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In this thesis the spot pricing of electricity in competitive electricity market as an
extended Optimal Power Flow is presented. In the context of the economic interpretation,
LaGrange multipliers, associated with the equality constraints, can play an important role in this
pricing. The technique of predictor-corrector primal-dual interior point enhanced linear
programming is employed in that progress. IEEE test systems are then used as the case study,
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Controlled Series Capacitor embedded on the transmission line is proposed. Due to the various
price of IEEE 30 Bus it is selected as the case study for this reduction. The numerical results
show that the spot prices and the price differences across the TCSC-embedded lines are

reduced, meanwhile a slight decrease in total generation cost and system loss are also obtained.
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® Static Series Compensator : Thyristor-Switched Series Capacitor (TSSC) Las
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Line Power Flow Controller (IPFC)
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Power Flow athslaifidauly dnfudialwiivlumadeulagendn aumszas Power
Flow o udaziadegnivuailuaumsiaimmuazesestdnaavmnsival daans
Tugums (3.19)

Ny
P =Py — > ViV [Y;|cos(®,- ©,-0,) = 0
- (3.19)
Qqi- Qg _zvivj ’Yij’Sin(@." Gj'eij) =0
J=1

sumsdaimualusums (3.19) Wanuminefeanusunassninglad
Y ¥ o o c‘ = &
wazgUumumsluihuasuamdafadumeamenweaessuy 5488 Power Flow 111184

3.4.6 AINNITYANNUA
aguMsTaimnuazetaalduaannnasiwatimh s naUsinasiaslnih

fndauuumesaslWihagmeluzauwamemenmw duaasluaums (3.20)

g £ g igne (3.20)
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3.4.7 Wartwihwane
MsaadunusINBIMIHIamalnihuarmsasanugadesuuszuume
dfalwihdaduihminewdnuesmseaddusawnneslvad Tasdunuivhmhi
mufuszuuiimhidaduihihmnslafienuddumae  Tassnntusudnuazes
Aamslnihashe Mddiumsluansarssianmavioudiy dunsazdoeas
ﬁqﬁ"if"uL{'J"mmﬂﬁgmmﬂ's:mwgﬂaﬁuwﬂimﬂaqﬂﬁqdaldfr

°* szmanusn: msandunuNasmsuaaiaeliihbifidniasiiae
logund  dunumsudamaslwihilaumsaglusiuuuesiadizu

N I3 P VoA o w a o ) o @
wWnuaznamaursizuan latiiamainsudaiinduseaunia  (§msu
J 3 = 3y =y ! o o oa kY :Jo = ar =

w3naialWihuaiie) uddhwmiuhamslwihidniumsludnussia
dusziisvrasemanandemalih  Wardudunumsudaazgadaduly

g luguiarzuuiasarinig aauaaslusums (3.21)
Co,, =a, + BPg +7P; (3.21)

dudszandnsanuuasiinudunueesuienuda Wihudazuvegn
suninluamanantenalwihiiadhgnalomsdszys daldadualuun
=l v & a ¥, = = v a
# 2 aalu dunumskdalwihlesmadennet maswesruyumsnin
V| kY ] a’ & YV a 1 & ot 9 o 1
Ihaaslsalwihmnuisignasliiduludineniu Tesfithwnediamen
MNP UNUTINOUT sauaasluanns (3.22)

N
MinF(x) = Min ) C,_ (3.22)

i=l+1

I

Togft 1

N = fSIUIUVINIVNA
m —d

UMY PQ Bus

o d o - kY AJ v o °
N-1= shnuesaesmide lWihfdaaihadun

v

aunumsuda i luunassanngnunudissuiasdudadudu
31 FeiansaedunsiwiSenin Willan’s line [40] watiNaaNudzaInluy
msdnwszisvisdhmsumsmeuanas  ihizudunumsudanianuue

goldulaemasdas aaaums (3.21) Jlahanlgldneniinusaltuil



27

o Uszanfigas: m‘sammwgmuLﬁﬂum:uumﬂ&iﬁ’lﬁﬁﬁhﬁaaﬁqﬂ

anugadauussuumedlWihainsaasuslavarsuuime ud
dmsuinenfiwusaduilazndniauiies 2 uwu de 1. HATINYBINNINGEY
Lﬁﬂﬁl.ﬁﬂﬁu'lunntﬁumqﬁﬁvmﬁmsm 2. HATINTBIAATHIMINDRA
S o yfaraesruy faaznanieneasdaaseluil

