synchronizing Measurements) aniinlul4lu

AsUszu g 1w sz U WA S8 [10][11] nuren1TIatnawas (Phasor
. I s & a v a

Measurement Units #3a PMUs) \Jugdninimyladegndslasiudlaslsnisdelasiug

o

g U 1o v v v
(@nuiulunonuiiduresfids ana. usz am. lddndudesiudimanald) w0 7
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s =

RUWIUWINNANIUNLN  Global Positioning System (GPS) Satellite Uszlomiuasnis
%ﬂmvl,wﬁmﬁmiamsmuQummnﬁ@imzuﬂﬂﬁ’]ﬁﬁdLﬂuﬁmmaagju,a”a laglugd
7 2.1 usasudanlaazunsunsrauuas PMU mmmlaaLLsaﬁuLLazﬂszLLaﬁﬁmm@gaa}:
Qnuﬂaalﬁﬁmmwﬁmm:aﬂ@ﬂﬁﬁ@ nloULadnIIan uasnlauladnyzus fagaﬁ"l,ﬁ
311 PMU UndasiiluiWsimasvasussanuaznszug d99daonuudndinindsuno
faa Wi i lwadiledann RTU [11] uanmnffmi‘iaia%laﬂﬁﬁi'@ﬁzmmLﬂuLWaLsnagmaa
wIIAnLAzNIzLE M lEruM T IUszin s uzazna s dudaduiaznmsndiaay
sansnldunlasass (LidaslfinafiansmidinauuuLIngn) ToaztBaansieszy
AnNunEaIMIMIIaasas ldnanluunanu 22]123] fsnanNNeIianuy
nufl (Real-time)  w3an13dslasludnmsialanalusssszidoaluniasgiu IEEE

Standard 1344-1995 [24]

Im

GPS

|
|
|
receiver |
| Re
¢ |
|
| I 1
|

voltage phasor
current phasor

Filter —»{ A/D |—®| Microprocessor —+P»

gﬂﬁ 2.1 lav9rivatinsdneuas PMU

INNITAAAIIUFUIN AANITBVBY Virginia Tech ladniiun1sdaaslvny
u3EngnaalWi 3 wislunddaiuing Aa Bonneville Power Administration uaz
American Electric Power New York Power Authority %dﬁ%ﬁgﬂuﬁﬁuaumad%ﬂﬁﬂmﬁ'@

T . v 4 . .
Wairasnaaainalandisnwiunaiaiosniig TINansANBINITRAAIRIIaMTIaln

Y o v A ' A ! A a & A L A a
sruu Wi AasaTalunanluunainy 25 Sanainazinnsdaasinuinduiliainng
. 5 ¥ 4
i ludszgndldnuuniuizan g

2.2 nanfingIwn13UEaMAIEA IS UULLBILEY (Basis of Linear State Estimation)
2.2.1 laman13IALB9L&aw (Linear Measurement Model)
o L a v dl 1 Y o =
WUUFRBIMTIAUUUITLERN M lwnTU sz A s e szuu IWHN A
a YV K
sansadou e
Z=HXx+¢ (2.1)

o

g U 1o v v v
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lagn  z fa LNeasYaIAINIIIAN Lau1aN PMUs
A & o A '
X fa LnneirasimudianusNazgnilazanae
H fa WeINTNII
& fa LNeasTARANAAUAINTTIA

suMTlwnsUszanaengaIune  (EUN13N 2.1) sanIngnuvean’iaiu 3
gmmu Ao Qﬂﬁfmumﬁu (Over-determined) Qﬂﬁfmmauystﬁ (Completely-determined)
Ua Qnﬁmu@@"i’m’h (Under-determined) Tagduiuinsnwmnpasaunmsmyiafiudass
92NN WAL Wie tesnddwindandsaniue awdey  deeufifiiseniadon

ﬁ%ﬁ]zﬁ’]&l’]iﬂvlﬁil’ﬁ]’]ﬂLﬁEI%VL“IIQﬂﬁ’]%%@Lﬁ%LLﬂ&‘gﬂﬁW%%@ﬁ&lHifﬁLﬁ’]ﬁ%

"Eﬁmmmﬂ%%gﬂﬁ'@umfulﬁamﬁ”ﬁagmmsﬂszmmmamm 35013
Weighted Least Squares (WLS) Method Lﬂuﬁaﬂizmmﬁaﬁq@lummwmwaaﬁmma
11§9§@ (Maximum Likelihood Sense) asmfAawmadisrsumanisnszaraduiuume
W (Gaussian) W@ITANT WLS "L;immmﬂ‘sad“ﬁagaﬁvlﬁﬁaaﬂvlﬂ"léf Tuunaanu [13]
la3auaEmIniuandsin 4 5% fo 1) Normal Equation Method, 2) Orthogonal
Transformation Method 3) Augmented Matrix Method 4) Pseudo-Inverses Method L‘ﬁlal“ﬁ'
wndyny WLS FWSUATMIBUASundn Weighted Least Absolute Value (WLAV)
Method ﬁmsna’niﬂﬁwaﬁﬁlumsmaa‘ﬁagaﬁ%ﬁ [11 ATM3 WLAV f1u13ngnm
draaulasmyls3snslusunsuuuuiBaids (Linear  Programming) 33&asnInisiien
(Simplex Method) uaz359anulu (Interior Point Method) [6] at1313fiau3T WLAV i
MR ﬁafumnﬁaamsﬁﬂﬂ%’lmzuunma‘%aazéfaaLﬁumﬂﬁﬂ“ﬁmﬂ%'uﬂga

ALY
2.2.2 35dun15wanaa (Normal Equation Method)

ﬁrymmsﬂizmm@hamuzs:uuvl,wﬁhﬁ’]ﬁaﬁﬂﬁﬂmmﬁauvlmmmmgﬂ
Aovanidudgwnsiliinainzngaluanunanszas WLS [1] aasunsi (2.2)

Minimize J (x)z[z—Hx]T R™[z—Hx] (2.2)
lagfn R IuluasndananutNgnsInadn1sia (Measurement Covariance Matrix) @i

PN aaLm‘%ﬂ%ﬁgmﬁaﬂmﬂqmé'ﬂwmzmmLL&iuﬂfmaomﬁ@ [14] LWeINAAINY

g ' . A %Y o A
LN W3IIN (Covairances) R ﬁ’]&l’]iﬂﬂlUHLLV]%‘IL@]@’JEJK&IT]’ﬁ@G%

o

g U 1o v v v
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R= 5 (2.3)

2
m

A A 1 A . . Aa A A o
I@]ﬂ‘ﬂ o, AALUHILUWNIATIZN (Standard deviation) Va3IAMUNANIIAVBILATDINEIA

o

% dl . =} o dl = s a £ 1 A:? 1 .

G i LAz m AR IUINVILATBINETIA tauUnAualIANAINNLNEUIIN (Covariances) Va9
[ ' ' < AL W o A o A A v o & =
myiaazlinmuen lasmldazauadidayaldinaniaiesianndaniu dmu R 3990
af v a 2] ' . . o o o { A
suNA AUl eSS Rianag (Identity Matrix) #1%3UMaau2a9&un1IN (2.2) liEsvad

WLS 813130 ledu1ann
x=G'H' R 'z (2.4)
A A A T -1 A a
Taun xAasn wslizanmiay G=H R'H @a18a3nu81800In13U T2 01 bR D1 e
WAIIINNIIUAT X L&Y FINITDAIWIBAANU TNV IUTUIIHANTIA 2 LA

fszunmEInninGe (Estimation residual) # NaNATAD MR

—Hx (2.5)
F=7z-HX (2.6)

[ M

Re

Q 1 dl a tﬂld té g g dl tdld 1 g g
nl1881dn 2.1 W"ﬂ’]iﬂk’]iz‘U‘Uﬂ&lﬂ%\‘i‘Uﬁ@\‘iLLE‘T@NI%EU“H 2.2 NYAINITINAIN

Re

P =1.05p.u., P™ =-0.72p.u., uaz P =—-0.29 p.u., A1aNNLNgwIWRA109%
oe =0.004, o}, =0.001, o7, =0.001. lavauy@lidn Py uazdn P, iudrdouils

FONULVDITIUUH

gﬂ‘ﬁ 2.2 S2UURITR
a 6’: a :‘lydl
AU ANITIATBITEULURAD
meas
Py =P
meas
PLI = PL1

__ pMmeas
- PLI - PG - PLz

¥ un o 1o v [ v
(@nuinlunsnuiiduresfids ana. waz am. lddndudesiudisauall)  %u 10
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%

' a? a a v a%’
RUNTILWRRTIURINIDLY U%FL%E‘L]“]J aammnvl@ Jh

1 0 P PGmeas

0 1 [ © } =| P

-1 -1 PLI Pmeas
L2

lagf Waisunuaunsi (2.1) azlen

1 0 PGmeas
PG meas
H=0 1] x:[P } z=| P}
-1 -1 H P eas
i
1 0 pre=T [ 1.05
PG meas
0 1 {P }: P (= -0.72
1 1= "7 |PT* | |-0.29
Wavnduua3nume G=H R'H a2ldn
250 0 0 1 0
1 0 -1 1250 1000
G = 0 1000 0 0 1 |=
0 1 -1 1000 2000

0 0 1000 -1 -1

A9 ANUTzumE Uy x=G'H Rz Ja1a3d
250 0 0 1.05

. | 133 —6.67|1 0 -1
x=10 0 1000 0O ||-0.72
-6.67 833 ||0 1 -1
0 0 1000 || -0.29

.| P, { 1.0233 }
X = A =
| |—0.7267

adszunmresdiununesiala (Z=Hx) ussAdsanudiviinge (F=z- H X)

sansnmenlaaai
P, 1.0233
=|P, |=|-0.7267
P,| |-0.2967

¥ un o 1o v [ v
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2.2.3 A1A2LaAN12E (Condition Number)
' a a A 1 ai d' a 1 6 .
Ardasanizresaainlagie dnuniigavesdinans (Largest  Singular
Value) Wydnd1iasNgauesfenans (Smallest Singular Value) [28] sanInidauini
ladruaunyaad
Cond (A) = A x HA‘1 H (2.7)
laofl || unudvasuasuzaswain (Matrix norm) uaz A Nuaudenans (Nonsingular)
1 Qs I @ A 1 1 a d‘vd v & g; A
aiavanzduaviilunistsveninuasniiianulnadzduasarnnsa sals
A ' v & a & @ { @ ~ o
Inuaa (Orthogonal) w3a anans dudwweinasanazlidndiaslawriiunisuasi
a & a "6 a A . & v ¢ — o & o a A
winwainidudsparfazladoulvdnanduaiud (nfinity)  denudminuainiden
'Y o \ A Sa A Aa o Y a & a.
ALAIFNIZHRILEAIINNAINATTau NG (Well-conditioned) WASNAINLUAIATUEIAN
o A \ aA AN A . A o ol & A A €
dapdan wnuaasidiianlanlad (i-conditioned) wiaitlnanazidmneinGapans
ANNINVBIAURVFNITLILANTIANUTUNUTANUABEINILEVAG SNADENILTH
FRTUANULIBEIREITINNSLaUA e (Double Precision Arithmetic) ALaUEN1IZLYINAL
12 @ ' a ¥ d v o & A {9 o
10 uaadliAninuesniazdtenlanlad 291 asnwlunsRasanszuufltaiy
1 o 1 =) 1 L v 1 12 { 9/0'/ 1 U v 1
windsadimassadiaaziididnaraniiziaend 10 wwalidulainlumsgidn dn

o v A co A ) o 9 AN a
@l’JLﬂ“ﬂﬁﬂ’]’lzmwNaﬂ‘it‘ﬂuﬂdﬂ"ﬁuau LDb ﬂ’]i@]j’l"ﬂ]@maﬂaﬂ‘lu@

2.3. 1132191A329IATLHN1ENEA (Optimal Measurement Placement)

NNIAANLULIZLUNTIALNENIEHINTUSE v AN gD ML wanwn T UTa N
mqwmﬁauﬁmmmaammsﬁ'u%amﬂmwswzmmmaoi:uu ANUFINT TR
' o = A oA A o [ a o o a
a0 ummmana%ﬂumammLLﬂaaamununmuazmmamsmagaawmm Y
dl Qs a 1 dl v 1 v v v
ANNRININNAzUTuAdansilAaunadlasirisvaslaseing LLamaamﬂ‘ﬁmunu
@i"}ﬁq@ éﬁﬁfumsaammumﬁﬂ’m@i%mmLﬂ%aﬁ@ﬁmm:ﬁqﬂ%agﬂﬁaﬁﬂ@mﬁau‘lm
AINENILRA
o \ A v oA L A= [ A o A A '
Lﬂmmﬂmaam\‘mawgnimwauwmmsamwmmaamwmm:‘ﬂq@ [14] L 7%
- ﬁ‘iﬂmuﬁmfm‘hﬁq@lmmzﬁiwu El'ammmgﬂé‘dm@msm“lﬁ
- ﬁ]"’mméfﬁm‘hﬁq@
s . A o
- HATINVBIANTLNEwean i (Variances) fendnga
A A o
- mmmana"l,@maaizuugdq@
- ﬁunm:uui’mﬁq@
- ﬁunuﬂﬁaoLﬁuﬁm%'umﬁm‘hq@
fgnsuszuuwiissawalug  msnengunasinduseadnIun1Ieeny
@i'n,mmm%aﬁﬂﬁmmzﬁqﬂﬁfuﬁmmmﬂmﬂLLaz@Taﬂ"ﬁnmmusl,um‘sﬁumﬁ'](ﬂau

mMldimanzige  dromgilesniTmmmuafigniniuaeuniug uuainiimy

¥ un o 1o v [ v
@nuinlunsnuiiduresfids ana. waz am. lddndudesiudinaualyl) % 12
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e v a a o a v L .
ﬂgLﬂm‘VW]vLNLd]JNG'J@]%ia Lﬂﬂuﬂﬂqiﬁqﬂq(ﬂaULLUUﬂ']iLiFJ%E (Heuristic Solution
. A o AV o & | A v A o 4 A A LI o Y !
Techniques) Gﬁﬂﬂq@aﬂﬂvl,@ﬁ]leluﬂqﬂlﬂaLﬂEl\'iﬂllﬂ’]ﬂlfﬁlnzﬂq@ LL@ITL’JN’]@W%QN%@UT—]’J’]
aa A o , AN oa 2 v A A
'J‘ﬁﬂ’]iﬂlﬂuﬂ']i')'m@nLLVI%G"U@G PMU ﬂi@l]ﬂ']ﬁﬂﬂ‘]ﬂ"]uﬂ?l]@ﬂu

2.31 agﬂQHﬁﬂ’ldﬂi’lﬂ (Graph Theorem Method) [11]
£ A 1 dql =) y
nadumlasngeiniinmwazaguuiugiuaaslnlyladvesszuy (System's
Topology) N3Wgas (Subgraph) vadtaIatnefvinmyiadanuidsznauaislruauas
A A o A A o [ | A o A | v &V v
nnldnniesatnniimaia lasnnudenatazlidizandenuuazennaziigagdonld
A \ { Y | . ! . {
sﬁamwwﬂauﬁﬂixﬂaumﬂnﬂiﬁu@maaﬂiﬁwL%fﬂﬂaw Spanning Subgraph &unTWgaaN
nsianszualundazfisnainsiwiSunin Measurement-assigned  Subgraph WiI@® b
MIATINANLN (Pseudeo-measurement) UsznauaianImNNIIUAIUa WAL TOTUIIAK
g; k% QI & o v o 1 o v v
NigaIa1uTaINImIia linsdm mdnszuasTad I wImk laannisltnguaslaa
& o { ' A A o o o i
wannuudInuiinsdiinnudzeinszualufianmanislunndarilinszuanlinauy
1 3 U 6 [l [ A A [ 1 A 3
drausam lanislingasledugunu lunsdiimytannudesfidsznaudanlnue
784LA30718138NIINTNLa8NTIALNE (Spanning Measurement Subgraph) T461%1N
in1Wdesn3iave8gIgAIzATaUARNNITING UK PMU  Juaaulunisaininay
089N IIANINIATOT AN AT lwn1T8319a 5%
npTaf 1 fmuemaawswainszualuudazisnannsenulyndsnd  PMU
fansag
v A ° o a \ oA A A ' ' o A '
ngTan 2 MunemaianszusiioulundssNsniTondasening 2 daiinsuen
LI
ngTan 3 Munamsianszusiiisalundszisninszusauson ldanngnizus
6
YpILAaIvaN
nnngasnamyianndessannsesldgnidesdeld mnudssdandu
fIuadAIaTBazAEUIEANIn&INanIatld (Observable) MITILTINVBITA PMU lut
o o @ & A ' & .
stuunvaInInIziuuudaulasniinng PMU assaznitilundazasiluginaes
w3atnef lisansadanamntld luanunwesiunazasevaguliuiniiga  PMU ¢n
Indazgnrendaniimasendenufisuniigadadunisldanumunsanmsianszus
NIRNANNTENVU R TUADWHITNILHTIABNILNIATDINDNIRUARINITORILNANITDE
v é ~ 1 g: 1 g 1 LY o v, o ol { { Al [l
16 Borziinwirduaawnaildldinlildwau PMU drga ilasannilaiiia PMU Tnd
il PMU imsluudazdasdhefluineldaseungulduniga
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2.3.2 35N19RHENI3M (Genetic Algorithm, GA)
& ad A o . A A

GA (IuiTmInsanuamaiiisy (Arificial Intelligent) NNun1% TIa1ana il
msuidgw lanainnanasnan fudindraausay GA azlaisudszawiniudiaauna
figaninua (Global Optimal Solution) uddaauflaidudneud Tedonvesit GA da
lfarunlunisdrwimlagianizszuunlavialuag 1lenazhirIvszuus w1
FUNANTOLlAMAIUITULINTDI GA AIITVINNNIZLIRMIVAINBHNTINRDU TUAaL
28970 GA fMILMINNEUAUS PMU Ha%aauadd [30]

1) TSN (Initialization): lutuaauitisnduaisszanivasdraaumiuldle
vasdym udazdaauazdsznaudiainfiunuiunmsianduldldnezgnidudaly
luszuy lasudazdaauazgndnwimdiananinzay (Fitness value) aziiuludasiu
PoIdunusaImMTIaluudazdaay

A . o A o A9 o A

2) m3iian (Selection) : vihmudandinaufilidianuminzangegaialtly
mmﬂuq@L’%uﬁumadﬂizmﬂsiu@ia"l,ﬂ

3) mythumoWusuazn1fsugyd (Crossover and Mutation) : 1un1Inszy
VAN 2 BH1NIIATUNUTNTTY %aﬁagahu@ia:ﬁ’mamzﬁmmanLﬂﬁauﬁuuaz%’@mi

A Ao @ L A Aaf
iafivhldlszmnsjudelufdanumanzaunaau

4) awdluruaau 2-3 aunsznsladiasuffdnganialadraevarudenlaf

AR

2.3.3 35n13591829n15LK1 (Simulated Annealing Method)

ad c‘i’d J a & v 1 s a Qs =3

Apmatiinugiuninmailulewindgsldannisiearvasaisaaluaosuds
lugrspasnmadunal Asmshiaultlunsmdesulunas glgnuisanumamdiaay
Aad \ = o Aad & A Ao « o
nanga ama%nmwlumsmmmaummq@wa%umiuLﬂaUﬁﬂnimQWLﬂumaanmmﬂu
mImdaauaas unaw [11]  laidtmadlulslwnsudilyninisnediuniis PMU
lapfauaauasit SuINTANTINEURK PMU Nldanaanizuiunszasngueinn
LALRANNITINIF LAY PMU mezm AnnwiImMIun wuuudieulasluusdazasavinniy

{ o 1 g; é d o ] L 1 U 1 [ Q

L RUUFLRUINTIRZWI PMU I@Elﬂ’]iL‘IJaqu[,ﬂ(ﬂ’]LL%%GU&I%N%I“E’J%WWQNLﬁuLaEJ’Jﬂ‘LL
wasnnuulid I NN duingdszaid (Objective Function) Tnddwiudunis PMU
Twsi @‘hLﬁummmﬁumauﬁaum:ﬁ'&ﬂaﬁ%’uﬁ@hLﬂuﬂuﬁw%am%a"ﬂwﬁmmmmm
Fanan13oile laglun1saaduninazyausuni1TedILns PMU qmlmiw%a"l,sjag'uu
& A A a £ co o & a &
AugwasmafsuudasniinansesliniduingUmduazmniugua iyl Weridu
qmwnﬂﬁmﬂ%mmmm%mao PMU naausu'le
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234 35lUsunsautansnnIwha (Integer Programming Method) [31]

' '
% A

NNIINERUI PMU  NURNANRUANRINITDIAA W RLT DT IIA WY 031 Sz Wa

s ﬂizLLaﬂJamﬂ'ﬁaﬁL%au@iaﬁ‘uﬂ‘aﬁfu AIBUNITEUURINIIDN A EI NI RILNANT L

A o

Idaninadiunis PMU Mifafigndas 9adszasdnanvasnisdyminsdiunis PMU G
dasmilgiiuwan PMU - Tddasfige danudmiszuunddwiuds n 0a Tyniniang

ALY PMUmmimﬂmlugﬂmamumsé’aﬁ

Minimize > wx, (2.8)

Subject to  f(X)=b (2.9)
A & ed & o , ] LY o v
I@UVI X a8 L'JﬂL@]aiﬂu@uaﬂﬂ\‘]@quﬂuﬂmaﬂLL@@zUﬁI@Uﬂ’]“%@lﬂ

{l; if a PMU is installed at bus i

0; otherwise
w, fAemdunulunmifaas PMU N |

A e a | &

fX) AaWsnTuniaasnian liduaudiusiautamaunsauiauns LeannLde
6

u
13

o Aa A& A
ﬂ'TS']@]V]lJa%l ezl nauadnInidunIoa

U

A eda s &
b ﬂanﬂL@]ﬂiﬂNﬂ’]Lﬂ%“uﬂﬂﬁVIN@

nMIAAAI PMU mmhﬁl,ﬂuquﬁmu X ﬁ]:ﬁad%ﬂumﬁ@ﬁaﬁq@

2.4. MIIATILRAMNEINIIA IBNITFILNANTIDE (Observability Analysis)
maenzianuaannlumIsananisoblaidusindsznoundagyrainis
Uszan a0 bl UUUIZUIaNAULLTIUA (Real-time State Estimator) 1#a431n@auys
sousnInNadilsznadsrmauazyninauasta liaansndszanmdn lddrdniald
A v . Ao oA A A ) & & o
Weswa didfiialdfiisswenazdsznnudmulianusninualuszuuuuudiszuuazgn
a v Q/ v é o o { a v [ 1 L=
Asanlizunsagsnamsalle  Ssiwuvasnmyiandudaszaesldasnindiuds
{ ] Q J Q { Q o o 1
sousazgnilszanaen anumunInlunssinansaluiueTasia ($1uin duns
wazzila) Nawnsnlddoyald uazlanaitsvaslassdne adrslfiaudilassnel
o o ¢ & o A & v | Aa A o
sasagunanIstidadiauy ol Adsaslilszlominaziaiuseslaseineniiiniasda
wazgIndmInTalszinmanaauela lasaziSonaIuinaniin Observable Islands N3
A | AV o v A > a I oA [
Rsondmi swnsasanansatlandanudag iwnzdanuiunldldanazaauilss
s bulARIINTagInamatlalagnsiuLATa AN ANNLANLNIA?

%

mylenzianumannlunsdinenmsatldamanaoutseantu 3 ngufiddny

fa 1) anusvTnlunsaanansallan1ensatia (Algebraically  Observable)  2)

AuaIuTalunIFananisal lan19d1uan (Numerically Observable) Laz 3)
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[ [ . A '
ANNENNNTD INNSRINAN B lan19in1U1a3 (Topologically Observable) G93zna1ILLL
tagluudaznguldasd
1) anuzITalumIssnamsalldnsNsadla (Algebraically Observable)
A A v A [ o ~ A vy &
TeuuNFan eI I wIs U UNRINITD I TFINA N IO e N1INTA e LA D LT
PBINTIANLTIAYDILNAT NV ULYINNUINWINAILUTFD U NG 9N TUTz0 b Lassee
< 1 dl =1 o t:ll u§/ -
uaaunuanfasnwInaunsn I nLAN U895 UY [28]
2) ANMNRINITDIUMITFINANTILAN9I51I% (Numerically Observable)
dl =} U & dl Q v o v Y
TUUNGBUN I I I UUNRINITD AP IR NA NI IO LENIITIUIN LA DN LULA S
voImMyIaguInun ldiiemddudsaniue nsnfidrvasdufiaud (zero Pivot) lu
JTWINNMTLENRINLAREY (Triangular  Factorization) wadtuasnasnsunazldlunism
{ ] o v v 1 Q =) J L 1 [ QI v
souzfllaansamdneuld (1] dwindddriigudiiaiunisiadlniaisaziiudy
TdeuaudsanueNasint 13z uuiuszuuNa NI NI IFINANIIDL M NI931 W% be
A & A @ o = PN o ' = '
22007917 u U I Wz UUN NI IO N IRILNANI TR L NIRTA e Lo agn9lsAaalinng
s a A dl' a U o‘d‘ & dl' d' |dd
NRUNKAND9L bATILENa lLaan eI nuLNudaInsuIsanataaztduidanlan Luad
2199z FNAIINNIIIWIW b ad19 s Ae N wsz U AN A RILRI Tz UUNRINN TR NS
fananyoblansnrame launaztduszuuNa ol IFINaNI0L I N1991 1% bel
3) ANNENNTD INNIRINAN B lan19ln1U1lad (Topolgically Observable)
a [ o ad A
LWIRATBINNNFINITD IAIFINANTIE a1 In Ul a 3T unuiaTatnuvag
szuv IWihdaslaglonguinmensu NN IIAVINLFIFA (Maximum  Spanning
Measurement Subgraph) fansdasfidsznaudionnlnualunmwi unuwaiatng
Az UU WA sz dwszuunaasn s sssnan1ablen1d Inluladsdinsneas
& & o ') a A ' AA o ' o o ' Aaa A
WL YD ILTIALANFIRTUNTINAUNWLAT DU BN TAILAUINITIAAINA2 FTN19InTU a3
) ad a & o oA = ' = =
AN ATIER AN URINIIN NN IR NaNIRR e NIIa157 ag19lsAenulwunansd
Tgwimsdszanmdranuzansazuidym W lanswinszuuainanaslianuaansnle
MIFInamIn e lnlyladfanw

a ¢ M .
2.5.n3A3zvidayai laf (Bad Data Analysis)
o & a A oA v P o W ve
NAAWTAINNITUTz R DNME Az AU Tana landatlan13ia lu lasunanszny
FINATHANAA ﬁﬁ"ﬁagamﬁ@ﬁﬁﬁ@wm@ﬂuag;mﬂ s NUszun s laanaazdaing
Taviratia asunienTundAndsmiumIdsznmsauzfannuaunsnluniasagy
1 cj’d L% d' = qzdg U p.l' = a J 1 s c.l'n s 1
LLa:mmama%}aﬂ"Lm"l@ Gﬁwaya‘ﬂ"l,ammfam@mumnmmsmm@wm@ aulyszuuly
anead LLazﬂwssiaIﬂiaﬂﬁﬂvlaigﬂéTaa ﬂ'ﬂmﬁ@ﬁ@wm@Lﬂuﬂiuﬁuﬁé’nﬁgnaﬂﬁﬂums
3Lﬂiﬂzﬁﬁa§aﬁh}§ AMVRANAINIINNITIARINTDI MU bot Tl 3 nga A8 ANHANANG

{ 1 a U =) g a J
ﬁ?%LL'ﬁx‘i ATNANIIAKRADN ¢ (Gross errors) LRZATNANIIAINARYUIWIVNIU NILNATY
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mao‘*ﬁa;&aﬁvlaja%a@mwLLaJ'uﬂwaqwaé’wfﬁvlﬁﬁlmmiﬂi:mmmamuz 2t lsAany
Tywiksusoun llalasnizuawn1iasi93y (Detection) M3UST (Identification) Wa
lﬁl v U tﬁl =) 1 d‘y UL v dl I
wdendetayaflifeanld  nwzviwmuwndrilasnyldazdasnissumsszuuiiu
Over-determined %38 §n13iafwdeiile (Redundancy Measurements) Tun19u i@
o aadA a & v AN A = y A Aa a o A A
nanitiazlflunsienzddeyanlifarsliaunstnuzdaTng uazln1sdruaimundl
Uz ANINNW
Ao AN A A o A . A % )
lunsdidayailid (Bad data) wuuidsuazwanadoyan liingrdasin naannis
Urzinmudanuzinazllfmimaseusuyfgu 2] deyanli@munsnasiaduldan
nasaUIA1 J(X)Ung1uve9 Chi-squared Statistic a3 nAnszanasdngiduda d
10289 J(%) Feruinnirdrndimuauaasinldaysnldddnngaglunavainis
Uz mEUe SIRSUNNTUITNTIAN LG (Bad Measurement) wuanansnuialaslsis

aAa 1 & v a g
NARDUNINRGAVBINTRN Lﬂﬁﬂ‘ﬁd%ﬁi@'ﬂ’mﬁ&lﬂ’ﬁ@dﬁ
-1/2 .

r"=(diag(R;)) 7 (2.10)

Tagf
R, =Cov(i)=R-H(H'R'H) H 2.11)

o A v AN A ) o & ' ~ o &, o Ada n
fwnfidayanlifgnassivlasldiuaeummasendn J(x) dasudmyianden r

U
2

= = Aa
gx‘lq@]%l}d‘m’]Lﬂ%”ﬂa&la‘ﬂwﬂwmﬂ

u
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unn 3
aa ° 1 A A
AN PMU iz aaiign

(An Optimal PMU Placement Method)

3.1 UN
Wi siauasas (Phasor Measurement Units 138 PMUs) Liugdnsainyia
& a U a e g .
sﬁagﬂmim"lwﬂ@Ul"ﬁﬂﬂimimvlwfmytywmmﬂmaL‘ﬁﬂu Global Positioning System
. s @ o g
(GPS) Satellite Falglunsiasgauuan (Positive Sequence) Y2 WAL TDINITZUFUAE
% g: Qs v ] o J =Y = v Y g:
L3991 PMU 81013070 Lo iU N hlas 8 U1 0TI AT SN ka6 e hananib
L= 1 (% a a dé/ (3 dl' 1 d'w U & 1 6
gatelwmsUss NI lnlszan e ue AT na 8L eI naI NI ba L DA LW aLTa SN Ie
LRELAZLIIA WA IARNNIIN LT NI T e v e D U R AN W b LT LT ILF LA FINITDRAN
faaulaitsninsdiuasmsdssanmanuenianwme lddasw [21] Tuniaainsng
° ' a & d & ' o @ { °
drss PMU Sutdunaulaanndulunisdszanmanluwszuu idasnaaiasanninisin
; o 1 o £ =) v ¥,
PMU a3z uuanndis n3196unis PMU a3nsevinnnelanisnansan 3 Taikae
AN WENTBINITUTZNN AT ANt leuadnTUTzu A e ldFanlaniyia
dadpusznsidsugluunvednias LLa:qmﬁmﬁaluL‘%aamsamu ANTIERYS PMU
A A & ~ o A A o A
mﬂm:auﬂqmﬂuﬂzymwmﬂLLaziﬁLaaﬂumiﬂizmamammwam:vl,@m@au“n
mm:auﬁq@ﬁmm (Global Optimal Solution) UWABWMNIANEILAUINLTUTZULN LA
ﬁmauﬁl,ﬁaumm:auﬁq@Lﬂuﬁaﬁﬁaamﬂumim’m@‘hLmu',a PMU
unaw [11] laauanisnaaisslotasiraslasldnannismianguiaes
o ') = o a ° o Ao [ o
mssstnamsablensinlyladlaslsnguedniansw memswandsninisialaainms
IPmsewnnuunsuladusaddin (Bisecting  Search)  Waz3BTN1IINRBINITLHN
(Simulated Annealing Method) agindbsnanuidanlaMmiuldlaluszunwidaslalle
AT TnaraviliidauasniTianlea luasnwdanitwigldvesnisTawsznnsune ld
28479 unanw [13] lahiauanisnnsdiunis PMU I@]Umil,‘%fmm’mLmeoﬁ’m;ﬂssu
Tagwgraul19LFaLaT097a PMU 1Iaﬂﬁq@ﬁﬂ'oﬁﬂﬁs:uummsm%’am@mifﬂmu
' o a o ~ A a A o \ Ao
Teniamainandnauazlunsvinauwneievg lUwiens S9lunImin1Ineduniang
A & o & o = @ @
°nq@@nwﬂaﬂmm@qﬂszamgnﬂs:mm‘[aUiquwgﬂsﬂwLLazmﬂmimawugﬂﬁu
1$0991NAT NI RA I T NITAIUI UINAIT I T TN AT BIIITWIAVBITEUL UNAINWY
[31] ¥awaITmnediunis PMU Algldsunsusiwiui@s (Integer Programming) 1o
1 a - U A 1 v ada dq’ v
aguuv\aﬂmwaamiaom@]msfﬂ@mammammmmunumao PMU 35n3iana1snls
v Ada A A @ v . ~ A o o a Aaa g
AUNIHNALAIINIANFUNWIZTAINY PMU  waztadaddatauuuadtdy lagdsn1sing
aﬁwmuﬁ'a@‘i’]qmﬁmﬁd@‘mmm PMU LN anvinl#a3021 g8 8110 89Nan1Inile lasas

auadzInit PMU Sifwusesdyananisswenazlfifudoyamaefussauiandant
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6 n' d' % g; N =3 a @ a
wazisimainIzuannisnannIznuany atngblsnaIunIIFINanIsailan1sinlyla’
1 s Qs 1 o v gﬂd d‘yv U L
lalesudsznuinnsdszanasanuzazmidiaanla [1] wananniidtnisitinazlaanaaia
a o A £ & ° v o A = o A
AN1ZATILNATNNITIaRA10N TIazidluwnarinlwdiaaun e ludanuningiihasainnig
TaLael Iz ninamIdwI o
aa ° \ AaA o @ A A o & a Ada =< A A
AFnTduniinangadniviaTasiia Tanuuaaaun NI tan1IN TN
a £ . (% ] {
m@;mirﬁmfﬂmmu (Contingency) laiinnsnandsluunainy [10][32][33] lasfAiunainy
[10] "L@i”tl’]Laua*’ﬂ'umaumnﬁammuéwé’uagjuuﬁugmmaomm"l:maamﬁml,azé'ﬂﬁﬁ
UszdnTanmyianiiansidoris unany [32]  teiauadsinluladnfansanine
Aa = ' o o v o Aad ° A ')
nydnInite lausaltuld #auunaing [33] "l,@mLaua’mmammmwaﬂ‘mﬂga
v o @ 9 oA a A o = a o o s A
UL TIA R RINIIDRINANIT LN a0 LA 9H a1 arhILAIIT AT 8 ILATHILING
LAALFEAY
a gﬁ dy o ad ) ] o s
AT TUNTHIZULEWAITNITINNEIURUI PMU §1RIUNITUTe N e DU U a9
sy Wihmaslaseguuiugiuvesiiazannzdgadnivwainnsiafignueanen
¢ aa A o = o Aad A o I o o o Iy
1ad aﬁmmml,aua%mLsﬁmaamimﬂ@wq@mﬂLﬂummumsmlm:uums
fananisainedwinldaruanysal (Completely System Numerical Observability) Uaz
Ad a £ A oA A o = A o o £ A a A ° '
NIHNLAATU I WATILATEINATAREILATAITATAILALRIINILAALTYWIY AR UIVD
a A o & o o ' ' A A a v A A oA o Ada &
Lmawa’mmmugﬂa@mLmual%ﬂ@nlm’stﬁmﬂmugmamzlﬁummuamum@m
PMU ﬁﬁ‘hmuﬁaﬂ‘ﬁq@ #ANAINHAL LAULFBANATANITLENLATATN I E IR TUT LU TN
Maswalng)

3.2 n1snuuailn (Problem Formulation)
= A [ & @ & & o A o
Tuund mmil,aaﬂLLia@uLWaLeﬁmwnﬂuamil,ﬂumLLﬂiamuzﬁmmmmmvl,ﬂ
ATWITUAIAINIZUETY NILURVWIW (Shunt Current) LRZNIZURA (Injection Current) L
v [V t:ll o o A 6 [ [ 6 = 6
Taa93:uule anvinnITanaingrasLIIawls (NRLTaSNIELaAa LA NRLTOS NI IR
N4 mm]”agamﬁmé’ond’nmmmmm’mé’uﬁufﬁm’mnm@ai’ﬂi:mmﬁmﬂmmuz

LAZINLADINITIAlRNIHNINITIARANANA FINITDDHWANUTNNUT LAGIRNNIT

Zy 1 0 &y
Vi
z (= Y Y v | & (3.1)
c
B Yoy Yac &

dl =} a ‘ij
Taufn 1 AaluasnNWitg

2, 2, U482 Z; ABAINTIAVIINLADTHLVEILTARUE NIZUEAA LASNTZUEN
ANAIAU
Y

IM »

AUWIWENWUINY Z, NRIAL

Y. Aawaindasasizuonlauantyainsianian lMainiauazniy

¥ un o 1o v [ v
@nuinlumsnuiiduresfids ana. uaz am. lddndudesiudisauall)  %u1 19



Foiaofi RMU4980015

Y, Y, Aatuaingdaguastaioalauauduaiusiauian laaniawaznis

BM
AUWIWENWUINY 7, MWEAL
Vo Ve ABINADIHaSUTIARIAN LANIALAZNNIFIWIL AUEIAL
&, , &, U8z & AarINtaastagndanuRanaIalumsia

&UNT (3.1) R adoulnalaasil

z=Hv+¢ (3.2)
d' A 6 ] [
laun z fa NLMasVBIAINNIIA
A 6 s d' 1
v fAa LniaaTvasnudsnusNzgnUszanmen
H A9 LuANTNNIIG
& A8 NNLABTAHANAIATEINTIA

N7 (3.2) waadsnnuFNAwsALIuldldninuaszninsdranmmianazalnds
soueidszanm lunadjifaunisinsdaaz linsldfamndunisniduly|diiosnn
RANANIILATEIAEas aInudslanudndundosnidadiuniinmsianuwanzaungsng
ildaudisnnuznnanuzmoldFenlanmssfasandsassunindszanaldlasls
hwnalasiialatasnge

Aoy o v o A A A '

Jdagunainmaimyian e ilanuRanare Jywilunisdssanmdiaugunis
(3.2) swnsnRarsandnduilywidsadaibodu (Linear Algebraic Problem) lasfiudaz

a > a % .J 1 Qs Qs o ‘ﬂl A [ t:ll v t:ll
wozaswdinmyinandaduliuuinunuimiweiasfistaniesngaluszuylnih
83 wananiassanizvaswasnmaiaszdunislulvpdayswiuaunaaunis

@ o Aa o Y ' v A o A
unauny [28] Ataasnznlaunanavinlidym bisansoudleniadasuldinna

e o & 2] & o [ o , A o o AA
waingn asnuniblunueidnivdyninanediunis PMU fanmminisiadigaiiel
FALATRNIZVAILNGINNNTIATB L

o o A A o a &£ o o A A
AsTatesvadiaIasiiadaonafiadnluszuninddiiainietsasiaiedneena

A A o [ ¢ A a a 1 Y A
wiswldifiesnnmsinusessesnawsninasilaiionsiansadluszuu Wi T9a19
Hunariliszuulianunsaasnanmsoila asnumsduniimsiananisasdasfansan
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Form measurement matrix:
H(MxN)
where M is the number of all possible measurements,
N is the number of buses.

Y

Find essential measurement set by sequential elimination technique
then form H,..(NxN) which is the measurement matrix of the
essential measurement set.

v

Find contingency conditions, i.e., measurement loss and branch outage.
K=(N-1)+B
where K is the number of contingencies,
N-1 is the number of PMU losses,
B s the number of branch outages.

Y

((N-1)xN), H,

ith ;
For i" contingency, form H

(PxN), and Pe, e(PX1) ,

andidate andidate

where P is the number of candidate measurements,
—> H_,, is the measurement matrix of the existing measurements,

is the measurement matrix of the candidate measurements,
is the position vector of the candidate measurements.

v

Find the position vector of chosen redundant measurements
by the sequential addition approach, L.