1. anugadgAnnaInnaEdunIuusTUU@Igd  ANNgEY
Lﬁaﬁv'qwuﬂﬁﬂ'uvhﬁ'uwaim'naqmmgmuLﬁﬂﬁ'LﬁﬂﬁuQWﬂnﬂtﬁuwWQﬂaqaﬁﬂ
dvlihuazmiauladliihgdaluuinninnson  Teewanuiarldinm
mﬂ'w‘i'wqm PFNMS (3.23)

FLoss = ZFLussi (323)

Tosit  F

Loss;

= P, + P, (heduduisgsevinvakuazm)  (3.24)

NB = srnudumamnuezasarad i luuSnainasan

s a ar WV l:" AJ \J s s
SSudumMs (3.24) MaaWthiedausenineda k wasdd m
HINTOUNUMIBFUMS (3.25) SMSUSLULURN TN G1ail

FLossi = (sz - Vnzl )ymk cos emk
+ Vo ViYim (€0S(®,, - ©,- 0 ) - cos(®,-B®_-0,,))
(3.25)

2. aNugudsanuINMiFyaEUY dmsunsdlil fues
anugydsrasssuumuviiufiannsadunald  Taslinsuesszuy
dag  mMsannuemugydsniiansuzaneaiinumdnnudunules
s ufe uhAukeTmmaaaiiwnasnaidlasnuTaeay
MSAUINMEY AIFNMS (3.26)

Flo = 2 P logh N= dnnulammuazaszuu  (3.26)

N
i=1
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3.5 MImuaRazyataalfnaannnasinal

3.5.1 1AUNIIAIUIN
aalaadunglumidaiudy mameuamasyawaldveanmaslnaiannse
aydillurueaudlaiminluide 3.6 (5Un 3.3) losiinoazidaasil

1. fWUA Iteration counter k =0 uam‘z’iaﬂmﬁ'uﬁuﬁ’m%'u Power Flow

2. WINALRRLYUBY Power Flow Lilafmuaaulsaiem

3. winawazgraseaUdnsanninasival dums (3.10) Wt 3.4
Tsunsudaduanansaldhinlgdmiumsi (ghis 3.5.2)

4. UFuammuds x*!' =x* + Ax uasmvuameniu k=k + 1

5. avndauA x dlanniuii 4 heeeadasiudoulzanuesldves
284 Karush-Kuhn-Tucker M5 (3.12) wua 3.4 w3aly bl
nduluvhidi 2 thaanadatlinaamsin

3.5.2 9gazdandamsumImmIatlIglusunsandady
smganuamnraslsunsududulumsudtymealdneawmnads
Taswneluumh Aedduthwneimasanaimludnsnsdaduluams (3.27)
Tﬂaﬁummazaﬂumi'z’far'imumﬂgwuﬂgnﬂfizmmﬁmumﬁqLﬁutﬁuﬁu dums
(8.18) dalumsimuagassmdulusunsudaudu Llaﬂi]']ﬂ’?‘ﬂ‘g MIMKARBEVD
MNFUMIEIINR 3 29910 3.5.1 sznansilulymaesddsunsudaududaznan
fngazdaaluuni 4 dwlnatmmirvurasmssnnuazadunsluige 3.6

Minimize F(x) = ¢"x (8279
subject to : J,x)Ax = 0
AR™® £ T.%)Ax £ AN
AX™ < Ax 2 ™
K h
‘[QU‘YI J' =?@’ Jh =w
£ ox ox

Ahmin - hmin —h(Xk), Ah™ = pymax _h(xk)