HCandidate
PCandidate

= No

Optimize redundant measurements by binary
integer programming:
min fTx
subject to Ax >= b.

v

Rearrange measurement positions to minimize
the number of PMU placement sites.

gﬂﬁ 3.1 HIUVBINTTINGLAUS PMU
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1nAda Binary Integer Programming luﬂﬁﬁ'@l,ﬁanl,%@nwﬁmLﬁuﬁ'mm:ﬁq@ A%
E;T@]‘YT’]Ulﬁ%ﬂ’]iﬁﬂuiﬁﬁ’]muaLﬁﬂ%zqﬁﬁﬁuﬁuaﬂﬂuﬁﬁa@l(ﬁd PMU ﬁayﬁq@hﬂ‘ﬁaga
msi’m%']ﬁfyLLazmsi'ﬂLﬁuﬁmm:ﬁq@Lﬂud’mlumsﬁﬁnsmw TngusszdunauaanTn
asuneldaait
3.3.1 NI BAN5IAd1A7Y (Finding Essential Measurement Set)
Tumaniliznanmndansiofdy Sadummduniiuazriiaveseiaia
f@ﬁﬁau‘lmgﬂﬁmu@augiﬂ B e mInMIS WAL wIRTaInIFa RSz b 5T
ANLERaULANGINUNANN [14] [34] AlFwasnnnsianauas ladluiunaunisaanas
WUURIAU lasnsHiiuasnNNTIanauaa sy e lasulaiuasuuaduadasiniuaduasn
myialddandunits weasnnmyiaunenealataunsaldiiuuainmssavasnisluies
MIINTIFUERIUM YTz aaue laadnd lumsdwisluszuy Wil sasinazls
srundanie Geszunnihmasfieneng 959 Ml uvesduiuauddaniofidnguas
UNATNINAINA1BNALAUTITIV IR & N lAuaalauauddaniiiuvasanuailan
wnnImits Wunarinlduesuvesudazuniniaesvesaasnmyiadan litasniinis
GoinanI LAz uAanaaluaunis (3.1) o199z 01 Rsnudaanieanaasden
AR
am;ﬁlﬁﬁ‘hmmadLﬂ'%f'aaﬁai'ﬂﬁﬁ]zwﬁﬁﬁmmﬂu M Uazs1wInvasnludseanusdl
Auiln N M3AIauULEey (Sequential Elimination) snansnasunglelasTusunsueai
Sequential Elimination Pseudo-code
Input : H, MxN matrix (M >= N);
Output : Hegoeontiay NXN - matrix;
Normalize each row of H to unit row vector;
Hegsential = H;
forj =1 to (M-N),
nrow = the number of rows of Hegeenial;
for i = 1 to nrow,
H; = Hegsentiar;
Eliminate i-th row from H;;
C(i) = Find the condition number of H;
end
Find imin such that C(i) >= C(imin);
Eliminate imin-th row from Hegeeniial;
end

return H, Essentials

¥ un o 1o v [ v
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3.3.2 NM3LRaNNITINE LT (Selection of Redundant Measurement)
a%‘di a 6 a dd' a s (% dl' = s
luuwuwauvlmmsm@m@;mimﬁ]zwmimﬁmmﬂm@msmmawaamiawm@ 1
A A A A a o o a @ e Ao o a A A o Ao o
L3asuaznItviiuianiiates lasnnyiaussaunizarsdauniasiiatanden
‘é 1 o vV Aa el v v e 1 = { a
Falugrursntiinualiiianiitatadle nsvinisdasrutinainidanlavasnisiia
wmaniInidsglavalditmaiauuuday lasluduaeuiazninisianduiuain
Ldau"lwaamsm@m@;mimﬂml%miﬂizmmamuzmmmLLﬂﬂwu%ﬁVL@nﬁﬂlmLaauvLmu
lunsdlwasiiansiadaduainIadiale Lm‘%ﬂﬂfl‘ﬁngﬂﬂé‘"ﬂLﬂ'ﬁﬂﬂ@ﬂmﬂm
p.l' - ™ 2 d' =1 ™ 3; 1 =3 d' p.l' =S
LDINATINUNIITATaIVaILATadNaTanuwaanll at1slsAautdal9asdaswllde
o I3 v A U a Q |d' v s di d' a % (% s ai ) v
FdudaslinsaauasnmMalringanasainuian liNAian1siatas n1anvinla
I a o A e o o o P oa Ao A v A =
1@ NaINNITIAN AN DA LATN IAAIALRYRAIIEAININAINAIRUALL R NI I AT
MINARIULAY LﬁaomﬂLWamaﬁ‘LLsoﬁuﬁagﬂLﬁanlﬁlﬂué]’uLLﬂsamuz AIBUIIWINV DS
o [ ° A o A A ° o ' = AAN A @ Aa A
mimLtimumsﬁ]:ﬁnmuwuamEg@m:mVL@ ag9lsnanulunImn NI IanIzuaAIn
ﬁﬂﬁszuummméﬁm@m’]itﬂﬁmUl@iﬁauvlmﬂ’lsl,ﬁ@m@;ﬂ’]itﬁﬁﬁ‘hLﬂu@TaoLﬁaﬂmﬁ@
LSIauU R UAILREN
FAUALE Heo unainnsiavesszuuiiueg Heagaae HHuaInNII0009

[
| [

UM IUANRDN WAL Poangiae LDWLINLABIEMRUIVRINTIOVRITe VLML Uas Tuaan

U

PAININNBULENAURINIINaTUN laena U sunInasth

Sequential Addition Pseudo-code

Input : He,ioi,  (N-1)xN matrix;
Hcandigates PxN  matrix;
Pcandidates Px1 matrix;
Threshold;
Output : L, Qx1  matrix;
L={}
Normalize each row of Hg,; and Hcangigate 1O UNIit row vector;
fori=1to P,
H, = Hgyst;

Append the i-th row of Hcangidate 0 Hi;
Hc = Find the condition number of H;;
if Hc <= Threshold,
L ={L, Pcangigate(i) };
end
end

return L;
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3.3.3 Wlm‘sffﬂﬁ'smﬁuﬁmu'lzmdﬁqm (Finding Optimal Redundant Measurement)
v o , A A o & a a o o o o
MILAT QI NMIIIEIUNINDDILATBINDIAUULAILANAD BUALTIAN R IWHN
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Minimize  f'x (3.3)
Subjectto Ax>b (3.4)
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@ : Bus voltage measurement
4 : Injection current measurement

B : Branch current measurement

(a)

@ : Bus voltage measurement

4 : Injection current measurement

B : Branch current measurement
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@ : Generators ® : Bus voltage measurement
@ - Synchronous Condensers & : Injection current measurement
B : Branch current measurement
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uUNN 4
ndszanmaranuwzasszuuiniinasfiidadnsal FATCS

(State Estimation of Power System with FACTS Devices)
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4.2 Tawpan13YaaLwas (Phasor Measurement Model)
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4.2.2 Taaa UPFC
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Tasnansasineiad inieie: P,+P, =0, (4.6)
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4.3 nann1sdszanasaaine (STATE ESTIMATION FORMULATION)
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g(x)=0 usz  f(x)<0 (4.21)
aanuilygwimstszanmeniuzasszu IWAMaINE UPFC azfianwoeiuiis
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f(x) 8 ﬁdﬂ"ﬁuvluL‘lJuLmLamlamauvhm’livlwm’mu LD VAINNAVDINIRIN

D

HAR bG PBULUAVBIDATEIUYALNVBINBULAI
darnaf lisunwuunlidadulusuns 4.22) sansoudasideglugddadiia
gunwuuy ldidadulasmadunniaasaiudsndaun laiduuin (s>0) uaziialwanla
i1 s wdanduuinIsdaafiuwsnay Logarithmic Barrier 1 luluauns (4.22) aeniu
FUNT (4.22) Wonlndlaaad
1 L
Minimize ~ —r"R7'r—pu) Ins,
2 pa
Subject to g(x)=0
r—z+Hx=0
f (x) +s5=0
s>0 (4.23)
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P 2 A A o @
laofl s, wanefisdui k 289 s uaz L Aodmauvasunived fix) dudsalassa u > 0
o o % & & A o a
antduldaaandugudilanirusenduiinly
Ty luauniy 4.23) swnsadoulwnenasfsnidu Lagrangian  lugaasfld
o Xa
GRGh
1 - L
£ :ErTR 1r—,uZ:InSk AT I:f(x)+s:| —p'g(x)-=" [r—z+ Hx] (4.24)
k=1

v

L'fi'au"l,mmmmuﬁq@mwé'ﬂms Karuch-Kuhn-Tucker §3uilgywiiaa
V.e=-uS"e-1=0
V,8=-f(x)-s=0
V,L=-g(x)=0
V L&=-r+z-Hx=0
VL=R'r-z=0
VL=-F'A-G'p-H z=0 (4.25)
lagdi S = diag(s;,..., s) e=[1..11, uaz F, G Aemaaiduuiuainuas fix) uaz g(x)

o ¥ (3 o el o A a v A
AIUAALY  AIADURIRIVRUNIT  (4.25) ﬁ']ﬂJ']iﬂﬂ']u'JMI(ﬂEll“ﬁ')ﬁﬂ"l‘i%')@lu Iﬂﬂﬂl%ﬂﬂi

v v ]
o ) @ A

FuanugIaIIN k AWsnTw ldaauluauns (4.25) sunTadssan iy uLEEw e
it
f(x)zf(xk)+FAx
g(x)= g(xk )+GAx
F~F(x")
G~G(x")

S’lez(Sk)ile—(Sk)i2 As (4.26)
Taafidrannansiamadmanuiiessn k asanaumsmyialuaunsf 4.20) 1
s eanumamauesnanaen H semuiesnsaden luneaseiudna
wnduwlueadlidadwmaasnneadon F, G, uaz H  dasiimsmwinluudazsaums

o o & aa A o R A a A o Aa '
AT AIBWIDTNNINULEBIVUILRNTAIWMIAIWIUNANIN

WAIINNITUIZNIIRAN ﬁ’]@la‘]_lﬁﬁﬂﬂiﬂ%ﬂﬂ?dﬁ’]a’]&l’ﬁﬂ%’]ﬁﬂI@ ANIIWARUNTT

Soit
p o o Fa] |f(¥)
0 0 0 G p|_|-g(+) 4.27)
0 0O R H|n~»x 7— Hx*
F' G' H' 0| Ax 0
Tagfi

¥ un o 1o v [ v
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1/ k)2
D=—(S .
ﬂ( ) (4.28)

a g: v % A a v a ai
WASNNIRNAN e UTelaTaIaNNT (4.27) Wonunuaiswesn A lagiay
sansnmdaeuldndailawein A Sdaulufauysal (Well-conditioned) [28] %a4an

[

MU 4, P, waz T NENNT (4.27) éf’;LLﬂsmuﬁnﬂ%'uﬂ‘gamvlﬁmﬁ

XM =x*+aAx
A =2+ a(A-4Y)
k+1 k k
P =p +a(p-p*)
k+1 k k
T =x +a(7z—7r ) (4.29)
A ' & A A A, [ K+1 @ & A4
MIdanAIrwIaaslh o ManzauNenyinlde x  gsasnelununnidul
& nande A0<0 uar A<0 MIudIazinIunTENIAmasIved Ax Addasnine

fnua 1y

4.41 NITMRWBAANINAN

@hL’%uﬁmawumuazywmLLsaéTumsﬁmu@Wﬁ@i’umﬁ‘u 1.0 ez 0.0
ANBIAU mm@LLsaﬁumaaLmﬁiaﬁhwmuua:mgmmﬁmu@lﬁﬁmwhﬁ'u 1.0 waz 0.0
o A & A @ A v @ ' ° I =
mummﬂmﬂmgiumaaalmummﬁﬂu 0 ANATuaRaInavinnITudadliiiuidauad
. A o o 0 A = { 0 & . . A o
Asudnvasandsaaus x Midulderudanly fix )<0 wanantuitruad1SaL
28916211 592719N% (Barrier parameter) [l uazdaniaasaiuisndan (slack variable)

0 v > 0 o @
s ATAYIAY 1.0 uaz—f(x ) MNEIGU

U v
4.4.2 N15U5UAN ATV NHUASYWIAVDIUW
A7 LLﬂsmNﬁuﬁi’ﬂLﬂuﬁaoﬂ%'uﬁﬂﬁﬁ@hﬁmmmwLm:ﬂ"ﬁﬁﬁ’nﬁﬂﬂﬁguﬁ

1 v o

P A A @ . \ ' o o & o
PTUeN X QL"m%ﬁm@aumﬁmmuﬂﬁm LLazi"ﬁﬂqLL@]ﬂ@qﬂizﬁjqﬂﬂﬂﬂﬁuj@Qﬂizﬁﬂﬂﬂaﬂ

nuaiduiagumdglundazsaunmadwislunmydivdves Y asldnanaluunany
[41] deymiglvasannis (4.22) sansndouldasii

Maximize %VTR‘lr—le(x) -p'g(x)-7x' [r—z+ Hx|

Subjectto ~F'A-G p-H'n=0
R'r-z=0 (4.30)
ﬁaadws:mﬁamszmwﬂaﬁ%‘u{@qﬂszmﬁ%ﬁﬂﬁuﬂdﬁfui‘mqﬂszadﬁ@'mmm

atu1elaann

5=le(x)+pTg(x)+7rT [r—z+Hx] (4.31)
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V oA v o ° o o A A v o .

Argasiniidnduuindidraeurasdraaunanuazdneugiidniulyle den
] ! AL & & & A A @ & A P !
tosinfidnduguduaasindugannanzauiga drdudszinsnuaissienditesing
aufina Hluunanw [8] laumnualididrasit

U=— (4.32)

2
S

P A o o
I@IUY] n, ﬂaﬁ]’]uluﬂlad@]’JLLﬂ‘iaﬂﬂuz

amReanImaveIru o nlidaeveglutenlafidnualiisu f0<0, uaz
250 JJudu T laRaash
a=oc-min{l, &, &,} (4.33)
A & ' A &
lag?, o Hudrasnainaans
__S

a. =min
|As,

S

a, = mm{

av Ao

Taudduiiivualy o Javiiny 0.9995 tivailasnuaNtszanm a1 ing

,AS; <0,

%a(%k—&)<0}-

o~

gavvaddaaudulylauiniAwld

4.5 NANI51RDY

]
A o o

LN ENAFBUUITLENTANY I TANTUSEN A NYNLEUD 9eNAITNaRauATNNT
U3z NULawaNUITUY IEEE 14 UaWas 118 ﬁaﬁﬁmsé‘mﬂamﬁwqﬂmzﬁ FACTS
Nl lwszuuainan luwnsdnaasszuuniniaaz lananlsast aussauiadaiyinny
0.002 FNNILURAANANYINIAL 0.015 LAZAINIZURNINALYIAINY 0.010 laatvualiedng
5’@&1msni'ﬂvlﬁﬁnﬂvqmm%aﬁai’mﬁi’mvlﬁﬁmu@lﬁﬁ'a 1 L JUURDN9DIVINIIINIRNA
oA o o L e oA . @ -4 a A o ¢ & Aa
ﬂ'mﬂamu"l,maﬂumsgmemmmu 107 WaTUNILNNE L IUNIBNIALTYUND
1 d' & 6 v o 1 d'e/ (%
mmamﬂug{ummmumm@"lm
A A o Ao
451 n3twin 1 IEEE 14 ydandN UPFC 1 ‘i!ﬂ
JUN 4.3 ugedszuy  IEEE 14 Uafdinaifiu UPFC Wl lwszuy Tagn
UPFC @aadlnii 6-12 laufaasniis 6 I(ﬂﬂmm%dﬁai‘ﬂimwuLﬂuszuuﬁmmm
Fna lanInua (Fully observable) @1319 4.1 LEAIANNAIA lda1n PMUs @149 laadf
1A AUTENAUAIY ALTIAK 2 A1 AINTZLRRA 2 @1 AINTIUETY 16 A7 LAZAINTZLEUUI
LazaunINaLNIeE 1 A TauNanlsuaztasnnauas UPFC fvnaldlua13nan 4.2 @1
LIIARUFLALAI TSN UFD UL D I UPFCﬁﬁJi:mmﬁﬁagﬂﬁéﬁmswﬁ 43  uar 4.4
AUAIAL LLRWINAUTENN IR UL VDY UPFC LLazmﬁ’lé'a"LWW’]agmsflu@hﬁf{hﬁ'@ LR

drhasinihalsnasissznhaunssisusseunssesiidndilndgudndnfe P, + P,

¥ un o 1o v [ v
@nunlunsnuihduresfids ana. uaz and. lddndudesiudimanall) Wi 41
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~ v & 1 ad A o @ oA o o o A P
=0 sml,l,amlvsmmnﬁmswmLauammmiﬂmﬂizmmmﬂgﬂ@laovlmmﬂlmaau"l,w

nnua
13 TJ— 14
1 4 10
6 9 ; ;
=3 | ,
5 1T
Y
+ L > TL— 3
O O
(@) : Generators @©) : Synchronous Condensers
3Uf 4.3 szuu IEEE 14 8l UPFC 1 79
a3 4.1 Tayanieveszuy IEEE 14 {afis UPFC 74
ANIALIIAY
1R Vv 2 18 % 2
1 1.0600 0.000 8 1.0950 -13.339
AIANIZUEAR
Ik / 2} LS / 2}
2 0.3304 116.638 0.1585 -103.339
fianszuan
Ag / (90 Ag / (90
1-2 1.4986 -173.644 1-5 0.7043 175.276
2-3 0.7062 170.357 2-4 0.5447 175.357
2-5 0.4030 171.461 4-3 0.2383 178.143
4-7 0.3457 -153.043 6-5 0.4793 14.340
6-11 0.0685 135.814 6-13 0.0837 121.105
9-7 0.2588 -24 167 9-10 0.0717 131.557
9-14 0.0801 142.346 11-10 0.0312 133.344
13-12 0.1367 -21.035 13-14 0.0706 149.396
FNANTEURVDI UPFC
YU / 6)0 aunIy / 6)0
I, 0.0166 102.607 o 0.1954 -23.128
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A4 4.2 eneudTuazrauavad UPFC luszuy IEEE 14 Ta#il UPFC 1 74

LARIINBUUIY UHRRITIBBUNTN GAHES!
R, 0.00 R, 0.00 R,.. | 0.1229
X, 0.12 X, 0.12 .| 0.2558
shmax 1.10 so.max 1.10

S max 0.10 Seemax 0.10

A7 4.3 @199 Az LLazﬂ'J’WJa@Wﬂ"I@‘I"DaGLL?Gﬁ%ﬁﬁl%itUU IEEE 14

o Aa

UaNdl
UPFC 1 19

. 4 fiN939 fnszanme faianae
URLAUN (ANF9-ANU Tz TH)

vV 2% Vv 2% Vv 2%
1 1.0600 0.0000 1.0609 0.0000 -0.0009 0.0000
2 1.0450 -4.9929 1.0459 -5.0004 -0.0009 0.0075
3 1.0100 -12.7324 1.0110 -12.7819 | -0.0010 0.0495
4 1.0188 -10.3446 1.0199 -10.3741 -0.0011 0.0296
5 1.0202 -8.8194 1.0215 -8.7805 -0.0012 -0.0389
6 1.0700 -14.4216 1.0712 -14.3649 | -0.0012 -0.0567
7 1.0625 -13.3389 1.0647 -13.3648 | -0.0022 0.0259
8 1.0900 -13.3389 1.0941 -13.3480 | -0.0041 0.0092
9 1.0574 -14.8901 1.0596 -14.8693 | -0.0022 -0.0208
10 1.0523 -15.0926 1.0543 -156.0716 | -0.0020 -0.0211
11 1.0576 -14.8875 1.0593 -14.8498 | -0.0016 -0.0378
12 1.0915 -13.3900 1.0930 -13.3346 | -0.0015 -0.0554
13 1.0582 -14.6360 1.0597 -14.5800 | -0.0015 -0.0561
14 1.0398 -15.7706 1.0418 -15.7306 | -0.0020 -0.0400
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AN319 4.4 A193IuRzANITIN Il IR kY89 UPFCs hwszuy IEEE 14 11RNH

UPFC 1 76

DU fiN939 Anszane

29 o LARIIE o LARIIE

WARIINLYUIY UARITILVUNU

UPFC QiPUREY QIPUREY
74 1.0682 0.1043 1.0695 0.1051
90 -14.4700 43.1770 -14.4146 43.0822
P -0.0081 0.0081 -0.0083 0.0083
Q -0.0159 0.0185 -0.0159 0.0188
S 0.0179 0.0202 0.0179 0.0205

4.5.2 n36iA 2 5zuL IEEE 118 17a#l UPFC 1 70

Tunsdifl ugasn1sldismsdszanmdnfdanesuszuuifawalngid
UPFC 1 7@ Tag'la¥innsiiy UPFC d1%7% 1 TaiNUTTUY IEEE 118 Uafisiswin
118 fTauaz 186 719 lap@iaas UPFC 1nseninefs 17-18 Aita 17 a1319 4.5 aydenan
wsuazdasnaves UPFC uazaaasiinfilslunsdiwam lasdniidaldlsznoudas
LIIA% 8 AN NIZUFAR 17 A1 NITUENS 110 ALAZAINTZUETUIH A1519 4.6 LEA
AUszunmanueuny UPFC %aﬁwé’auﬂmmuzmﬁﬁhag’lu‘*ﬁwﬁﬁ‘hﬁ'@ sansmyeneTlan
vasmasinihasseninundsiussaulandilndgud P, + P, =0

a9 4.5 dudsuastesnievas UPFC luszuy IEEE 118 Uaiid UPFC

LARINLUUIY UNRITIBBUNTY aaad Wi
R, 0.00 R, 0.00 R,, | 0.0123
X, 0.05 X, 0.05 X,, | 0.1005
o 1.10 Vi mox 0.60

Sumae | 0.35 Swms | 0.35

¥ un o 1o v [ v
@nuinlunsnuiiduresfids ana. waz am. lddndudesiudinaualyl) w44
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T 4.6 fauazenUszanamassaudsaanusues UPFClussuy IEEE 118 17afidl
UPFC 1 ga(n3difl 2)

DU fiN939 Anszane
29 o LARIIE o LARIIE
WARIINLYUIY UARITILVUNU
UPFC QiPUREY QIPUREY
74 0.9783 0.2086 0.9777 0.2102
(90 13.5370 69.3810 13.5365 68.8741
P -0.0061 0.0061 -0.0089 0.0089
Q -0.1608 0.2954 -0.1612 0.2996
S 0.1609 0.2955 0.1614 0.2998

4.5.3 n38h 3 52UL IEEE 118 17aiisl UPFC $1%2% 4 70

TuszuuWiiasndswalnagavazlgunsal FACTS shuiunansraiive

1 o w Y 1 Y = o 0/
aruqumathelauids Wi lusossini fsenaandudymlunmdinenduses
a v o o Aa v a v £ a ad A
Tuunany [8] thasandadnandanalidauaniu iNanagouismsdszanmenf
iauadsR Iy UPFC $1uau 4 gautnluluszuy IEEE 118 O lasfiaas UPFC

it
°1;@1°71' 1 fanadnliine 17-18 Taudaasiiia 17
“]qj(ﬂ‘ﬁ 2 GaeadUfAs 66-67 Tandinasfitia 66
q@‘ﬁ 3 faeadnlUifs 89-00 Tas@ndsiils 89

7071 4 fanadn1Uine 100-104 Tagdeasiiia 100
éf’;LLUiLLa:iTaﬁiﬁﬁ'@maoLma'aﬁhwmuuauma’aaﬁﬂamgﬂsmam@iaz UPFC §
ATwAgIiuiuNTaf 2 daanmaf 4.5 lasamsidudsimanvasaosdiWindgmsy
MIUIZNIBROIBLEINITANT 169INI2UD IEEE 118 UANIATFIN a1 ledannisia
Us2NausdIsusIng 8 f1 NITUEaA 15 1 NIZUANT 112 AULALANIZLEUWI® 4 1 A1379
47 WRAINANTU TN AANIE9 UPFC 119 4 74 auﬁu’j'}mﬁv[ﬁa;Ji‘l,umamwﬁ'ﬁmm
aa A

[ ad o o & @ o v Aa
AILDUNITWNILLRT @Guua’]m’]iﬂa?ﬂvlﬂ W’J‘Eﬂﬂﬂ’lu’]LauaﬁﬁNﬁiﬂlﬁuizuumuﬂﬂl‘ﬁ@lﬂu

UPFC 3% %%Aa" ﬂ@@"L@T

¥ un o 1o v [ v
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1319 4.7 Uszsunawaanuzuads UPFC luizuu IEEE 118 ﬂﬁﬁﬁ UPFC 9nun 4 °I§(7’I

A0 UPFC 1 (R 17-18) UPFC 2 (v 66-67)
U3 LARIIE LARITY LARIIY LARIDNE
UPFC YU aunIw YU aunIw
74 0.9796 0.2023 1.0469 0.1202
2 13.5056 68.9208 27.2447 79.2301
P -0.0080 0.0080 -0.0174 0.0174
Q -0.1604 0.2823 -0.0856 0.0994
S 0.1606 0.2824 0.0874 0.1009
A0 UPFC 3 (fiy 89-90) UPFC 4 (fid 100-104)
DY LARITY WAEIAE WREINE LAEIINE
UPFC YU aunI UU aunIw
4 1.0057 0.0715 1.0164 0.0340
90 39.4521 105.4264 28.1252 70.4942
P -0.0106 0.0106 -0.0106 0.0106
Q 0.0547 0.0605 -0.0086 0.0267
S 0.0557 0.0614 0.0137 0.0287

A p= a A a A v @ A
LS AgUUIEENTAINTAY 3 NIMNHIBNIRINIIDURAI LGAIA1TNIN 4.8
= o e A . & > A
laaldlinisduinmdnaaauiianly (Condition number) aztnladindradiaviianly

o :’ PN o A A J A Y o ¥ A
ﬂﬂu’luiaﬂluﬂﬁiﬁusﬁﬁLLﬂ&L’)ﬁ’Wﬂ‘lﬂ%ﬂ’]iﬂ’]%’)mﬁﬂz&lﬂ”lLWZJ"II%LJJﬂizUUVLWW’m”IﬂG&I"U‘HW@

& ¢ - . E o o o
Ingiiu wenanuunannlilunsdwimezinadiudwiu UPFC TuszuyIndhigs az

& 1 _aa A o o 3 el P aa
LABITIDTNITNUILRUBRINTIIDNRTIANG a‘]JVL@uLuﬂTi’m‘valm‘ia‘]J LHBIINITNTUTZNN T

n:ll o | v n:lld a ¥ dld ¥ o o L a v [ g:
ﬁﬂquz“fluﬁLﬁ%ﬂLﬂ%ﬂ'ﬁiLLﬂﬁiyﬂﬁﬂ&lINL@]fﬂLL‘LILILﬁGLﬁ%Y]N"lla"ﬂ']ﬂ@]LLUTJVLNLﬁGLﬁu AU

= Y o v A et 1 1 1
AaLUaWIDIY a"mﬂ(ﬂNﬂﬂiﬂiﬂﬂ?IﬁNl%LL@lﬂziaU

61319 4.8 LTHUAYUNANITINRaI I bLARZN T

. . . nafildlu
IWIN IWIN ALY . v .
° A PIVBININUD NIIATVITU
s UPFC ol
(sec.)
14 1 4.63x10° 4 0.19
118 1 7.82x10’ 5 1.15
118 4 7.74x10" 5 1.38

* Lﬂué‘uamﬁﬁﬁmmlu‘sauq@ﬁm

(@nunlumsnuihduresfids ana. usz an. lddududesiudniaualy)
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4.5.4 N30l 4 MmIanesvidayalafiszuu IEEE 14 1

A = @ A9 aa A o waa

WWadnmwaniznuvestaya lalwitmadsanmanusidiaue 91933
Normalized residual fiduaualuunana [2] eanaiauszuanamuzvaidaya i
o [ A A A aad val Ao A a A A . A o o
fmiundin 1 SisHazlgladluntdideysli@radsivianaogain ldineadoaiu lu
Nnuidpliiwualidnen Normalized residual annfiga ™ snnnii 3 fadrdnialdidu
o AV A
Toyaf lid

= U

Lﬁal,ﬁwﬁa%lavlmmvlﬂlmzuu TagAudn lUnvzuanaluie 6-11 lagn1s

v oA

A A Ao aa A e ~
L RUULATDINNILVDIAINIA LA LALTEaI9INITATU SN AN L e BTN TUL 89N
Uszurmatduanass ﬁlzﬁﬂ"]LﬁsmLﬁﬁﬁuaaﬁagavl,ajﬁﬁuﬁamﬁaLLazﬂ'ﬁu@]mwmad
nzuafs laonamadsznianadayalifasuaasluannd 4.9 azduidaiueanszus
a P & v v A A % AN 1A [ o o AN A
AdluAg 6-11 %Lﬂwnagaﬂmlmauwwuwaamimma;ilawvl,m mamﬂmmagaﬂmiu
A4 6-11 LLé’aLLa:ﬂizmm@iﬂ%ﬂmauﬁaaw:Lﬁudﬂﬁaa&aﬁvlajaﬁmmﬁﬂvlﬁﬁa@h?mmmw
a a o & ' A = v o o AV A
vaInIzuafslufg 6-11 nasanuulunsdszanmdrluseufiaudaldviadayanlid

NIRUALR Imwamiﬂizmmmamumaa UPFC ﬁdLLa@Gl%@’]i’N 410

#1319 4.9 NamﬁLmﬁ:ﬁﬁagavlajmmwu IEEE 14 1afd UPFC 1 74

J0U* NAMTILATIEH Tayaf laid rr
1 oA laid FIUITIVDI foss 10.18
2 oA laid FIUIBANTNVD fg 14 5.18
3 liddayalaid laid 1.28

* saumiuaﬂiaga"l,&iﬁ

AT19 4.10 Uszanmenanuzuas UPFC luseuy IEEE 14 1aRd UPFC 1 qﬂLLa:ﬁayavlsja

o

LARIIY v 2 P Q S
VU1 1.0692 | -14.3597 | -0.0083 | -0.0159 0.0179
aunIY 0.1051 43.1243 0.0083 0.0188 0.0205

(@nunlumsnuihduresfids ana. usz an. lddududesiudniaualy)
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UNN 5

msﬂszmmﬂ'mm%zwaaszuulﬂﬁﬁﬁ']aaﬁﬁqﬂmtﬁ FACTS @a28935 WLAV

5.1 UN

Tuunfl 4 "LﬁﬁﬁLauaﬁfﬁ'mimﬁmaumm:auﬁq@ﬁa pisyanululaslfinouat
Weighted Least Squares (WLS) Elum‘sﬂszmmmammlmwﬂw“ﬂwﬁ']é’dﬁﬁqﬂﬂmf
FACTS %alﬁ?qﬂmﬂi UPFCs lumifianson  lasfiluiaalunisiaues UPFC Wansan
ﬁugmmaamsm’%‘f'aaﬁai'mvmsna% WasannszusWsimesidalaaniaiosiamairas
dliTymlunsdszanmdnaniuzsasszurWiingsfs upFcs  nanoduidavas
sumImyianwdasulwdavasdodianlidodn

MsUszunaadedt WLS lasinnsltegrsunsnanslunsdszunmaraanuzlu
seu WS [12]  lasaniiannunasilumimidinay adelsianudtansiila
numudemyiafiiawanald 63iuiedn153%ns Weighted Least Absolute Value
(WLAV) ﬁmmmﬂ%’uﬂgoluﬁaomaommwumu@iamﬁ@ﬁﬁ@wa’mvlﬁ [26] nYUvzuh
FEnUsas WLAV mmmﬁa:m%’wﬁagamﬁ@ﬁ?mwm@"lﬁmmLﬁﬁﬁﬁ;@ﬁ?uvl,mﬂug@ﬁ
Leverage [43,44] @9l&finm3n35n13 interior point §1MSUMIUszNmANEDIHE WLAV
gnsuszuu i aseafldiianaluunainy [6] [45-46]

luuwﬁazndnﬁﬁ%msﬂs:mmmamuﬂmwﬂﬂﬁwﬁwé’oﬁﬁqﬂmtﬁ UPFC
Tapdaguvassunislunsuiiiymlidadusesdedrianidaduuas lidadu Tasms
ﬂ‘szmmmamuzaﬂ%ﬁ’mvﬁlugﬂmaaﬁwé’a"LWﬂw%dLLazﬁﬂé'o"LWWﬁu@mw souuluiaa
msadiamanives UPFC azaguniuginaasdriiialdlugtaesmasiniiatoua:
Aaslwihisanwaulueanmsiafilidadn Taslumssumawanitasldnannisves
3% Primal-Dual Interior Point Method & ulataa28d UPFC 13U 80590 UIAS
Aaa it duaditaledslananluneszdoaluunanud 8] ssuluuniazndn

a ad A o
LWENLRNIZIDTNIINUILRUE

ad n:i [-]
5.2 35 N1INWILEWD

5.2.1 NM3UdszaAEIBZULUL WLAV

]
(>

TayninisdszumdraniuzvedsszuyWdddsndadnaal uprc 1w

Yy bidasunlidesnauuusuniwuas ldauniwd ldidasw sunsadaw

FUNIIURAIANUFUNUTANURANVDIIT WLAV 1A a5
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Minimize Wl
Subject to e=z-h(x)
g(x)=0
f(x)<0 (5.1)
A A & o
lagf  x fa NeaIALlIEn N
A 6 o
z Ao LINLAAINITIG
g A9 1INLABIVBIF YW IUNIUNNTIUNITIA

hx) Ao Wenawldidwmdasuninadeulosdimyia ldgsand saanue
W fa nneasvasinin
A 6 v o Qs dl & a LU
gx) @e nneesuesdaiinaaunnd Luidus s
fx) o nneasuastadnne ldaunwi bidlugadu
[ & A A v =< ) A
lumsudauns 6.1) lagasalwdasndautnsenn Jevinsudasdywin

mmzawﬁqﬂﬂagﬂugﬂLLuuﬁLﬁ HULYINT b A9 Th

Minimize W'e
Subject to z—h(x)-£<0
—z+h(x)-£<0
f(x)<0
g(x)zO
£>0 (5.2)

Fadrnaluzdvasldauniwlidaduluaunis (5.2) munoudasldaglugy
dodrialugdvassumsldlasiiuniaeidrudmdenniidnduninidi iz u, 2v,
s>0) waztivalarandsndandanduuinlusiuaaswsnsuinunsazimnlusiuve

WInTw logarithm 11111 asvuanns (5.2) Weonlndlaaad
m n
Minimize  W'e—u) (In2u, +1n2v,)— x> Ins,
1=1 p=1

Subject to z—h(x)-&+2u=0
—z+h(x)—e+2v=0
f(x)+ s=0
g(x)=0
(&,u,v,5)>0 (5.3)
Toufi o, Aaddl 1 v9ni08s u,
v, fednfl 1 vasaniaes v,
s, Aol p TasInIAas s,

m ﬁﬂ"iﬁ%’)%l,m’)‘llﬂ{]nﬂma‘g z,
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n A9INUWINLDIVBINIATY F(x),

A o & A o 2] v 3 & A o ° a
U fadudsunenunrinlddaaasdrlndgudidansdmwaduiiniy

L s

ANFNMT (5.3) FUITDANUFNNUS [FaIft

e=u+vy (5.4)

2

Ywilugunis (5.3) sansa@isuluinauvaswenisu Lagrangian laaad
L= WTg—,uZm:(ln2u| +1n2y, )—,uznllnsp —A [f(x)+s]—pTg(x)
1=1 p=1

-z [z—h(x)—g+2u]—,8T [—z+h(x)—g+2v] (5.5)

RaulranumanzanigavasdymBtanunann1szes The Karush-Kuhn-Tucker &30
A o o v &
DaUANUTNNUS LA 9T

VEL=W+z+=0
V,&=—(u/2)U'e-27=0
VV2=—(y/2)V"le—2ﬁ=O
VL=-uS'e-1=0
V,£=-f(x)-s=0
Vp2=—g(x)=0
V.&=—z+h(x)+e-2u=0
Vﬂi}:z—h(x)+g—2v=0
VL=-F'A-G p+H z—H p=0
(&,u,v,5)>0 (5.6)

I@m‘ﬁ U = diag(u,,..., u,), V = diag(vy,..., v,), S = diag(sy,..., s,), € = [1,...,1]T, WR F,

m ’ n

G, H \Juannaidouluainuad f(x), g(x) waz h(x) MUSIAL

WNUAIANUTFUARTIINFNMT (5.4) aIMUFNNANTN 7 Was 8 VBIRNNNT (5.6) A9Tbk
2zld9n

V”£:—Vﬁ£:—z+h(x)+v—u20 (5.7)

aannlidndudasltannsn 8 luauns (5.6) mImdiaauvadsauns (5.6) lag
15 pnTuesiigy asnwlunsdiwimsaun k Wenoulaidaduwluaunis (5.6) 818130

2
v A

UszanonBaan laash
f(x)= f(x*)+ Fax
g(x) r g(xk )+GAx
h(x) ~ h(xk>+HAx

¥ un o 1o v [ v
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F~F(x")
G~G(x")
H~H(x")
U ez(Uk)]e ( k)2Au
o= o) o
s*lez(sk)le—(sk) As (5.8)
RRINIARNNIT A Iuﬂﬁﬂ%'uﬂga@iﬂ,milumimﬁmm_la'lmmmvl,ﬁmﬂaun’miavlﬂf:
s, o o F o o4l | f(+)
0 0 0 G 0 0fp| | —g(x¥)
0 0 0 H I I\~ I P 59
-F" —G" 2H" 0 0 O(Ax| | _pgw (59)
0 0 U, 0 -1 0fAu _U¥e
00 W, 0 0 ] |y
o 1
las? s, :;(Sk)2
4
Uﬂ=;(Uk)2
4
Vﬂ:;(Vk)z
rk:z—h(xk)

fmnaliiuadnmesutiofievassuns (5.9) Sanduadsn A Gemnidiaay
ﬁﬁmmgﬂﬁaoLL;J%ﬂ']"L@Tﬁ']Lm‘%ﬂ A §fiGaulad (Well-condition) [28] W nmIIAaL
YRIFUNT (5.9) @TaLLiJs"qﬂéhmmmﬂ%‘uﬂ;a@hvlﬁﬁaUammi@ia"l,ﬂf:
A=A va(A-4Y)
P :pk+a(p_pk)

" =rk +a(7z—ﬂk)
XM= x o Ax

' =u* +aAu

v =K L Av (5.10)

'
A o

A , & A ' v Kt o \ & Aa,
NIILRDNANVUINVDIVI AL ﬂ')il,aaﬂﬂ']ﬂ“fnl% X Uﬂagﬂqﬂiuwuﬂuﬂ’]@laﬂ nia

AU DNIWTILYINAUNTENIAT Ax Hetaaninaininrua by

¥ un o 1o v [ v
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5.2.2 NMIMABAANITNA
ANTuduraIruIauazyuvaIuIIauaITiInualiiidvinay 1.0 uaz 0.0
IURIAL BUWNIALTIGUVBIURAII BT NUAzaYN TN AU AT AUYNAL 1.0 uaz 0.0
o s A & A ] o 1 a 7 o 1 o v a < a 16
anuiaulasfyunigeslildnriing 0 mndisuduasnanldiuein A udegans
asnndsimualidyunauszamavasussauaunsuiidnriniu 0.001 dudanladug
Tiinualuldawisenluvvesaunts (5.6) wanannwimnualddraindssinsnuia

WinNU 1.0
5.2.3. N15USUAIAUTVINN WA YW IADDIDW

é'hLLﬂimnﬁy'm‘hLﬂuﬁaoﬂ%'umlﬁﬁﬁwﬁmmmuLLa:msﬁmL‘*ﬁﬂﬂﬁguﬁ
Yoz x Q;m']’ﬂmﬁmauﬁmmzauﬁq@ LLazlfﬁﬁLL@m@i’mm’mﬁaﬁ%‘u{@qﬂszaaﬁ%é‘n
AuisnduIagdezasdgluudazsaunisdwislunisdivazes Y Jyniguasaanis
(5.1) sansadonldesi
Maximize W'e-A' [f(x)+s]—pTg(x)—ﬂ'T [z—h(x)—8+2u]
-’ [—z+h(x)—g+2v]

Subjectto W+#z+=0

~-F'A-G' p+H' z-H =0

(&,u,v,5)>0 (5.11)
Ate9919¢ (Duality gap) \dudranuuandriszniteWaituiihminendnuas

wWardwihwaneg Seanusunngesit
S=A"f(x)+p g(x)+x [z—h(x)—g]+,8T [—z+h(x)—e] (5.12)

1 1 U = I3 v o a o 1A I3 v k% U ) 1 U

dtasiigiidnduuindidneunanuazdineugianuduldld drdrgasineg
AL & & & A A | & A VL . W v
fendugudanduwgaminzaunga  madendrdmulwnanuaudeuludtesingld
na Hluunany [8] asnuardrndsunsnulunuidssfiisasit

,u=i (5.13)

P A o Qs
I@] gn ng AT UINVBIAILL IR U

]
a o

WAV O msﬁmmwmlﬁﬁmauag’mﬂuu'%nmﬁlﬂu"l,ﬂvlﬁ naAe
Tug9289s <0 u<ouazv<o
alidn s°T>0 G
s =5 +a,As>0 (5.14)

eI
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. S|
a, =min —|A—',Asi <0 (5.15)
Si
e lwen o > 0 Gani
u'=u+4,Au>0 (5.16)
azlen
u_k
a, =min —|—',Aui <0 (5.17)
ui
e lwen vV’ >0 sonin
v =y g Av>0 (5.18)
azlen
vk
a, = min —|A—',AVi <0 (5.19)
Vi