Axm:’n — xmm _ Xk, Axmax - Xma:« __xk
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3.6 a3l

msvaneaUiinaannnadlaicuduiiuadusnlusauduuamasssii 1920
Tosdunnmsduduniasiiialuih LLasﬁmiﬁmmmiwiaLﬁ'aﬁuﬁqﬁaqﬁu aunaailu
duddnlunumsmuusmuuamsdniiumszasszuumaaliih  dmsumsideeny aaUd
saannnosanumnadiumsmaidigasasiidudhmneiiansofnsanldssauy
A8 dunumsudalossuazanugadslassusasszuumdaluih Fedmsuiamslwihi
dutiumsludnunzgsiaudedy  dunumsudalassinwesszuvazgnldidudsdiuthnang
wasnamasilddauiiulumudoulsanussudneasuduil 1 89 Karush-Kuhn-Tucker
ptaRiaia  Tasdadmuauszdinhialumsiiiumsdasgninsaniiialissuusinse
dufiumsluzauaiivasads i msmnsehuunsadouitseaimsmuamaseaniiuaas
suuuy [19] Tﬂagﬂuwusnﬁmdm Power Flow uazaaUdlumiuuaniy fHdend Class A
luaziiguuuuiiaes Power Flow asgnadailudunislusumstaimuazasilam #dsnd
Class B Lﬁmmﬂmmmm:auﬁ'uuuuaummum‘lwmj neniinugatiuiidenld Class A 7
Jupaumsmuamassnsafinsonldifiuaesdumdn Usznaumemsinnnuuaealinea
wnneilwaiuazllsunsududu Tosneanduauazmwilsenauuanslusud 3.3
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OPF - Loop | |
Run Power Flow |

MUUAA k = 0

Ussanamnwansuihvang |

v

Uszanauagaiuue

:

uAtdym lusunsudaa

(v3plUsunsuMadas)

P
naaavulauly

{ | LP(QP)-Loop | nMIvYn

.’ \' o I
Yes i
Usuaaus
k=k+1

o
a5vdaudauly
KKT’s 1st Order _

e |

( Qumsenn

SavzuasumsmHamazrsslymesldusannasinad sUuuuy Class A |
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MAUA Predictor-Corrector Primal-Dual Interior Point

amsulusunsudatdy

4.1 anuduanuazanudan

TsunsuBauduiimsnanieaswsnlunmssed 1940 [26] Tagldlffemuamas

fdfgmvasilamititdiuihmnouwactommualudvasdady  weimnhTisunag
wuludszgndldnulunaadn bitnatiy msdasssquuazniwens msmuamiadne
M3FUAT MITAMINANNINGMIAMU MSTMNUAMTNMIWER WazmMIINUAM AT
ani3e Tasnunamuamanil 1dldsaiinnds simplex hundasfialumsmuaman dmivn
maguszuumalnih Smshlusunsudadumnliiuasiusn lunmssuit 1960 [27-28]
Lﬁ"aﬁwm'iﬁmuﬂmiwmﬂ.ﬁuLﬂ%'aq'lﬁlﬁmﬂssiﬂﬁﬁgqqﬂ'lunﬁqLﬂwgmami' waEINTIuA Y
FHeuasiannGasn unseatl A.6. 1984 Narendra Karmarkar (291 lddRnwunanuiie
wutliouds Interior Point %ﬂﬁﬂﬁ'lﬂLﬂu’ﬂ@lLﬂéﬂﬂtiﬂﬂﬂﬁﬁﬁ@ﬁ’]ﬁ%ﬂﬂ’l‘iw’lNal.imﬂ‘zla\‘l
Tsunsmdady 33msidanuuandnnnssdeuds Simplex PHNIAAU 1AHATLUIUNMTI
HawmagdIuudazsaurasmsdmnnedmaluazlidudmuaudammuezestym Tuyaei
slouds  Simplex  damuamaslosdumelimuauresdaimmuauaianamasaguy
vaupaaimuAiaerIiy suderds Interior Point lafimsidnnllussuuidalnih
afausnlulmeneassui 1980 Tﬂaﬁ'umn{lfym State estimation (HwnuLsn [30]
Fuudiun ununmimmsihumenniifsdasiusdeuid nterior Point dwu
mmﬁ'ﬁmum'{ﬂuﬂsm'?ﬁLé'u'l.ﬁ'ﬁm'iﬁﬁunfmﬂuw-s'atiwﬂ'i'wmmuﬁqﬁmqﬁu [30-35] i
Toasilymsjsmnaidimiuilayulpemumnselumsuddymaeslusunsu@audu James A.
Mohmo uazamy [36-37] lananiemsiannsadsvisan g lumsudiymosseslduea
wnnasTvat luumeuzaawinuninewil 1 uasaeuil 2 uwazldasUluduhoyasumana
aouit 2 WiiufeanumansozasTusunsaBady lagasuh Tsunsududuiianumanzan
dmsumsuitaymssuuiasinihawnalvel dausaidouds Interior Point ez fsnaimas
S Tasdnenndumsudtymusunsudaudiludnune Primal-dual Interior point i
M3AIWIN Primal problem WAz Dual problem wianmulagivanszazvisznivaastiaym
dunaila Predictor-corrector Midnaniiunumaanlumsandiuiussumsdunm [38-40]