. & © a9 am d R
AU VUIAVDIVY OL ﬂ’JSLGﬂﬂlﬁlﬂ]u’]@@]’]&lwﬂuvlmﬂavlllu
a =0 -min{l,é,,4,,4, } (5.20)
a g [ A 6
I@IUV] o Ll]uﬂqﬂdﬂal,ﬂaa’]i

auduih f1 O Suwalirdayinny 0.9995 1NatlasnuwmIlszanmainataas
Tnanuvauwanidwlylauniiwll

5.2.4 TRABWNITATWHI
g; o o @ Aada o =1 g: % tg’
AUADWNITATWI BFINIUITNITUNLE O VA DI

Juaaui 0) MnuadTudusasiulsaaine aulmdan aulsu19nn  wazdg

Lagrange 5:1uﬁ‘oﬁmu@'ﬁ’]mmaugaqalumsﬁwmmua:@hmmﬁ@wm@ﬁﬂau%‘ﬂﬁ

v
%

PJuaaufi 1) uigums (5.9)

]
=

YUAAUN 2) ﬁﬂmmmﬂ'wmmaaﬂ'mm:ﬂ%’uﬂ;amﬁmau

e

]
=

PuAan 3) AwIWRIAIAILYTVININH

e

& A v A o o & A P v o o A
uaauil 4) nasaun1igidy sdidmenidullauienlanisgidh dwismdraaun
winnzauiga ldduldanuenluldnaulunruasun 1)

5.3 NAN1318 DY
FFnTUsTNNmEDIBELUL WLAV lanagaunussuy IEEE 14 1iguas 118 & 0N
wInnIsbrantnansuNsnTuli v g lmanzsuazin e lanunsanidiaaule

g ulwEanlUNIINAROUEIWIUIIULY IEEE 14 1RLA: 118 UR ANLRNaNN LT
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FMTUANMINT ALY 0.1 waz 0.01 MWEeU NamInaaesfildvimsseuiey
Au3% WLS luunany  [8] meldidawludeniu wanansuwnefiansvonefina il
unany [8] lashunlglumsdiuwimdls3t WLS Aussuy IEEE 118 U618 A13939284
suvldunanmssmamsnamasinih dwsumsinsssmuaasldeisensuldly
msgidhimuali@anriiy 10 wazenfiia ldimafndyanasuniusuunsdeud
ﬁ@hm‘é"mﬂuﬂuﬁtiﬁ"lﬂﬁ’m
5.3.1 N3l 1 53U IEEE 14 TaNIAUPFC 1 7@

gﬂﬁ' 51 uga9ssUy  IEEE 14 daidmsiin UPFC il luszun Tasd
UPFC daasluis 6-12 lasdiamifitia 6 a13197 5.1 uaassndaudsuazdasnaes
UPFC an11971 5.2 ugasriisaldanniadasiiote laseniiialadsznaudaonssdi 2 6
Amadtwida 12 @1 waz arsas Wi lna 32 @1 S'i'%ol,s‘ﬁmawhm’%laaﬁai'@ﬁﬁagﬁﬂﬁ
suuusuufimansadonaldmmue Mydsanmanuzaas UPFCﬁﬂi:mm"LﬁaEﬂvLﬁ
F9013197 5.3 sz 5.4 aNE1eD AR sz mEa e UPFC uazdrmaslnin
a%imﬂslumﬁﬁ‘hﬁ'ﬂ ez ias i aSsidsanuninsunasnsusssunasasdadrlng
audnanfa P, + P, = 0 FouaadlWiRwiinsfidasamansaliendszan mend

gﬂﬁaﬂéfﬁmU‘lﬁﬁau"lmﬁﬁ’mu@

A
- 12 A1 410
UPFC A g
] 6 9 I
Wl W 7 7
™ M J
™
@1 4 5 4
| 11 ¥
L, TL- 3
Yo ©
@ : Generators © : Synchronous Condensers

3Uf 5.1 s2uu IEEE 14 8l UPFC 1 79
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¢34 5.1 dauisuazvauiaavad UPFC 1%‘§$U‘U IEEE 14 1§

LIARITILUWIN

UNRRIIIBBUNTY
R, 0.00 X, 0.07 R,, 0.00 X, 0.07
shmax 1.10 Senmax | 0-10 somax | 0-60 S max 0.10
1374 5.2 Tayanievedzuy IEEE 14 U
AL TIAULIE
LS Vv L Vv
1 1.0599 4 1.0187
Aamadlninia
1 P Q 1 P Q
3 -0.9419 0.0430 -0.0001 0.1699
9 -0.2949 -0.1659 10 -0.0899 -0.0581
13 -0.1351 -0.0580 14 -0.1490 -0.0500
Aamadnillna
s P Q Ag P Q
1-5 0.7591 0.0352 2-3 0.7321 0.0357
25 0.4180 0.0072 4-7 0.2760 -0.0966
4-9 0.1580 -0.0052 6-5 -0.4557 | -0.0823
6-11 0.0628 0.0367 6-12 0.2733 0.0104
7-9 0.2761 0.0531 8-7 -0.0002 0.1703
9-7 -0.2761 -0.0454 9-14 0.0760 0.0335
10-11 -0.0273 -0.0178 12-6 -0.2223 -0.0303
13-12 -0.1567 -0.0100 13-14 0.0746 0.0204
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@139 5.3 A193ILRZANUITI VA ILTIO R RA8AT WLS U WLAV Iwszuy IEEE 14
Uafidl UPFC 1 74

RULAY fiN939 WLS WLAV

1w v 6 v 0 v 0

1 1.0600 0.0000 1.0639 0.0000 1.0599 0.0000
2 1.0450 | -4.9956 | 1.0527 | -4.9994 | 1.0449 | -4.9969
3 1.0100 -12.7364 1.0201 -12.6267 1.0099 -12.7405
4 1.0188 | -10.3494 | 1.0314 | -10.3307 | 1.0186 | -10.3554
5 1.0202 | -8.8261 | 1.0270 | -8.7653 | 1.0201 | -8.8273
6 1.0700 -14.4517 1.0792 -14.3024 1.0698 -14.4559
7 1.0625 | -13.3397 | 1.0742 | -13.2505 | 1.0624 | -13.3456
8 1.0900 -13.3397 1.1014 -13.2519 1.0899 -13.3470
9 1.0574 -14.8889 1.0690 -14.7674 1.0573 -14.8951
10 1.0523 | -15.0969 | 1.0634 | -14.9622 | 1.0521 | -15.1032
11 1.0576 -14.9044 1.0677 -14.7581 1.0575 -14.9120
12 1.0932 | -13.1281 | 1.1030 | -13.0200 | 1.0931 | -13.1347
13 1.0583 | -14.5713 | 1.0682 | -14.4290 | 1.0581 | -14.5769
14 1.0398 -15.7417 1.0510 -15.5906 1.0397 -15.7479

1319 5.4 ﬂ'ﬁﬁﬁ?aLLazmﬂizmmmaaé’mﬂimugmaa UPFC luszuu IEEE 14 1igene33
WLS Ny WLAV

RO fN939 WLS WLAV
284 WARIDNE | WARIDNY | WARIDNY | WHARINY | WARIANY | WHAAIIY
UPFC YU auNIY YU auNIY VU aunN I
74 1.0709 0.1183 1.0801 0.1111 1.0707 0.1183
° -14.4950 45.0700 -14.3398 43.9997 -14.4993 45.0114
P -0.0124 0.0124 -0.0109 0.0109 -0.0124 0.0124
Q 0.0133 0.0262 0.0141 0.0224 0.0132 0.0262
S 0.0182 0.0290 0.0178 0.0249 0.0181 0.0290
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5.3.2 NN 2 LHanluaNAANIIANIRNA LIz UY IEEE 14 18

°ﬁayavl,aiaﬁ'ﬂazLﬁmnﬂmwmwiawaoLﬂ'%'aaﬁai’w%amnmi%‘ami
TadpsB9an9v lF NI e TauRansaegnn Lilenasaulsz @t waes
E%ﬂﬂsﬁﬁuaumﬁaﬁﬁayaﬁ%ﬁ Taomstaswaiasnunsuasingsninluig 0-14 uas
sl ilnans P uaz Q lufs 9-7 gﬂﬁ' 5.2 uaz 5.3 ugeanadduysallosiduduas
mmﬁ@wm@lumiﬂszmm@iwm@Lmz&;uLWaLfiaﬁiTa;gaszjﬁ’Lmzuu asfuinisnsh
#IL8UD WLAV "L@Tﬁmauﬁﬁmmmﬁ@wm@ﬁaUﬂdnﬁv’aﬁwmml,a:gm,%la lagfl

Ll]?Ji;l,‘cﬁu@?llE]Gﬂ’]iﬂ’l’]&lﬁ@]wa"l@ﬁlad(;hLL‘iJSﬂ’HJQ%J"l]EIG UPFC LLﬁ@dl%@ﬂTﬁ 5.5

3
25 [ 00." .....'n---.-7
& g .
— 2r S WLS  «~ 7
=
Q
< 1.5¢ 3 ]
£ s
&
s Iy o 1
E '.; ....... o
0.5¢ ]
WLAV
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14

31 5.2 Mduysaldefifudanuiiananavasswausiauluszuy IEEE 14 ta (n3di 2)

15

12.5¢ i i |
: 1 WLS

Tne

~ —_
[ (=)
I I

Phase Angle [%]
4

N
(94
I

.
e * Q
L . 5
g ., ’
N o & LA
. @
e

*

I 2 3 4 5 6 7 8 9 10 11 12 13 14

31 5.3 @hé‘wyifﬁmai%m?mmﬁ@wmmaa&;mﬂmaumﬁuimzuu IEEE 14 UR

(NTEA 2)
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a9 5.5 WefiFudanuiananavasdiudsaiuguluszuy IEEE 14 Ua (ndidl 2)

‘O WLS WLAV
U LARIDNY | LRRITNE | WARIDNE | WARITNE

UPFC WU ANy AU annIy
%4 -2.1384 | -0.2536 0.0187 0.0000
0 | 44139 | 15864 | -0.0290 | 0.1340
P 6.4516 6.4516 0.0000 0.0000
Q 6.0150 10.6870 0.0000 0.0000
S 6.2178 9.8970 0.0000 0.0000

5.3.3 N3l 3 52UU IEEE 118 {jaiisl UPFC 1 %@

Tunydids

waa A o o Aa i Aa
LL&@Gﬂ’ﬁl‘ﬁ’Jﬁﬂ’]iﬂi:ﬂJ’]mﬂﬂ‘ﬂu’lLﬁ%@ﬂﬂizuuﬂumuﬂﬂl‘ﬁmﬂu

UPFC 1 176 Tag'la¥inmadfin UPFC 1w 1 g niuITuY IEEE 118 SRS mIn

118 1iLaz 186 N4 lau@aas UPFC 19133131979 17-18 MR 17 1379 5.6 agﬂméh

wisuaztasnneuas UPFC lagannia lelsenauals w3iaw 13 a1 fadiniae 138 60

o ' ' s . o
LLE\]Zﬂ']E‘NVLWWWVL'ﬂE] 172 @1 179 5.7 ueedmUszunaamuzuad UPFC G9a1aiuils

amuzﬁ"l,@i”ﬁ'da%ilumaﬁﬁhﬁ'ﬂ UNINIoalauaIinad IHNASITE RIS ULREITILLTIA

Jawilnseud P, +P_=0
uU

A719 5.6 udTuazvauiavad UPFC luszuy IEEE 118 Tafiil UPFC $1wiw 4 79

(@nunlumsnuihduresfids ana. usz an. lddududesiudniaualy)

o LARIIY
AN DB
au‘,nsw
R, | 000 | R, | 0.00
X, | 005 | X, | 0.05
sh,max 1 10 se,max 060
sh,max 035 se,max 035
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@3N 5.7 ﬂ'w’%aLLazmﬂizmm‘*ﬂaaﬁmﬂimuqmad UPFC luszuu IEEE 118 1geny
35 WLS fi WLAV (n3difi 3)

RDUE AN939 WLS WLAV

PN | WARIY | WREIY | WARIINY | WRAIINY | WARIY | WKAEIIY
UPFC | 1uw% ANy YU aun Iy AU aunIy
74 0.9817 0.1451 1.0170 0.1468 0.9839 0.1453

’ 11.8561 69.8285 11.7058 69.3563 11.8428 69.6687

P -0.0038 0.0038 -0.0059 0.0059 -0.0044 0.0044
Q -0.0913 0.2104 -0.1013 0.2042 -0.0918 0.2100

S 0.0914 0.2104 0.1015 0.2043 0.0919 0.2100

5.3.4 N3 4 52UL IEEE 118 17aiisl UPFC $1%2% 4 70

TuszuulWihmasndawalngensszlgdninl FACTS $uiunansgaiiva

1 o L 1 Y ¢§ | o [
apqumimslawhaslWihlumeasinih - Senvsandudymlummndiasuduaas
dl Y o 0/ n:lld A v J dl ada 1 n:l.
Tuunena [8] WasandasnanianyldBaiduannis iNanagauitnmsdszanmen

YLEBeT IR TINLAY UPFC $1u7% 4 q@L%VLﬂlmxuu IEEE 118 18 lapdaas UPFC

Sait
q‘mﬁ 1 fanadnlUine 17-18 Tasdaasiiia 17
q@ﬁ 2 fanain A 66-67 lap@ansniia 66
q@ﬁ 3 fiaaainlufine 89-00 Tapfineadisia 89

] v v

507 4 facadlURA 100-104 lasdaasiitia 100

q

AU IR DINNAUDILAFIIN ﬂ"umuuaumﬁiaﬁhﬂagmw aJueaz UPFC &
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AUTuAEITUALNIGA 3 F1a1397 4.5 lapwuefidudsidadyuesmosslnihamnsy
mItzinasausaunsomidinsuy  IEEE 118 faneigu  silldanmsia
Uaznaudmisussan 13 d1 Madinihda 138 duaziiadlwillva 184 d1 @119 5.8
uERINAMILTzNIATes UPFC 113 4 70 ﬁ]:Lﬁu’hmﬁvl@Tagjilumamwﬁﬁmmé‘uﬁu
nadfiud é’affummsna‘gﬂvl,@}"’jﬁ‘%m‘sﬁﬁﬁLauammsalﬂm:uwm@lmﬁﬁ UPFC
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1319 5.8 mﬂszmm"uaaéhLLﬂimuqmaa UPFC luszuu IEEE 118 17a@283% WLAV

(NTEN 4)
a0 UPFC 1 (7917-18) UPFC 2 (v 66-67)
U3 LARIIE LARIIY LARIIY LARIDNE
UPFC YU aunIw YU aunIw
74 0.9827 0.1451 1.0490 0.1242
90 11.8027 69.6954 27.3555 80.6257
P -0.0041 0.0041 -0.0182 0.0182
Q -0.0916 0.2101 -0.0359 0.1048
S 0.0917 0.2101 0.0402 0.1064
AU UPFC 3 (719 89-90) UPFC 4 (719 100-104)
DY LARIIE WAEIAE WREINE LAEIINE
UPFC WU aunI UUI aunIw
4 1.0099 0.1041 1.0186 0.0977
(90 45.1203 116.5847 25.5780 63.1217
P -0.0944 0.0944 -0.0287 0.0287
Q 0.0857 0.2092 0.0198 0.0695
S 0.1275 0.2295 0.0349 0.0752

NanILUSuUAsULTERNT AW adaaﬁ%mi"lﬁagﬂumﬁdﬁ 5.9 lag lavinn1Imn

AaNuRanaalads (Mean square error (MSE)) TB&“B%’]@LL&z&IqNLWﬁ“lIE]&‘EzU‘]JVLWW’ILLaz

1 1 Y o o 1 g o v a
LRI VRd UPFC azLﬁu"lmawawuauiaulunﬁsﬂﬁu’;mﬁmmnmulumimmmmm"ﬁ'

& a 1 1 v o v ol‘
WLAV §535ms WLAV hifidgwlumsgihlumamdieey  winssnansdiil UPFC

mw*’q@lmzuu Taga1atAiaannIn i sving1ww g TasnulaniTawauasn waas

LABINAIANNAANAIARRLUAITT WLAV Hedadilatfaunuds WLS  alaanalien

anunudanudagannidnanltlvmsdiwins iwnzaansoaananlglung

o v Aad U
fwrmarasmsldsuntyla
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WLS WLAV
IUINIAY VIR IUINIAY VIR
i Y Tuns CPU MSE luns CPU
AU Aw) AWITH Awh)
1 | 42x10” 13 275 | 1.2x10" 13 2.85
2 | 3.7x10" 14 293 | 15x10” 13 2.85
3 3.2><'10-1 11 135.28 1.3><10-3 30 383.62
4 | 36x10" 15 186.47 | 4.3x10" 33 42472
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UNN 6
1 ) [ H ' a
msﬂszmmmam%wao‘szuu‘lﬂﬁﬂmaaﬁﬁqﬂmm FACTS 2895

Predictor-Corrector Interior Point

6.1 UNI
luunitazndnidindznadianiusluszuyinidiidsngdnol FACTS
nane grilausziwiunaisga lasadnynl FACTS azluaalasmisldyuyasuinvasin
Sanasuazluieaunsdiing hasanlumsmuwimas R TanwauamM I uIaInuLls
AIUANVaIgUNTal FACTS UazuiIaulw szl Tyrmadszanmandudginn lada
v dae o o g ' X ad . . .
wwunldadnnaveuiwe luunitazna1afe3snng Predictor-Corrector  Interior  Point

[48],[49] lagasynmaSouifsununanulssfmwanluunainy [8]

6.2 Tmﬂaqﬂmmf FACTS d1%Sun1sUssunmaanine

luﬁ'ﬁaf:ﬁ]zﬁmim’]ﬁﬂwL@aluaﬂnzmé‘waaqﬂmfﬁ FACTS uazangad Wi
Tunsdszinudanue lasluesvasmosiazlisauyaduuy © mMaslniaiuas
Suamwiildansiniiaarduendale gugmmuﬁamﬂuﬁaLLﬂiamu:ﬁm%'uﬁv'a Static
Var Compensator (SVC) wae Thyristor Controlled Series Compensator (TCSC) mmzﬁl
wwasinsrwulazaunsuLludzanmanuses  UPFC uaﬂmﬂﬁ?mmﬁuﬂ'auazgu
wavasnssaudmiuainysaanuswasszuy MR

6.2.1 luLAa Static Var Compensator (SVC)

SVC mmsmmuvlﬁ@ﬁUmm%ma%mﬁué‘amﬁmﬁﬁﬁﬁmsmuqﬂ@U’L‘*ﬁ”lw'%a
W3 [50],[51] uaasaugaﬁﬁmmﬁ%é’nmaa svC ﬁLﬂu"lﬂmuﬁaﬁ%'umaayu"gmmumaa

VLV]%&L@@%LL@@G@%’JI%gﬂﬁ 6.1 I@ﬂﬂ%mmlugﬂ‘ﬁ 6.1 AANURNBAITE

o ﬁE] HN?@]“E%’]%?JQG%Y]%GL@E]%
A G- [ a 6
Xc A ANLaALABIUBIALNTIeDT
A | A I3 o = o
XL A8 ANILLDALLAUNVDIAILAUIIUN
A A [ v
XT A ANILDALLAWYIVDINNBLURY

A [ L ed o .
A0 ULNABURIWRLTDINUR |

<

A a e o |
AANTLULRAALNRLTDINUR i

~

¥ un o 1o v [ v
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Eﬂﬁ 6.1 ’Jaaiaugaﬁmaa SVC @83 uNURN oA

[

o & A 6 a & Qs = v dql
AIBUANILDALAUDVDI SVC mmsnL°uU%Lﬂuaummammwua&lwuﬁf"l,ﬂ %
XCXL

Xsve (9) =~ :
7C(2(7r—5)+sin25)—xl_

v

ANuLanLaRSUaY SVC NTntawaalladdn lar881u1snguns Laaddh
A% AR WA I UANTNATENGAAI SVC ’IUIDLT LN LA ee)
2
Q =-BV~,
a

lasf B =-1/X,.
da3navas SVC Narsnaidn llunstszanmaianiuzfe

B <B <B

i,min i,max >

5, <5<5,,..

6.2.2 luaa Thyristor Controlled Series Compensator (TCSC)

(6.1)

E']_]ﬁ 6.2 LLa@aaaa‘saugaﬁmaa TCSC \NaTaLTFH I@]ﬂ TCSC dsznavaas

mm%maﬁ’mmuﬁ'uéhmﬁmﬁwﬁmugwhm"lqn'%amai’ TagaIuaauLawsuad TCSC 7

L‘T;Iu"l,ﬂ@nwﬂdﬁﬁmad&;uqmmumaﬂﬂ’%mma%ﬁmmé‘wﬁufﬁdﬁ [52]
Xtese (0) = —X¢ +K; (2(ﬂ—5)+sin(2(7z—5)))

—K, cos’ (7z—5){wtan(w(ﬂ—é))—tan(ﬁ—ﬁ)},

Tovfl @ =0/ @, =1/JJLC w=2rf
Xc + X 4X}
X o = Xc XL K, = ct?ic K, =—~LC
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-

I
vl |
X
(@]
—— ,_.<l

VJ'
|
!