losnmsimnadinagmealuzeuasatiom
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o

a1

Liﬁﬂﬁhﬁﬁﬂﬂ@ﬂﬁaﬁﬂaﬁtﬂﬂﬁﬂ Predictor-corrector primal-dual interior point NA@A®
mMsmuaaszallsunsududu leawSouisunumadiady (38 Simplex) daii

o nmitldlumsimnanieniiilesnniinvaediy Polynomial-time algorithm
“lu’um:‘f’i"‘]%' Simplex fianwaeiiu Exponential-time algorithm

e wihasiimsdnnaiidutaunhudldsnnuseumsdnnafiveant

e smnusaumsamnaildiuiunneressszuuaumszesllsun sy

® nAillA Predictor-corrector 1NMNMEAANNUIUTBUMIAIUIN 1ABdIU Predictor
Hehimsinnuimludrassudueaditeiu Tuanfieniu Corrector asdne
muanlimsanadimagmealuzauavatlym

o anummnzandmsumsudtymeasszuuaumssna g

70AUaNNATA Predictor-corrector primal-dual interior point AINEMMUUWH HdaN

o

ddnyiign de Fail 3 Pnussumsimnaibitufunnesesszuy ey Hyiifiaums
Fammuani 10,000 aums weilaiildsaumsannashnh 100 sou Tuasit 53 Simplex
I#saumsdnnaannnd 20,000 sau Ei’myame}ﬁt"i'ﬂﬂ’i"s Interior point 14 (18931970 M3
WINLRAEYBAUNATA Interior point Sifiuagmeluzauazasllaym TasEunnyaisudume
Tumsuaasymuasusnnyaselinsalaemsnnanauiiugnd  Mnvufusamaees
Uduaalmilagmsnnansadiugidifimnading iiaunineesinnadnauduive
lauazfiahyaeeufneaiildiliunamas wm3uds simplex umamanesyduealasiely

L = & < ar =, = o Y a
auduraurastymiiesnitiu Jdmivuetymeniildinsslfvesiuiaiafile

Optimal Solution Optimal Solution

2nd Iteration

2nd Iteration

% Iteration
1st Iteration

\_

Simplex Method Interior Point Technique

U 4.1 madumadganesUdusaraunaila Interior point WA Simplex
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4.2 Primal Problem tt8% Dual Problem

dmsumsuaasyataalfnaanines aimalusunsudady (avs  3.5.2)
logUndndainmsuszanadludnuazdadu  aumsadamanssluuumnasgudmiu
TusunsuBaduuansluaunmsi (4.1) 513enaumsin Primal problem [26][35]

Minimize c'x
Subject to Ax=5b
Jee (4.1)
X+s=u
x,520

Toai C,x,5.ue R" ,beR” Ae R™"

ei“m%'un"ﬁmi"ﬂﬂgml,mu Primal-Dual Interior Point l@4n155ieNy Dual problem U
twemsannauuuany lagdunsadiaeansand Dual problem wanaluanmsi (4.2)

Minimize b'y—u"w
Subject to A'y+z-w=¢ (4.2)
z,w=0

Toah z,weR",yeR"

° YV a o 1 ' 1 .
MIMUINTN IR URNBALDMANNUANGINTENTN Primal WAy Dual problem
fienismnnviaunfugue (Specific tolerance) AAMuULANTNIENINEB TR lINAS)

Banhszazinszwiaieiduihvanguaq Primal uaz Dual problem t51ienuiihy Duality gap
[

i L4 .:: o v oW -
¢'x-b"y wazrmmsnldiludaulyluresastiveald duandluaumsi (4.3)

‘ch—bTyl/Max {1,

ch” <¢ (4.3)

MNx* UNUNALRRY o 08aUANDEY Primal problem UaE y* UNUNBIAAY O 0
p8UANDaYBY Dual problem a2 ﬁqﬁﬁ"mﬂ'mmﬂﬂaqﬂmwwﬁqaawzﬁfhtmﬁu%qﬂ"wmﬂﬁq
'x*=b"y* uasiiiel¥msmua@asyes Primal wae Dual problem @zMINUATHANHNLY DY
ssuuanmsiBadulasdasaanndasiudonlsanusatfiveasuduil 1 289 KKT Seiimsih
iiiduannsaaiounly Tassldesindlunsasdaadaly
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P = o .
4.3 WaAZUaINITBUIBUUAZNIINIBUA Newton Direction
Wifituansaudsudmsumsmuamanzaalusunsudadueiamaila  Primal-Dual
Interior Point LWHAIAIBFNMITN (4.4) [26,35]

L(x,s,/u)zc"x—‘uz; Inx, —,uZSJ (4.4)
J=1

loa# 4 @@ Barrier parameter mhililimsénnaesnuanzauwazaetioym

1 ” - v w o P
dudpulvanuestfineasudui 1 289 Karush-Kuhn-Tucker (KKT) d&ums
At ansaauLaalugumsi (4.5)

Ax=b

X+8=u

A'y+z-—w=c¢ (4.5)
XZe = e

SWe = pe

4 Ad ~
Togh X,S,Z.W an Diagonal Matrix g By X;58,2;,W,

1 = gl ot a [ & = .
U e ABAMBINNFINTNUU 1 VNG WLaT 1 AD barrier parameter

P o e a Y e Voo '
LuENQ']ﬂfnTVﬂNalaaﬁm'iN'ixUUﬁNﬂ'ﬁﬂlNL'lJ'LIL'ENLauﬂ’]vlﬂw[ﬂﬂﬂjﬁﬂizuqmﬂjﬂl‘iﬂﬂjq

o ] s o = A 1 o

75 Newton (#unu msmuuaianalumsmuainaguasdaumsn (4.5) 3udsnhnmsivua
: ; ar 2]

Newton Direction GQUFAN IUFNNTH (4.6)

A 0 0 0 0] Ax b— Ax
I 0 I 0 0 || Ay U—X-—5
0 4 0 I -~Ifas|=|c-dAy-z+w (4.6)
zZ 0 0 X 0 Az pe — XZe
L0 0 W 0 S |lAw]| | ue-SWe

mMamuamasyasllsunsudaduildingiia Primal-Dual Interior Point lunnseu
s o & ¥ v o o, . : o w4
m3dnm Mnduassiinsuiaumsi (4.6) e Mua Newton Direction tiaUSuadiunys
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wn

Vv

M3 MuA Newton Direction (umsgfiamaligynaaudnaadmiuseumaduin
uuaznmeyadududmivseumsannalmi wail madumelldnaaatineaszagmelu
wamﬁmﬂmum:,ﬁ*lﬁy'u ﬁqntam’lugﬂﬁl 4.1 MNFUMSA (4.6) M Ax,Ay,As,Az, Aw #ildazii
Tl iemsuSuaeus X, 9,8, z,wanll Gaaumsh (4.7)

k
=" + e, Ax

1
s =5* + o, As

k+

Y=yt v Ay (4.7)

g = F +a,0,Az

W =wk o, Aw

Tasn @, Pd Step reduction factor

apUdt o, A Maximum step size §1%5U Primal W@z Dual Problem

4.4 WAUA Predictor — Corrector

HARABYDITNMS KKT matrix dumsii (4.6) faflunawadildmmuaiiomeluss
9998UANDa W3B38nT1 Newton Direction wazllszanaiiosay 60-90 gavnimmavualums
dnandallfumsmramagyessumsi @Twmqﬁﬁqﬁnﬁﬁummﬂﬁﬂ Predictor — Corrector
daniiteassnnussumsine Fetiumanei msanszeznalumsinaines [33]
WaNMsPauNAla  Predictor - Corrector #B MsuaNRA@AIMMUATAMY  (unudis
51'mvﬁﬂ‘h+£ﬁ A) asnudasdulsenaudis g Affine-scaling component (a2 §IU Centering
component (UNUMBFYANYNI A, uaz A, mudau) daudasluanmsi (4.8)

A=A, +A, (4.8)

P o ;
Toan A 4 A8 Affine-scaling component (Predictor term)