]
| I
Y2

YooY,

31]“71 6.2 Nasaugaﬁ"uaa TCSC @iamggmuﬁ'uawda

v

NNIUN 6.2 nzumwsma TN lnarIung it waz jt MunIadisua IR ldead

_ Yrese ((Vl +Y, )\7| —\71\71')
it =

A A (6.7)
Yrcsc +Yi +Y,

Y Y Y )V =YV )
Y ) ((Y i)v:'w;l iy, ©.8)

1o Y. =1/iXTesc(0) uduaaiauauduns TCSC ainuenmas ininGataun

Inamung it uazhe j-t sunsaonunulaaie

L, .,
Sit =Vi Iit LR Sjt =VJ I jt - (6.9)

dadnavas TCSC Narnnudn ldlwmsdszunmananiusfa

X S XTCSC S XTCSC,max (610)

<l

TCSC,min — < I

TCSC,min
I TCSC — "TCSC,max (611)
loofl lrese AorwavaInszusmwaimainlvanin TCSC uanaNuuNIaTUINYAI N

38 1@asuay TCSC a:ﬁaﬂﬁaglumoﬁﬁﬂmﬂﬁﬁasl

6.2.3 luLAawa9 Unified Power Flow Controller (UPFC)

UPFC ﬂizﬂaué”smauna§L@aimﬁumgmmmwmuﬁL%au@iaﬁua’mda"LW%
é'i'%ammmmuQuﬂﬁivl,ﬁaﬁﬁé'a"LWW’m%oLm:ﬁﬁé’ﬂﬂﬂﬁu@mw"lﬁaﬂﬁ35a33[53]-[56] e
suy@ld UPFC  vhnulutsdnuazenugnidolunauefiaaiiidiasuin 2993

ﬁ&l%]ﬂﬂ“’lla\‘i UPFC @iﬂL%ﬂ&JﬁUﬁ’]ﬂﬁﬂWﬂ’]ﬁdLtaﬂdlugﬂﬁ 6.3 IG]E]I&JL@]S“IIQG&’]EI@GL?J%LLUU

T
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gﬂﬁ 6.3 ’Naiam&aﬁ UPFC @attnnusnass Wi

e 9lugUn 6.3 Tanuninueal
Vi, V, uae V, Assiaasussaulaiits i U j uas UR t aadau

Vy, Uz V,, AalWaImaiusiaulaunaiinsswmuiazayniy audau

S|

lo UAZ T, ABNTZUMWRITASUDILAEITIIVIIULAZOUNTN AU

Yo UAZ Y, AaLnlauautuaunaiinsumwiazany mudau

S|

Y, Uz Y, fauaalauauduuwuiazauningadmuss audau

P

S|

NI URNRLTD SV ILRBITI BV W IBLALEIAURINITNETLN Uqﬁﬁdﬁ

UHAWAELTaSNLE ¢ (V,) Danuaunnwsadh
Ve (Vi +Vee )+ YV

t Yoo + Y1 +Y,

[

ATTUENEL TSV IUREIIN BTUIWLRSBRNTY HauFUN TR

lsh = Yen (Vsh _Vi) :
lse =Vee (Vi +Vee _Vt) ,
&l 1 a . . =) s o ¢ o ;{
NszURNRLTSN ARKIWNG it WaS j-f AANUFUNKTAIH
lip = lse = lsn,
T =Y (Vi Ve )+ YV, .
G9% Had AT ITaun lar 1N i-t ez jt IS uU laaIR
=~ —x .
S ilit =R+ 1Q
= - =% .
ilit =Py +1Qj.

it =V
Sjt :V
ﬁ1501WW1L%G%a%LaW@TV!@T?NLmﬁi\‘lﬁhU“IJ%’]%LL@Z@%T]‘J&JN’W’]?DL%U%vLﬁﬁdﬁ

v

(@nunlumsnuihduresfids ana. usz an. lddududesiudniaualy)

o BRZ P, ﬁadwﬁwé’a"l%lﬁw‘%aLmﬁvg@mammiaaiwmmmmzmgmu MUS1AL

(6.12)

(6.13)

(6.14)

(6.15)
(6.16)

(6.17)
(6.18)
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SAsh = Ash r:h =Py + JQqn, (6.19)
SAse :Vse Ije =Py + Qs . (6.20)
Fasnavas UPFC farstndnluluaunsmsyszanmannusiiasi

Jadnamassineinad wWinase: P, +P,=0. (6.21)
TodnasuLWEUwIw: Oy i < Oy <O o (6.22)
TednayuwaaynIy: Onin <O <O (6.23)
PAINNAUTIA WY W Vi <Var Vi e - (6.24)
ToINAUTIAUBLNIA: Vo min <Vie Vi e - (6.25)

6.3 n133ajduuvasyrInIsUszAN A IME

]
>

lunad Jidnu aurevesusiduizazdasadlusenivandiialy iheilasiu
qﬂﬂmf LASINELEDETNINLIIA RIS UL WA T1anIaunIIangInIInIad1nin

U
v

YAULAANTNRUA qﬂmtﬁé’mamuwﬂﬂaﬁuaanmns:uu"LWWw é’aﬁfumaumgoqma:
maume‘hqmaoLLsaﬁuﬂ'ﬁﬂ’nVL@”%'umsﬁmsmﬁLflu"uaum@mao*’fl’aa"’lﬁ'@ LazLihadan
A o A ' ° A o o o o A o
Lmammauaummmmya@mmmaamiaomLLazmmmﬂmﬂgwaawwﬂszmm"l,@
o A o A =< o o g PR A o w v &
@28 LeIasdaRRandvarIu M luszuunisiadas uanmnugwumsmmaﬂﬂﬂwLﬁJu

6 - . L s a Y & d' (% A d' d' (% A
fiug (zero-injection power) dnlasumstnsanldiiualasiaaiion SonTasiaiaion
= S

v A 4' o o 0 £ 1 n%’ dl o v
wmantaznaldmiadewlsdiausunwludywninsdszanmen mum@;mmmamml‘ﬂ
TrmIdszunmaaniuzasszuunialniol FACTS wanauias uynidaw et

@ q

Minimize ;rT R_lr,

Subject to g(x)= (6.26)

d' A [ 1 d' v d' >
logn z Ao LnasuadAn ldaniaIasia
A & o A o !
X A9 1INeaaIfLLIRD U NAaINTUITAN WA
r fla neasanane (residue vector)
R Ao LAINDANAINNLANEUIIN (covariance matrix)

h(x) @8 WarnTuliBaau

=S dl o o A v . . .
gx)  @e WenlviiauludiTaduann1w (equality nonlinear constraint)

A A o o Y ' . . . .
w(x) @d WoulatsaulaBadu laiaunan (inequality nonlinear constraint)

Wi, W8E Winae 718 VOULYAGFALZVIVLVAFIFAVDI W(X)

] Y

dyminailiinanzigaluaunisn 6.26) smansnudaslddsdymauyaldaad

¥ un o 1o v [ v
(@nuinlumsnuiiduresfids ana. waz am. ldndudesiudisauall)  %u 66



Foiaofi RMU4980015

Minimize ;rT R_lr,

r-z+h(x)=0,
Subject to g(x)=0, (6.27)

Tawdi F(X) = {Wmin—W(X)}

W(X)—Wmax
I@]&lﬂﬂﬁLﬂ&lL’)ﬂL@]agﬂﬂdﬁ’JLLl]i S Z 0 a\‘ilulﬁE]%VL“lleliﬁ&lﬂ’]Wl%a&IﬂTiﬁ (6.27) LLazLﬁﬂu

Wenguihunanelud devnannisi (6.27) smunsadowlnalendu

U B, | p
Minimize 5r R™r—u) Ins,
i=1

r-z+h(x)=0,
Subject to g(x) =0, (6.28)
f(X)+s=0,
Togfl s fa s il ith
p A8 IWIBUDIVDY f(x)

4 A8 AwdIvINanu %wzgﬁwqﬂu&ﬁﬂﬁﬁmau
Beunsridu Lagrangian vastfamluaunnsi (6.28) e
1 - p
£=ErTR lr—,uZ:lnsi —lT[f (X)+S]—pTg(X)—7rT [r—z+h(x)]. (6.29)
i=l1

uazleidenly Karush-Kuhn-Tucker (KKT) fa

0=pe+As (6.30)
0=f(x)+s (6.31)
0=g(x) (6.32)
0=r-z+h(x) (6.33)
0=r—-Rx (6.34)
0=F'1+G p+H"x (6.35)

Toofl A= diag(A) fe wesnSuwmussfitsundnuwimusain 2
e=,.,1"
F G uaz H fa wasngalaidaunad f(x) gix) waz h(x) MNEIaU
NI (6.30) thasan S=0 uaz >0 2ldir A <0

T3l r = Rz uaz s=—f (x) assuannfi (6.30) i3 (6.35) aansnidoulnaldidu

¥ un o 1o v [ v
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Af (X)— e

904 =0. (6.36)
Rz—z+h(x) :

FTA+G p+H 7

6.4 3513l mAIEn N

lunsdszanaaausiiamdn 4, o,z waz x Mduldanudewlaluaunis (6.36)
waztadnaninuaasluaums (6.27) luiitadiaznansan 2 33 lagdtusnazldnanms
Primal-Dual Interior Point Algorithm [48] fuidNwesarldnannis Predictor-Corrector
Interior Point Algorithm [48]-[49]

6.4.1 Primal-Dual Interior Point Method (PDIP)

o @ Kk P A o o o =]

fnualid x = x* +Ax lasfl k A saumIvhdn wazlaomIyszanasuaunite

284 f(x) g(x) waz h(x) a=la

F(X)= £ (X)+ Fax (6.37)
g(x)~g (xk)+GAx (6.38)
h(x) = h(x*)+Hax (6.39)
Gowly KKT lusunish (6.36) sansndanlnaldiln

D, 0 0 AF][A e

0 0 0 Gl p| |-9(x

0 0 R HI| 7| |z=hx) (6.40)
FT G" H™ o0 | ax 0

o . k . k
aammﬂ/\f(x )ZDV1 lag D, =diag(f")
faaunlaaunanaunsn (6.40) ldifadwimmfanmsmadfouudasvesi p =

uaz x lagdlusauna luasarudsinaidiuiolaain

A4 = gk +a(/1—/1") (6.41)
P = p* +a(p-p¥) (6.42)
4 = gk +a(7z—7zk) (6.43)
XK = X + aAx (6.44)

é U { v K [l o {
lay ae(0,1] GidasaRanNalwandsi o 7 uwar X mmaglumamwm@auﬁ
Wwldle fasunsdvwimm @ nIdsuaidsannens LLazﬁau"l"uqumaﬁ%‘ PDIP
Wi fuwmlamaaunIN (6.48) B9 (6.52) T9azaTuneluriadadaly
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6.4.2 Predictor-Corrector Interior Point Method (PCIP)
lunfezltinafia predictor-corrector 1w [48]-[49] iNaurdawlusun1in (6.36)

fnuald A~ A +A4 PR pk +Ap uay TR * + A lasgumsh (6.40) sW1IN

doulnallandu
D, 0 0 AF]|[AZ AF(X) | [AAAS— e
0 0 0 Glap| | -g(x) 0
0 0 R H|Az| |z-hx") 0
FT'G" H' 0 || Ax ¢" 0

v s

v oulvnszauleeait

AAy = —b, —b, (6.45)
Tagf ¢ = FTA*+G"p* + H 7" uaz As = FAX
iasan b, liaansanmudle e e Ay, dasdrzanalasltinefia predictor-
corrector

AAY, =—b (6.46)
A, waz AXy Aleanan Ay, 5 Aadon oy ot A<0 uar S=0 doan b,
mansndsznadldloomsls AX = g, AX, uar AL = AL, awiw AY a2ldanan
msutaun1sh (6.45) Goldanszanmaas b,

daauntauna ldazwilaann

yE = yK 4 oAy (6.47)
o A A o k+1 v AV v o A o
lay ac(0,1] dasiianinasnun Y Maglmauw@ﬂ@m@au LRZENANIDLRAN L6
laglongasi
sk
s =o-ming——"—:As; <0 (6.48)
m Am
I
a, =0-min{— ALl >0 4
=0 oing A, (649
a =min{1.0,d,,4, } (6.50)

lag o €(0,1) aa drasn Nalnilasmstszanman il lnsdvauavasdraauann
awAnly Tuauddvit O = 0.99995 wwwasnulu [57] lasanmmaseunuin d
Fudludaslfenuunanaas o udwin o ﬁ@hﬁaUﬁazﬁ’ﬂﬁﬂﬁg’iﬁ'}mﬁ’mauﬁ AN
o feraniiwldaorarnllyladiaeunmunz sy
[ g; 2 =1 [ 1 % 1 6 dl' Y o d'
dudsrninudesiimadiuatamingay wazasdhggudilalddneuinanzas lu

NuwItshardsuaudsynenulaslsitlu [57]

AT (x)
u=_ —p (6.51)

¥ un o 1o v [ v
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s é 1 ) gt ¥ o {
lau B(0,1) Aa dautsgudnats Tsdwnng 289 F aztisdiudymsdumdineu
dulUle wdazaaanudlumsgumdney dmivdnion g a9 o4 ailiudsameg

[NRIRf oL LL(?“i?J']ﬁ]ﬁ']lﬁLﬁ@ﬂ'ﬁLLﬂ'j\‘]"Dax‘]ﬁﬁ(ﬂall I@El'ﬂ’]ﬂﬂ’]i‘l’l@ﬁaUWU'j"l ,B ~0.05 32

slﬁmsgjLﬁmﬂﬁ’mauﬁm@L%éﬁﬁ%‘unﬂﬂifﬁﬁvlﬁmaau 1a ymiﬁvﬁwx%q@amﬁa

|ax], < e, (6.52)

4 A g
lap e, =107 @a MNMRUAT

6.5.HaN13918 D9

Twidaitasrinminaseulu 3 nsdufienaseunanmsfisiiaws AnuAanaa
LLmJLmﬁl,%zmﬁﬁmmﬁmmﬁ‘uquﬂﬁgﬂLﬁmﬁﬂﬂunmﬁaﬁ@ lagnanagoufl lean
fvniaua(PCIP) ¥nsSaufeuiuisnns Primal-dual interior point method (PDIP) il
3835 interior point method MviLawale [8] lagldvmadeuynitnsdsldsuny
MATLAB

§M3U35M3 PCIP uaz PDIP Smualdnsudulumswainidienen 9o

PWAUTIAUNANYINNY 1.0 LLathﬂ:‘lﬂJL%NﬁuL‘YhﬁU 0.0

YUIAVDILTINUIW VDY UPFC Jevinnu 1.0

PINAUTIAUDRNTHYES UPFC Hdyinniu 0.1

mmmg‘maum&iaaiwﬁv'aaawaa UPFC Hdwvinu 0.0°

YUIATUIUVDI SVC fawvinnu 135°

NYATUIUYDI TCSC fevinny 145°

1
Aa

kN
3
: v o -7 ° A ! -1 d S o
ANINGUVDINILYTVIINY (/,l) ﬂ']ﬂu@lﬁﬁﬂ”lfﬁdij@“ﬂadﬂ'] R Lﬁﬂﬁu@lﬂu’]ﬁuﬂ

g3 Twi R sLazinaNvaIanUsVNIN Ul IR Y Lagrangian

6.5.1 N8 1 33Uy IEEE 14 1id

Uy IEEE 14 1n vL@TgﬂﬁwmiiJ%”uLﬂ?izlw,ﬁal,ﬁuqﬂmfﬁ FACTS 1% SVC
TCSC waz UPFC Lﬁwvl,ﬂlmzuué'um@ﬂugﬂﬁ 6.4 1 3 e lasdnuaziduacait
sauusn Solasiaaanfuimas (Synchronous condenser) ATAWANLLAT 3 gmmu“?‘iﬁm
SVC dwiiges vmsiaas TCSC 1 ldsznineis 2-3 lasfamntananaay 2 uas
fuRay Fnsieas UPFC 19 ldsznines 6-12 9 luianansia 6
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A
TT 13
12 11 10
UPFC
6
L
~m
© 14l
[
[] [
TCSC
- 2 _F__ 3
A )
@ : Generators ® : Voltage measurement
© : Synchronous Condensers @ : Power injection measurement

B : Power flow measurement

gﬂﬁ 6.4 52UV IEEE 14 ﬁ'aﬁﬁmnﬂuqﬂmni FACTS

éhl,msmaoqﬂnstﬁ FACTS usaslue1319n 6.1 ﬁaé’uﬂm'ﬁwmmaumﬁmgau,az
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This paper addresses a state estimation problem of power systems incorporating various flexible alternat-
ing current transmission system (FACTS) devices. Static var compensators, thyristor controlled series
compensators, and unified power flow controllers are considered since they represent various kinds of
FACTS devices. By considering constraints of system buses and devices, the estimation problem can be

formulated as a nonlinear optimization with constraints. An algorithm based on predictor-corrector inte-
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rior point is applied to solve the problem. The IEEE 14- and 118-bus systems modified by incorporating
FACTS devices are used as test systems to verify and demonstrate the effectiveness of the proposed algo-
rithm. Numerical results indicate that the proposed algorithm performs better than the primal dual inte-
rior point based method even the presence of bad measurement data.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Flexible alternating current transmission systems (FACTS) con-
trollers have been increasingly employed in many power systems,
since they can control the power flow and enhance the utilization
of the power transfer capability as well as improve the security and
stability of a power system [1,2]. There are several types of FACTS
devices that may be integrated into power system [3] for examples
static var compensator (SVC), thyristor controlled series compen-
sator (TCSC), thyristor controlled phase-shifting transformer
(TCPST), and unified power flow controller (UPFC). Control vari-
ables of the FACTS devices should be optimally set in order to min-
imize loss [4]. Consequently, monitoring these devices and their
parameters is also becoming crucial for power system control.
Moreover, some parameters of FACTS devices may be difficult to
obtain directly, in these cases the technique of state estimation
can be used to verify control variables and equivalent parameters
of FACTS devices.

Some techniques for state estimation of power system with
FACTS devices have been proposed. In [5], a method based on Hop-
field neural network has been applied to the state estimation of
power system embedded with FACTS. Only results with a IEEE
14-bus system with only one UPFC have been reported. In [6],
power system with UPFC state estimation algorithm has been pro-
posed. In this method, the power injection model is employed and

* Corresponding author. Tel.: +66 53 944140; fax: +66 53 221485.
E-mail addresses: chawasak@hotmail.com (C. Rakpenthai), sutticha@doe1.eng.c-
mu.ac.th (S. Premrudeepreechacharn), sermsak@eng.cmu.ac.th (S. Uatrongjit).

0142-0615/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijepes.2008.10.010

the affect of UPFC on the power flow is transferred to the two
nodes of the corresponding transmission line. In [7], an improved
sequential method which uses matrix reduction to decouple the
power network, the FACTS devices, and multi-terminal DC system
has been proposed. The TCSC, the TCPST, and the UPFC are FACTS
devices incorporated into the power network. The method yields
a sequential solution without considering FACTS devices’ con-
straints. In [8] the state estimation of systems with FACTS devices
is formulated as nonlinear optimization with a set of equality and
inequality constraints. The optimization problem is then solved by
using a solution method based on the interior point (IP) method
[9]. But only UPFC model is considered in the state estimation.
Moreover, a scaling technique for improving matrix’s condition
number is required, due to the nature of ill conditioning problem
of the method when applied to large power systems with many
UPFCs.

This paper focuses on the problem of state estimation of sys-
tems containing multiple and multi-type FACTS devices. The FACTS
devices are modeled by using thyristor’s firing angle and voltage
source models. Since the operation limits of control variables of
FACTS devices and bus voltages are considered, the formulated
state estimation problem becomes a nonlinear optimization with
boundary constraints. The solution algorithm based on the predic-
tor—corrector IP [10,11] is proposed and compared with the meth-
od described in [8].

This paper is organized as follows. The steady-state models of
FACTS devices including transmission line w model for the state
estimation are explained in Section 2. The state estimation prob-
lem formulation of a system containing FACTS devices is given in

Electr Power Energ Syst (2008), doi:10.1016/j.ijepes.2008.10.010
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Section 3. The proposed algorithm for solving the problem is de-
scribed in Section 4. Numerical results from the modified IEEE test
systems are presented in Section 5.