A. P8 Centering component (Corrector term)

NNFNNMIA (4.8) Fn Affine-scaling component IWhfiaamanuuandNsEwig
Primal uaz Dual problem uazifinszazmstmlguamasliiianauenanniaiu fededudn
fnsansnusaumsinn lusneiid Centering component Hwhivuaalilinainas
raauAazsauMsmwInean luanvauarastum



@M Affine-scaling component &aNsaWIlannMsUNUA £ =0 lusueniiazas
] e J
NN (4.6) Gaudaluannmsn (4.9)

4 0 0o o offa, | [ b-ax ]

I 0 ! 0 0 Ay 4 u—x-—s

0 4 0 I -I As, | = c-Ay-z+w (4.9)
Z 0 0 X 0] Az, -XZe

Lo o0 w 0 S_]law,| L -SWe

@ Centering component @AM ANNMUNUMMUINITDYDENNTA (4.6)
v ¢ o -
M8nanas (0,0,0, e —AX ,AZ e, ue—AS AW e)" aaudaslusgumsi (4.10)

A 0 0 0 0| A 0
I 0 I 0 0| & 0
0 4 0 I -1l A |= 0 (4.10)

zZ 0 0 X 0 || Az e — AX (AZ e
0

L0 0 W S L Awp | | ue—AS AW e ]
s v =Y J o - - J
naanldinaila Predictor — Corrector LWBMSMUUA Newton Direction MHFNNIGTN
o @ o ow | v & &y & o
(4.9-4.10) wazynmMsUsumaudsmuannsh (4.7) uanu auasludamsasindauidau
a o
lamseaudineamuaumsn (4.3)

JUADUTIMSUMSMIHARasYad lUsunsuBaduasnaila  Predictor-Corrector
5 " g w v o o
Primal-Dual Interior Point 1ﬁa§ﬂtﬂufwa'fm*§w'lumwan 4.5 (@gﬂ'ﬂ 4.2)



4.5 agﬂ

TWsunsudaduidaiuadusnlunessuil 1940 uwazldnanetiuiadasiiogdaly
msuddymamSununmesu lunmssed 1960 laimsihTusunsudadudhinlylumy
ﬁwuszuuﬁwﬁqlﬂﬁuﬁ'ammsﬁmummﬂamstﬁum%mﬁwLﬁm'twﬁl‘lLﬁﬂ'[ﬁtﬁmﬂ‘sz‘[aﬁﬁgqajm
Tumaassgmans wosminiu mATouasiannfifiendasldfimsdinimsunsidonn au
N5¥3Y A.A. 1984 Narendra Kamarkar l@uuzahinfia Inerior Point Faldnmeniiugansden
wlasdAydmiumsmueamagzelUsunsuBauduiiuandwnnds Simplex Tosuide i
James A. Momoh uazaniz laagulviiudeanuannsazadisunsudauduuazinaiin Interior
Point TumauMEzeIUNANNYBIWINGN Primal Uax Dual Problem &WSUMSMIHARALYEY
lWsunsududusizmailn Interior Point laodwsluiide 4.2 Wffuamnsaadauuazms
fiMuA Newton Direction laadualuiia 4.3 daunaila Predictor-Corrector liloansnuiu
soumsinnuldadungluids 4.4 wardursumsmramanadlsunsuBadusemaila
Predictor-Corrector Primal-Dual Interior Point asUtiulnaienindauandluguuail

§115U Primal-Dual Problem

MYUN k=0 START

=
-
g
o
a0
5
Q
-
._]
3
=
—d
@)
[=]
=1
[¢]
O
g
-
g

NSMYUA Newton Direction

NO

k=k+1

YES
STOP '

gﬂﬁ 4.2  TUNDUMIMHARILMNENATIA Predictor-Corrector Primal-Dual Interior Point
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5.1 MNEIAnY