2. FACTS devices model for system state estimation

In this section, the steady-state models of FACTS devices includ-
ing transmission line for state estimation are explained. The trans-
mission line is represented by 7 equivalent circuit. Real and
reactive power flows obtained from this part are considered as
the measurement values. Thyristor’s firing angle is also considered
as the state variable for both SVC and TCSC. While shunt and series
voltage sources are the estimated states of UPFC. In addition, bus
voltages and phase angles of system buses are considered as state
variables of power network.

2.1. Static var compensator

SVC can be considered as the combination of a capacitor and a
thyristor controlled reactor [12,13]. The fundamental frequency
SVC equivalent circuit as a function of the thyristor’s firing angle
is shown in Fig. 1. The quantities in Fig. 1 are defined as follows:

¢ is the firing angle of thyristor, X¢ is the reactance of capacitor,
X, is the reactance of inductor, Xy is the reactance of transformer, V;
is the bus voltage phasors at bus i, and T; is the injected current
phasors at bus i.

The effective reactance of SVC can be described as

XX

(2(m— ) +sin28) — X, M

Xsve(0) =5

Ac

T

And the equivalent reactance of SVC including transformer is gi-
ven by

Xi = X1 + Xsvc(9). (2)

Thus, the reactive power at the installed SVC bus can be written
as

Qi =-BV}, 3)

where B; = —1/X; and V; denotes the magnitude of \7,~.
The SVC’s constraints which should be added to the estimation
equations are as follows:

=i

lz
W,

L
M

N
XL

Fig. 1. Equivalent circuit of SVC.

X;

Bi,min < Bi < Bi,max: (4)
5min < 0 < 5max- (5)
Note that the subscript min and max are used to denote the

minimum and maximum values, i.e. the lower and the upper
bounds, of the corresponding quantities, respectively.

2.2. Thyristor controlled series compensator

Fig. 2 shows the equivalent circuit of TCSC compensated trans-
mission line. The TCSC consists of a capacitor in parallel with a thy-
ristor controlled reactor. The fundamental frequency TCSC
equivalent reactance as a function of the thyristor’s firing angle is
given by [14]

XTCSC((S) = —Xc+K; [2(7'[ — 5) + Sin(Z(TC — (3))]
— K; cos?(1t — d)[w tan(w(w — §)) — tan(m — J)], (6)

where @ = wy/w, o = 1/VLC,w is the fundamental frequency in
rad/s, and

_ Xc +Xic K> — 4X§c XcX1
2 TCXL XC 7X]_ ’

From Fig. 2 the current phasor through branch i-t and j-t can be
described as

K; Xie =

-

I, = YTCSC(EVI + ?E)Vz - Y4 Vj) ’ (7)
Yresc + Y1+ Y2
Y1 (Yy + Vo)V — Y1 V)
Yiese + Y1 + Y
where Yrese = 1/jX7esc(8) is the admittance of the TCSC. Therefore,

the complex power flow through branch i-t and j-t can be ex-
pressed as

Si=Vil, and S =Vl 9)

Lo =Yi(V; - V) + +Y,V;, (8)

The TCSC’s constraints which should be added to the estimation
equations are as follows:

Xresemin < Xtese(9) < Xresc,max, (10)

Irese.min < Ttese < Trescmax, (11)

where Itcsc is the magnitude of current phasor Ty through TCSC. In
addition, the TCSC thyristor’s firing angle must be kept within its
operating range.

2.3. Unified power flow controller

A UPFC consists of the series and the shunt voltage converters
connected to a transmission line which allows the independent
control of the real and the reactive power flows along the transmis-
sion line [15-18]. By assuming that the UPFC is operating normally
and that the losses in both converters are negligible, the equivalent

Fig. 2. Equivalent circuit of TCSC including transmission line.
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L Vi
1 I
%J I
Y,

Fig. 3. Equivalent circuit of UPFC including transmission line.

circuit of the UPFC, including the transmission line, is shown in
Fig. 3. The quantities in Fig. 3 are defined as follows:

V;,V;,and V; bus voltage phasors at bus i, j, and t, respectively

Vg, and Vg voltage phasors of the shunt and the series sources,

respectively

Iy, and I, current phasors of the shunt and the series sources,
respectively

Y4, and Ys admittance phasors of the shunt and the series sources,
respectively

Y; and Y, shunt and the series admittance phasors of transmission
line

Py, and Ps. real power outputs of the shunt and the series voltage
sources, respectively.

The voltage phasor at bus ¢, V., is described as
o Ve (Vit+ Vi) + Y1V,
7 _ se(ﬂ: dse) ] ].
Yse + Y] + YZ

The current phasors of the shunt and the series voltage sources

(12)

T = Yor (Vor = Vi), (13)
e = Vee (Vi + Ve = V). (14)

The current phasors flow through branch i-t and j-t can be ex-
pressed as

I = Le — I, (15)
o= Va(V) - V) + 110, (16)

Therefore, the complex power flow through branch i-t and j-t
can be described by

Sii = Vil;, = Py + jQs, (17)
Sic = Vil = P + Q.. (18)

The complex power outputs of the shunt and the series voltage
sources are given by

S:sh = Vshizh = Psh +stha (19)
S:se = Vseize = Pse +ste' (20)

The UPFC’s constraints which should be added to the estimation
equations are as follows:

Real power transfer constraint :
Shunt phase angle constraint :
Series phase angle constraint :
Shunt voltage constraint :
Series voltage constraint :

Psh + Pse = 07 ( )
Osnmin < Osh < Osnmax, (22)
Ose.min < Ose < Oge max, (23)
Virmin < Vi < Visnmaxs (24)
Vsemin < Ve < Viemax- (25)

3. Problem formulation

In practice, the voltage magnitudes of system buses have to be
kept within their limits in order to protect the equipments and
maintain the voltage stability of power system. If the magnitude
of bus voltage is higher or lower than its limit, a circuit breaker
should disconnect the bus from the system. Therefore, the upper
and lower limits of bus voltages should be also considered as
boundary constraints. In addition, since pseudo-measurements
can reduce the measurements and improve the estimated results,
these pseudo-measurements should be integrated in the measure-
ment system. The zero-injections usually are considered as the
pseudo-measurements. These measurements cause the equality
constraints into the estimation problem. As the results, the state
estimation problem of system with multi-type FACTS devices can
be formulated as the constrained weighted least square optimiza-
tion problem as

. . . 1 T 7]

Minimize jr R 'r,
r—z+h(x) =0, (26)
Subject to { g(x) =0,
Whin g W(X) S Whax,

where z is the vector of the measurements, i.e., the bus voltages,
flow powers and injected powers, x is the vector of the state vari-
ables such as the magnitude and phase angle of bus voltages, thyris-
tor’s firing angles of FACTS devices, the magnitude and phase angle
of voltage sources, r is the residue vector, R is the covariance matrix,
h(x) is the nonlinear function that relates the measurement vector
and the state variable vector, g(x) is the vector of the equality non-
linear constraints such as the zero-injections of buses and power
constraints of FACTS devices, w(x) is the vector of the inequality
nonlinear constraints such as the impedances, currents, powers
and thyristor’s firing angles of FACTS devices, and Wi, and Wpax
are the lower and the upper bounds of w(x), respectively.

And the superscript T denotes matrix transpose operation.

The optimization problem (26) can be converted to an equiva-
lent problem as follows:

Minimize %rTR’]r,
r—z+h(x)=0, (27)
Subject to ¢ g(x) =0,

fx) <0,

where

oo = |

Whin — W(X)
w(x) — Wmax:| '

By introducing the nonnegative slack variable vectors (s> 0)
into inequality constraints in (27) and incorporating the slack vari-
ables in the logarithmic barrier terms of the objective function.
Then (27) are transformed into

b
Minimize %rTR’]r — 1> Ins;,
i=1

r—z+h(x)=0, (28)
Subject to g(x) =0,

fx)+s=0,
where s; is the ith element of s, p is the number of rows of f{x), 1t > 0

is the barrier parameter. Its value is forced to decrease towards zero
as the iterations progress.
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The Lagrangian function of the problem (28) is then defined as

2 =1"R"r~ ,ui Ins; — AT[f(x) +s] — pTg(x)
i=1

(29)
—7'[r —z+ h(x)].
Karush-Kuhn-Tucker (KKT) conditions are given by

0 = ue+ s, (30)
0=f(x)+s, (31)
0=g(x), (32)
0=r—2z+h(x), (33)
0=r—Rm, (34)
0=F/+Gp+Hr, (35)

where A = diag(4) denotes a diagonal matrix whose diagonal ele-
ments are formed by 4 and e=[1,...,1]". Here, F, G, and H are the
Jacobian matrix of f(x), g(x), and h(x), respectively. From (30), since
s > 0and u >0, then 2 <0. Using r = R and s = —f(x) then (30)-
(35) can be written as a system of nonlinear equations as

Af (x) — pe
&)
Rm —z+h(x)
Fli+Gp+Hn

=0. (36)

4. State estimation algorithm

The problem of state estimation is to find 2, p, w, and x that sat-
isfies (36) and all constraints in (27). In this section, two types of
solution methods are considered. The first method is based on
the primal-dual interior point algorithm [10] while the other is
based on the predictor-corrector interior point algorithm [10,11].

4.1. Primal-dual interior point method (PDIP)
Let x = x* + Ax, where the superscript k denotes the value of

that quantity during the kth iteration. Then by using the first-order
approximation for f(x), g(x), and h(x) as

f(x) ~ f(x¥) + FAx, (37)
g(x) ~ g(x*) + GAx, (38)
h(x) ~ h(x*) + HAx, (39)
KKT conditions in (36) can be written as
D 0 0 AF)[ 4 ue
0 0 0 G —g(xk
0 0 R H g Tz —gf(n(x?‘) ‘ (40)

F' ¢" H o0 ]|Ax 0
Notice that Af (x¥) = Dy/ where Dy = diag(f*).
The solution obtained from (40) is used to compute the direc-

tion of changes in 4, p,  and x. The new values for next iteration
of these variables is computed by

Jert _ gk zx(). - i"), (41)
P =pk +a(p - pb), (42)
o = f 4 a(n - 1Y), (43)
XK = Xk 4 aAx. (44)

The step length « € (0, 1] is chosen such that all parameters re-
main in the feasible region. The step length computation, the
adjustment of barrier parameter and the stopping criterion of the
PDIP method are performed using (48)-(52) as explained in later
section.

4.2. Predictor-corrector interior point method (PCIP)

The predictor-corrector technique [10,11] is applied to solve
(36). Let i~ X+ AL p~pt+Ap, and 7~ 7k + Am. Then (40)
can be rewritten as

Df 0 0 AF|[AL Af(x%) AAAs — e
0 0 0 G||ap —g(x") 0
0 0 R HI||An| ~|z—h@y|~ 0
F'F-¢" H 0]l o~ 0

or compactly as
AAy = 7b1 — bz7 (45)

where ¢* = FT3* + G" p¥ + H'tkand As = FAx.

Since b, is not known in advance, it is approximated by using
the technique of predictor-corrector scheme. The affine step Ay,
is solved from

ANy, = —b. (46)

A, and Ax, obtained from Ay, are used to select the step length «,
such that 2 < 0and s > 0. Then b is estimated by using Ax = o, Ax,
and A/ = a,AZ,. The corrector step is then applied by solving for the
update direction Ay from (45) with the estimated value of b,. The
solution is updated to its next iteration value by

Yy = y* + oAy, (47)

where the step length o € (0, 1] is chosen to keep y**! in the feasible
region. This is done by using the following rules:

. . sk

ocs_o*-nrpm{—E.Asm<0}, (48)
/1k

& — - Mmi _lmo

=0 nrpm{ A Ny > 0}, (49)

o =min {1.0, &, &}, (50)

where ¢ € (0,1) is a constant to prevent the estimation from
approaching too close to the feasibility boundary. In this work,
o = 0.99995 as suggested in [19]. Based on numerical experiments,
it is noticed that the exact value of ¢ is not critical, but too small &
generally yields slow convergence, while too large ¢ may produce
infeasible solution.

The barrier parameter ¢ must be appropriately adjusted and it
should be close to zero while x approaches the solution. It should
be noted that the adjusting of u effects the convergence character-
istics of IP based methods. In this work, p is chosen according to
the average complementarity residual as [19]

| Af®
w-sfte] -

where f € (0,1) is the centering parameter. Large value of 8 im-
proves the feasibility of the solution, however it decreases the con-
vergence speed. While small value of g improves the convergence
speed, however it may cause constraints violation of the solution.
By numerical experiments, it is found that g ~ 0.05 gives fast con-
vergence under all test cases.

The iteration is terminated when

1AX], < &, (52)

where & = 10 is the typical value.

5. Numerical experiment results

In this section, three test cases are studied to evaluate the pro-
posed state estimation algorithm. In all tests, Gaussian errors with
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zero mean are added to all measurements. The state estimation
problems are solved by three solution methods, the proposed pre-
dictor-corrector IP based algorithm (PCIP) in Section 4.2, the pri-
mal-dual IP method (PDIP) in Section 4.1, and the IP based
method described in [8], to compare the effectiveness of the pro-
posed algorithms. The state estimation algorithms have been
implemented in MATLAB environment. All tests are performed on
a PC with Intel Celeron 2.2 GHz and 256 MB of RAM.

The initial values of the magnitudes and the phase angles of bus
voltages of the power system network are set to 1.0 and 0.0,
respectively. The magnitudes of shunt and series voltage sources
of UPFC are set to 1.0 and 0.1, respectively. The angles of both volt-
age sources of UPFC are set to 0.0°. The thyristor’s firing angles of
SVC and TCSC are set to 135° and 145°, respectively.

For PCIP and PDIP methods, the initial setting of barrier param-
eter u is set to the maximum value of R~! to balance the weight of
the objective function and the barrier logarithm terms in the
Lagrangian function.

5.1. Case 1: IEEE 14-bus system

The IEEE 14-bus system modified by incorporating multi-type
FACTS devices (i.e., SVC, TCSC and UPFC) is shown in Fig. 4. A syn-
chronous condenser at bus no. 3 is represented by SVC. One TCSC is
installed on branch 2-3 at bus no. 2. One UPFC is installed on
branch 6-12 at bus no. 6.

Parameters of the FACTS devices are given in Table 1. Note that
the upper and the lower bounds of estimated states are the maxi-
mum and the minimum values, respectively. The upper and lower
bound of bus voltages are 1.10 and 0.90, respectively. The upper
and lower bound of phase angles of bus voltages and UPFC’s volt-
age sources are equal to 180° and —180°, respectively. The zero-in-
jected powers (P&Q) at bus no. 7 are also considered as the equality
constraints.

With the proposed PCIP method, the estimated states of FACTS
devices are summarized in Table 2. It can be seen that FACTS de-
vices’ control variable states are within their bounds and also all
constraints are satisfied. Fig. 5 shows the convergence comparison
of three methods for the IEEE 14-bus case. It can be seen that all
methods converge to the solution with similar value of the objec-

12 11 10

®
R6)
.;

TCSC

@ : Generators ® : Voltage measurement

© : Synchronous Condensers @ : Power injection measurement

B : Power flow measurement

Fig. 4. The IEEE 14-bus system with FACTS devices.

Table 1

Parameters of FACTS devices.

SvC o Bsvc Xc Xt Xr
Max 180 1.0 1.0 1.0 0.0
Min 90 0.0

TCSC o Xtesc Xc Xt

Max 180 —0.008 0.008 0.0014

Min 142.7 —0.270

UPFC Vi Ve Bsp, Bse

Max 1.10 0.60 -50 -50

Min 0.90 0.00

Table 2

Estimated values of FACTS devices in IEEE 14-bus system.

State svc TCSC UPFC

Shunt source Series source

14 1.0690 0.1935
0° —22.07 46.09
P —0.0251 0.0251
Q —0.0519 0.1187
o° 99.66 144.31
Bsvc 0.213
Xrese -0.050
2
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Fig. 5. Convergence comparison of the IEEE 14-bus system.

tive function. The objective functions obtained from the PCIP and
PDIP methods are rapidly decreased after a few iterations. The pro-
posed PCIP method gives the best convergence and requires the
smallest number of iterations.
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5.2. Case 2: effect of bad data

Some errors of measurements, parameters, and topology may
make the state estimator fail due to large residuals produced by
these errors. In this case, the effect of single measurement error
on Case 1 is tested. The measurement error is simulated by chang-
ing the sign of the real power flow measurement on branch 2-5
from positive to negative value.

After the proposed PCIP and PDIP algorithms have been applied,
the measurement is identified as a bad measurement due to its
normalized residual higher than threshold value. Fig. 6 compares
the convergence of all methods for this case. It is found that the
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Fig. 6. Convergence comparison of the IEEE 14-bus system with a bad
measurement.
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Fig. 7. Convergence comparison of the IEEE 118-bus system.

Table 3

Average CPU time.

Case PCIP (s) PDIP (s) Paper [8] (s)
1 291 341 4.85

2 5.73 6.35 Not converge
3 14.92 17.39 Not converge

method [8] fails to reach an acceptable solution for this test case.
The PCIP method has the superior convergence than the PDIP
method.

5.3. Case 3: IEEE 118-bus system

A large power system may include several FACTS devices in or-
der to control the power transfer on the transmission lines. To test
the performance of the proposed algorithm under this condition,
seven SVCs, three TCSCs, and four UPFCs are added to the IEEE
118-bus system. The SVCs are installed as the synchronous con-
densers at bus no. 15, 40, 77, 92, 112, 113 and 116, respectively.
The TCSCs are installed on branch 23-32 at bus no. 23, 44-43 at
bus no. 44, and 85-83 at bus no. 85, respectively. The UPFCs are in-
stalled on branch 17-18 at bus no. 17, 66-67 at bus no. 66, 89-90
at bus no. 89 and 100-104 at bus no. 100, respectively. The mea-
surement set consists of 26 voltages, 32 injections, and 190 flow
measurements. Parameters and constraints of these FACTS devices
are the same as in Table 1. The zero-injected powers (P&Q) at bus
no. 5, 9, 30, 37, 38, 63, 64, 68, 71, and 81 are also considered as the
equality constraints.

Fig. 7 shows the convergence comparison of three methods for
the IEEE 118-bus case. It can be seen that the PCIP method gives
fast convergence and requires smallest number of iterations. The
method [8] fails to obtain the solution for this test case.

Table 3 shows the average computational time of all methods.
Although the PCIP method needs to solve a linear system of equa-
tions twice in order to find the predictor step and the corrector
step per iteration, the overall computation time is still less than
the PDIP method’s.

6. Conclusion

In this paper, the formulation of the constrained nonlinear opti-
mization for the state estimation of power systems with multi-
type FACTS devices is given. The algorithm based on predictor-cor-
rector IP (PCIP) method to solve the state estimation problem has
been proposed. Numerical results on the IEEE 14-bus and 118-
bus systems with FACTS devices show that the proposed method
performs better than the IP based method in [8] in many test cases,
especially in term of the computational time. However, as with
many IP based methods, some parameters of the proposed method,
such as the barrier parameter, should be appropriately adjusted in
order to give the good performances. Nevertheless, the proposed
approach shows a potential to solve a large power system integrat-
ing multi-type FACTS devices estimation problem even the pres-
ence of bad measurement data.
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Abstract

This paper presents a robust state estimator for power system containing unified power flow controller. The
estimation problem is formulated as an optimization problem using weighted least absolute value criteria, with a set
of equality and inequality constraints. The interior point optimization method is applied to primal and dual
formulation in order to solve this problem. Some details of the algorithm, i.e. initialization, step size selection, are
also described. The modified IEEE 14-and 118-bus systems are used to demonstrate the effectiveness of the
proposed algorithm. The simulation results indicate that the method yields a good state estimate of the system states

for a large scale power system with many UPFCs.

Keywords: Flexible ac transmission system devices, Interior point method, State estimation, Unified power flow

controllers.

1. Introduction

Flexible ac transmission systems (FACTS) controllers are used increasingly in many power systems, since they
can control the power flow, and hence enhance the utilization of the power transfer capability, as well as improve
the security and stability of a power system [1,2]. Consequently, monitoring these devices and their parameters is
also becoming crucial for power system control. There are several types of FACTS devices such as thyristor
controlled series compensation (TCSC), thyristor controlled phase-shifting transformer (TCPST), and unified power
flow controller (UPFC) [3]. A UPFC consists of the series and the shunt voltage converters connected to a

transmission line which allows the independent control of the real and the reactive power flows along the line [4].



In order to estimate the state of the power system containing FACTS devices, the measurement equation
associated with both the power network and FACTS devices are formulated as a nonlinear optimization problem.
The state variables are then obtained by an iterative method. In [5], an improved sequential method which uses
matrix reduction to decouple the power network, the TCSC, the TCPST, and the UPFC, thereby allowing a
sequential solution, has been proposed. However, the constraints of these devices are not considered. In [6], the
UPFC’s constraints are included, the state estimation problem becomes the nonlinear weighted least square (WLS)
optimization with a set of equality and inequality constraints. This optimization problem is then solved by using a
solution method based on the interior point method [7]. In these publications the state estimation is performed using
the voltage magnitudes, the real and reactive power, as measurement values. Therefore, the mathematical model of
the system, including UPFCs, is formulated based on real and reactive power measurements.

WLS state estimation has been widely used in the past for power system state estimation [8]. Although, it
provides a fast solution, it is not robust in the presence of the bad measurements. One criterion called the weighted
least absolute value (WLAV) can be used to improve the robustness [9]. The WLAYV estimator is able to reject the
bad measurements as long as these are not leverage points [10,11]. Recently the application of the interior point
method for WLAV state estimation of the conventional power system has been presented [12-14].

In this paper, we propose a method for solving the state estimation problem of power system containing UPFC by
formulating the problem as a nonlinear WLAV optimization with a set of equality and inequality nonlinear
constraints. The primal-dual interior point method is then used to solve this problem.

This paper is organized as follows. The steady-state model of UPFC including its operating constraints is
explained in Section 2. The proposed WLAYV state estimation algorithm, the initial value selection and the step size
adjusting are given in Section 3. The performance of the proposed state estimation method is demonstrated using the
IEEE standard systems, which have been modified by the inclusion of UPFCs. These results are shown in Section 4.

Finally, the concluding comments on this work are provided in Section 5.

2. Mathematical Model of UPFC
In this section, the mathematical relationship between measurement data and UPFC’s state variables to be
estimated, are explained. Assuming that the UPFC is operating normally and that the losses in both converters are

negligible, the equivalent circuit of the UPFC, including the transmission line, is shown in Fig. 1.



Where the quantities in Fig. 1 are defined as follows:

V; and \7j are the bus voltage phasors at bus i and j, respectively,

Vy, and V,, are the voltage phasors of the shunt and the series sources, respectively,
I, and I,  are the current phasors of the shunt and the series sources, respectively,
Zg, and Zg, are the impedance phasors of the shunt and the series sources, respectively,

Z)ne 1s the impedance phasor of transmission line,

Zy  isequal to Zo+ Ziine »

P, and P, are the real power outputs of the shunt and the series voltage sources, respectively.

The current phasors of the shunt and the series voltage sources are:

Ton = (Ven =V )Vep (1

]

Iy :( +V,, —\71.)\(ij 2)
where Yy, =1/Zg, and YA”- :I/Zij.
The apparent power flow through branch i-j and j-i can be expressed as:
S =Vily =Py +JQ; (3)
Si =Vl =P+ iQ; C))
where I—ij =1, — Iy, and I_J-i =—1I.

The apparent power output of the shunt and the series voltage sources is given by:

|
]

*

S—sh =V lgh = P + sth Q)

SAse = \75e I—se Pe + ste (6)

The UPFC’s constraints which should be added to the estimation equations are as follows:

Real power transfer constraint: P, +P, =0 @)
Shunt voltage constraint: Var Vi max ®)
Series voltage constraint: Vee Ve max )



Shunt power constraint: Sen < S (10)

Series power constraint: See < Seomax (11)

where

Vg and Ve are the magnitude of the voltage phasor of the shunt and the series voltage sources respectively,

Sshand Sge  are the magnitude of the apparent power of the shunt and the series voltage sources respectively,

Xmax 18 the maximum value of X.

The real and reactive power flows are used as measurement values. The magnitudes and phase angles of shunt

and series voltage sources are considered as UPFC’s control variables to be estimated.
3. The proposed state estimation algorithm

3.1 WLAV state estimation

The state estimation problem of power system with UPFCs is the nonlinear problem with equality and inequality

nonlinear constraints. The problem can be formulated as the constrained weighted least absolute value optimization

as:
Minimize W7 ]
Subject to e=2-h(x)
g(x)=0
f(x)<0 12)
where

Z 1is the vector of the measurements,

h(x) is the nonlinear function,

X is the vector of the state variables,

& is the corresponding measurement noise vector,

W is the weight vector,

g(x) is the vector of the equality nonlinear constraints,



f(X) is the vector of the inequality nonlinear constraints.
Since it is difficult to solve Eq. (12) directly, the optimization problem is transformed to the equivalent problem
as follows:
Minimize W'e

Subject to z-h(x)-£<0

>0 (13)
The inequality nonlinear constraints in Eq. (13) can be converted to the equality nonlinear constraints by adding
a nonnegative slack variable vector (2u, 2v, s > 0). To ensure that these slack variable vectors will remain non-
negative, the logarithmic barrier functions are appended to the objective function of Eq. (13). Then Eq. (13) can

then be written as:

Minimize W'eg —yzm:(ln 2u, +1In2y, )—,uiln S,
p=1

I1=1
Subject to z-h(x)-&+2u=0

—z+h(x)-&+2v=0

f(x)+s=0
9(x)=0
(¢,u,v,5)>0 (14)

where
u, is the I-th element of u,
v, is the I-th element of v,
Sp is the p-th element of's,

m is the number of rows of z,



N is the number of rows of f(X),

M is the barrier parameter that is forced to decrease towards zeros as the iterations progress.

From Eq. (14) the following expressions are obtained.
£=U+V (15)

The problem, Eq. (14), is expressed in terms of a stationary point of the Lagrangian function, that is:

m n
£=WTg-p> (In2u +n2v)- 4 Ins,
I=1 p=l

-AT [f (x)+s]—pTg(x)—7rT [z—h(x)—g+2u]
-B' [—z+h(x)—g+2v] (16)

The Karush-Kuhn-Tucker optimality conditions for this problem are:

V.L=W+z+4=0
V&=—(u/2)Ue-272=0
V,&=—(u/2)V'e-28=0
V,&=-uS'e-4=0

V,8=—f(x)-s=0

V.&=-z+h(x)+&-2u=0

Vy€=2-h(x)+£-2v=0
V&=-F ' A-G p+H z-H"B=0
(&,u,v,8)20 (17)
where U = diag(uy,..., Uy), V = diag(vy,..., V), S=diag(si,..., Sp), e= [1,...,1]T, and F, G, H are Jacobian matrix of
f(x), g(x) and h(x), respectively.
The instead of using ¢ in the seventh and eighth equations in Eq. (17), from Eq. (15) the following expressions

are obtained.



V, L=-V,8=-z+h(x)+v-u=0 (18)

Hence the eighth equation in Eq. (17) can be neglected. The solution of Eq. (17) is computed using Newton

method. At the k-th iteration, the nonlinear functions in Eq. (17) are linearly approximated as follows:

f(x)= f(xk)+ F Ax

g(x)zg(xk)+GAx

S‘lez(Sk)_le—(Sk)_zAs (19)

After some manipulations, the update for the solution is obtained by solving:

~ - - k
s, 0 0 F 0 0]4 f(x*)
0 G 0| o —g(x*)
0 0 0 H -l ||« rc vk Uk 20
-FT -G" 2H" 0 0 O Ax| | _ygw (@0)
0 0 U, 0 -1 0| Au _Ue
| 0 0 Vﬂ 0 O |__AV_ _Vke—VyW_
where
2
sﬂzi(sk)
7
40 \2
U, ==(u")



The entire matrix on the left side of Eq. (20) is called A. Note that the solution can be accurately obtained if A is

well-condition [15]. After the solution of Eq. (20) is obtained, all variables are updated as follows:

A =2 v a(a-aK)
P = ok +a(p_pk)
ﬂk+1=7rk+a(ﬂ—7rk)

X1 = XK + o Ax

uk = uf + o Au

VKT vk f o Av 1)

The scalar step size « is appropriately chosen in order to make X' remains interior to the feasible region. The

iteration is performed until the norm of AX becomes smaller than the set tolerance.

3.2 Initialization

The initial condition of the magnitudes and the angles of the bus voltages of the power system network should
be set equal to 1.0 and 0.0, respectively. The magnitudes of the shunt and series voltage sources are set to 1.0 and
0.0, respectively, while the angles of both voltage sources are set to 0.0. Since setting the initial of these state
variables as zeros leads to a singular of A matrix, all phase angles and magnitude of series voltage source are
assigned to be 0.001. Other necessary parameters should be set to satisfy Eq. (17). In addition, the barrier parameter

W is initialized to 1.0.

3.3 Adjusting barrier parameter and step size
The barrier parameter must be adjusted appropriately and it should be close to zero while X approaches the
optimal solution. At each iteration, the difference between the primal and the dual objective functions is used to

adjust the value of 1. The dual problem of Eq. (12) is given by



Maximize W'g-A"[ f(x)+s]-p"g(x)
' [z - h(x)—g+2u}—,3T [—z+ h(x)—g+2v]
Subject to W+z+4=0
~FTA-G'p+H z-H'B=0
(¢,u,v,8)>0 (22)
The duality gap, the difference between the primal and dual objective functions, can be explained as
s=A"f(x)+p g(x)+7" [z—h(x)—g] +87 [—z+h(x)—g] (23)
The duality gap is positive if the primal and the dual solutions are feasible. It is zero at the optimal point. The

barrier parameter is chosen according to the duality gap as suggested in [6].
H=— (24)

where ng is the number of the state variables.

The step size & should be chosen such that the solution remains within the feasible region i.e., <0, u<0and v <0.

To keep "> 0:

s = sk 4 4,As>0 (25)
then

. sf

ag = mm{—w,ASi < O} (26)
To keep u*** > 0:

Ut =uk +4,Au>0 (27)
then

N

a, =min {—M,Aui < 0} (28)

To keep V¥** > 0:

vt =vS +aq,Av>0 (29)



then
k
&, =min {—|Z—'V.|,Avi < o} (30)
1

Therefore, the step size « is selected using the following condition:
a=oc-min{l,d;,4,,4, } (&3
where o is a scalar constant.

In this work, the scalar value o is setting to 0.9995 in order to prevent the estimation from approaching too

close to the feasibility boundary.

4. Simulation results

In this section, the proposed WLAYV state estimation algorithm has been applied to the modified IEEE 14-and
118-bus systems. Weighting factors in the objective function of the proposed method can result in the ill-
conditioning. In this work, the appropriate weight factors for the IEEE 14-and 118-bus systems under test
conditions are 0.1 and 0.01, respectively. The simulation results are compared with the WLS method in [6] under
the same conditions. In addition, scaling technique in [6] is used to improve matrix conditioning for the IEEE 118-
bus system using the WLS method. The true values of the system are computed by using power-flow calculation.
For all simulations, the tolerance used to define convergence is 10™* and Gaussian noise with zero mean is added to
the measurements. The state estimation algorithm has been developed using MATLAB and all tests have been

performed on Intel Celeron 2.2 GHz 256 MB PC.

4.1 Case 1: IEEE 14-bus system with UPFC

Fig. 2 shows the modified IEEE 14-bus system. One UPFC is installed on branch 6-12 at bus no. 6. Table 1
shows the parameters and constraints of the UPFC. The measurement data obtained from the measuring devices are
given in Table 2. The measurement set consists of 2 voltages, 12 power injections, and 32 flow measurements. Note
that the measurement set makes the network and UPFC fully observable. The estimated bus voltages and the
estimated states of the UPFC are summarized in Tables 3 and 4, respectively. Note that the UPFC estimated states

and its apparent powers are within its limits. The real power transfer between both voltage sources is close to zero,



Py, + P =0. It can be seen that the proposed WLAV method provides a superior estimate under the test

conditions.

4.2 Case 2: Gross error condition in IEEE 14-bus system

Bad data is usually due to equipment failure or data communication error. It may result in estimates that have
large errors. To investigate the effectiveness of the proposed algorithm under the presence of bad data, the gross
errors in measurements are introduced by changing the sign of the measured values, i.e. the real power flow in
branch 9-14 and the power flow (P and Q) in branch 9-7. Figs. 3 and 4 show the absolute of percentage of the
estimation errors for magnitude and phase angles with gross errors introduced. Note that the proposed WLAV
method yields the smaller error both in the magnitude and phase angles. In addition, the percentage of the estimation

errors of the UPFC control variables is shown in Table 5.

4.3 Case 3: IEEE 118-bus system with a UPFC

In this case, the proposed algorithm is applied to a large system with a UPFC. The test system is modified from
the IEEE 118-bus system. The UPFC is installed on branch 17-18 at bus no. 17. Parameters and constraints of the
UPFC are summarized in Table 6. The measurement set consists of 13 voltages, 138 power injections, and 172 flow
measurements. The true and estimated states of UPFC are summarized in Table 7. It should be noted that the UPFC
control variables are within their limits. The real power transfer between both voltage sources is close to zero,

Py, +Pe =0.

4.4 Case 4: IEEE 118-bus system with 4 UPFCs

A large power system may include many FACTS devices in order to control the power transfer on the
transmission lines. This may cause a convergence problem as shown in [6], when the number of nonlinear
constraints is increased. To demonstrate the performance of the proposed algorithm under this condition, four
UPFCs are added to the IEEE 118-bus system. The UPFCs are installed on branch 17-18 at bus no. 17, 66-67 at bus
no. 66, 89-90 at bus no. 89 and 100-104 at bus no. 100, respectively. Parameters and constraints of the shunt and the

series sources of each UPFC are the same as in Case 3, while other necessary parameters of the transmission lines



for state estimation are obtained from the data of the standard IEEE 118-bus system. The measurement set consists
of 13 voltages, 138 power injections, and 184 flow measurements. The estimation results for the UPFCs are shown
in Table 8. As in the previous simulations, it can be seen that all constraints are satisfied. From these results, it can
be concluded that the proposed method is a promising technique for state estimation of a large power system

containing many UPFCs.

A comparison of the algorithm performance for these test cases is given in Table 9. Note that mean square error
(MSE) of the magnitude and phase angles of power network and UPFC voltage sources are also determined. It can
be seen that the number of iterations increase with the system size using the proposed WLAV method. A
convergence problem as stated in [6] is not appearing for the case of a large system with many UPFCs, this may be
because a covariance matrix is not included in the iterative procedure of the proposed method. Although the
proposed method requires more the number of iterations and the computation time than the WLS method, it
provides smaller MSE in every case study. Normally, the accuracy of estimated states is more important than the

computation effort as the efficiently programming can improve the computation burden.

5. Conclusions

In this paper, a weighted least absolute value estimator using the interior point method for the power system
containing UPFCs has been proposed. The results on the modified IEEE test systems illustrate that the proposed
algorithm can be applied satisfactory for estimating the state variables of the power system with UPFCs. The
method provides the accurate and robust solution. Although only UPFCs are considered in this paper, other FACTS

devices can be also incorporated using the proposed concept.
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Table 1
Parameters and constraints of UPFC in IEEE 14-bus system

Shunt Source Series Source

Rsh 0.00 Rse 0.00

Xsh 0.07 Xse 0.07

Vsh,max 1.10 Vse,max 0.60

Ssh‘max 0.10 Sse.max 0.10
Table 2

Measurement data of IEEE 14-bus system

Bus voltage measurements

Bus \ Bus \

1 1.0599 4 1.0187

Injection measurements

Bus P Q Bus P Q

3 -0.9419 0.0430 8 -0.0001 0.1699
9 -0.2949 -0.1659 10 -0.0899 -0.0581
13 -0.1351 -0.0580 14 -0.1490 -0.0500
Flow measurements

Branch P Q Branch P Q

1-5 0.7591 0.0352 2-3 0.7321 0.0357
2-5 0.4180 0.0072 4-7 0.2760 -0.0966
4-9 0.1580 -0.0052 6-5 -0.4557 -0.0823
6-11 0.0628 0.0367 6-12 0.2733 0.0104
7-9 0.2761 0.0531 8-7 -0.0002 0.1703
9-7 -0.2761 -0.0454 9-14 0.0760 0.0335
10-11 -0.0273 -0.0178 12-6 -0.2223 -0.0303

13-12 -0.1567 -0.0100 13-14 0.0746 0.0204




Table 3

True and estimated values of bus voltages of IEEE 14-bus system

Bus no. True values WLS WLAV
v o v o \ o

1 1.0600 0.0000 1.0639 0.0000 1.0599 0.0000

2 1.0450 -4.9956 1.0527 -4.9994 1.0449 -4.9969

3 1.0100 -12.7364 1.0201 -12.6267 1.0099 -12.7405

4 1.0188 -10.3494 1.0314 -10.3307 1.0186 -10.3554

5 1.0202 -8.8261 1.0270 -8.7653 1.0201 -8.8273

6 1.0700 -14.4517 1.0792 -14.3024 1.0698 -14.4559

7 1.0625 -13.3397 1.0742 -13.2505 1.0624 -13.3456

8 1.0900 -13.3397 1.1014 -13.2519 1.0899 -13.3470

9 1.0574 -14.8889 1.0690 -14.7674 1.0573 -14.8951

10 1.0523 -15.0969 1.0634 -14.9622 1.0521 -15.1032

11 1.0576 -14.9044 1.0677 -14.7581 1.0575 -14.9120

12 1.0932 -13.1281 1.1030 -13.0200 1.0931 -13.1347

13 1.0583 -14.5713 1.0682 -14.4290 1.0581 -14.5769

14 1.0398 -15.7417 1.0510 -15.5906 1.0397 -15.7479

Table 4
True and estimated values of UPFC control variables in IEEE 14-bus system
States of True values WLS WLAV
UPFC Shunt Source Series Source Shunt Source Series Source Shunt Source Series Source
\Y 1.0709 0.1183 1.0801 0.1111 1.0707 0.1183
o -14.4950 45.0700 -14.3398 43.9997 -14.4993 45.0114
P -0.0124 0.0124 -0.0109 0.0109 -0.0124 0.0124
Q 0.0133 0.0262 0.0141 0.0224 0.0132 0.0262
S 0.0182 0.0290 0.0178 0.0249 0.0181 0.0290
Table 5

Percentage error of UPFC control variables in [EEE 14-bus system (Case 2)

States of WLS WLAV
UPFC Shunt Series Shunt Series
Source Source Source Source
\Y -2.1384 -0.2536 0.0187 0.0000
& 4.4139 1.5864 -0.0290 0.1340
P 6.4516 6.4516 0.0000 0.0000
Q 6.0150 10.6870 0.0000 0.0000
S 6.2178 9.8970 0.0000 0.0000
Table 6

Parameters and constraints of UPFC in IEEE 118-bus system

Shunt Source

Series Source

Rsn 0.00
Xsh 0.05
Vsh,max 1.10

0.35

Ssh,max

Rse 0.00
Xse 0.05
Vsemax 0.60
Seemax 0.35
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Table 7

17

True and estimated values of UPFC control variables in IEEE 118-bus system (Case 3)

States of  True Values WLS WLAV
UPFC Shunt Source Series Source Shunt Source Series Source Shunt Source Series Source
\Y 0.9817 0.1451 1.0170 0.1468 0.9839 0.1453
& 11.8561 69.8285 11.7058 69.3563 11.8428 69.6687
P -0.0038 0.0038 -0.0059 0.0059 -0.0044 0.0044
Q -0.0913 0.2104 -0.1013 0.2042 -0.0918 0.2100
S 0.0914 0.2104 0.1015 0.2043 0.0919 0.2100
Table 8
Estimated UPFCs control variables in IEEE 118-bus system (Case 4)
States of  UPFC 1 UPFC 2 UPFC 3 UPFC 4
UPFC (Branch 17-18) (Branch 66-67) (Branch 89-90) (Branch 100-104)
Shunt Series Shunt Series Shunt Series Shunt Series
Source Source Source Source Source Source Source Source
\Y 0.9827 0.1451 1.0490 0.1242 1.0099 0.1041 1.0186 0.0977
6 11.8027 69.6954 27.3555 80.6257 45.1203 116.5847 25.5780 63.1217
P -0.0041 0.0041 -0.0182 0.0182 -0.0944 0.0944 -0.0287 0.0287
Q -0.0916 0.2101 -0.0359 0.1048 0.0857 0.2092 0.0198 0.0695
S 0.0917 0.2101 0.0402 0.1064 0.1275 0.2295 0.0349 0.0752
Table 9
Comparison results of case studies
Case  WLS WLAV
MSE Iteration CPU Time (sec.) MSE Iteration CPU Time (sec.)
1 42x10% 13 2.75 1.2x10* 13 2.85
2 3.7x10" 14 2.93 1.5x10* 13 2.85
3 32x107 11 135.28 1.3x10° 30 383.62
4 3.6x10™ 15 186.47 4.3x10* 33 424.72
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