msﬁ'ﬁumqﬂﬂsnftﬁ"aLﬁu%mmwmmsﬂums%’umszwaqamﬁqlwﬁwLﬂuﬁ'q:&u'ﬂu
dmsuszuudwssssuudmhelwih  [41-42] wasmaluledl Flexible AC Transmission
System (FACTS) LﬁuummwumummmmwaummuLmﬂmmmnan unanWiInMsi
LﬂE!’J'zJENﬂ‘UEl'IJﬂ‘im FACTS iimswsuwsidudinnuinn  auidouaswannymasuiisein
athadatilas unsol FACTS mansaduunaaniu 4 Yssandrsiulasfimsananndnms
U [43] aaleadunsudiluund 1 anUsslezizagunsel FACTS Tunanaguuuuldiins
nafialuunANNYas Ch. Schaffner uaz G. Andersson [44] waEmnimsauauiianza
aunsal FACTS ax Lmmnuwummﬂmmasvuumaﬂwwwamqmn 011ldU MIMUAN Power
Flow mM3U5ua® Power Swing ﬂ‘l‘iLWN Transient  Stability Wa8¥NI98@ Subsynchronous
Resonance (Hudy [45-46]

mswmsmmmaﬂnim FACTS uushedalwih [47] ulﬂwmmﬁmmmnﬂsvmﬂ
Sy Ty Lwaqumwummsn"lumsmma\ﬂwww [48] tamsiamsanududuy
sedaluih [49] wia aamuminsolumsseisslwihfmans ey [50] dwnsufamsinih
Tuguuuuudvdudsldadunaluunit 3 endliihdnammmasdsznoy lagsnm
mmmjaqlwﬁwﬁatﬂudwﬁﬁunmmqqqm anuuanmzasnmemadiuiiinmnsodioiule
é’uLi’iaqmmﬂﬁuvgumnﬂw;thyLﬁaua:ﬁunumnmmﬁ’uﬁ"quuﬂmaiﬂﬂfﬁh loarfzoasnnu
MINEMUATHF TR m‘mu,smm'wé’uf';whﬁ'w]"uv;unﬁ%’ﬂeiqﬁwé'ﬂ,wﬁw [51] Fadafiuds
Saydmivuinalndidesdibimsudasliiimuandefunntin  amunseuiiazuSuan
anuuAndRsuidmiuusnalndidssiedudeiaula unANUMITIMsueatiuld
a%mﬂLtazuam'lﬁtﬁu'hﬂﬁﬁﬂﬁv’qqﬂnm‘i Thyristor-Controlled Series Capacitor (TCSC) Uy
'maeiq'lwﬂwm:mnﬂ%"uam'lﬂ‘mmmuavmmumﬂshwaﬁwmmmmaqlﬂﬁmqlﬁ ‘[mamjn'mf
TCSC a@aSOUNUAIAIE Capacitor ¥58 Reactor YIZJmE]lJWLLGlu‘Zin [50] ‘YN‘LJ ’ifElea‘lﬂm
@ msmﬂmaﬂnsm TCSC Mlimsaalnhainsamszldtaitiaanudou Tuuni aza3us
feehulsznauuazuanmsianusssaunsal TCSC gﬂtmumsmﬂmqﬂﬂsm TCSC uumed
W Manuasnmemealiihussmsinsandasialnsel TCSC aapnaumsm

M Sensitivity of line flow to the series compensation [45] ’lumauﬁmsﬁﬂ



5.2 Thyristor Controlled Series Capacitor (TCSC)

gunsal TCsC Wugunsal FACTS Uszamaunsuduusniifimsnauniy Tasdidm
Usznauduaeslusui 5.1 %qﬁehumqué’m‘%ﬂn'h Thyristor Controlled Reactor (TCR)
dauiimansonsanidiu Static Var Controller Tngldmsiansdamedidnnsniindidaiiiins
muauiueaiimnedathuir duddydnsuinmsomuanldde dunilenh il
fnuaeaaily WazGinaYNINAY Bipolar Thyristor Switch UALMEITMIAIVANNN Firing
Angle 984 Thyristor aximstiUasunyasmuas Effective Inductive Reactance Haasynlsiiins
wonudsy Reactive Power 38w TCR Wasstuu atnsiaEa wai Capacitive Var %39
Inductive Var anaflanudnflumugnmzuasdaulozesszuy  wastitalifvlumueny
Faamamail dmileninFumazdemnuiudauiulsey Aldmmualiiaaily q3Ui 5.1
wazidudieniu gunal Metal-oxide Varistor avdauuiuagiu TCR wazdifiudsyy Lilavn
whitasfutymanuseiuiiu

wanmsiiastu Aa m3USum Apparent line impedance atamaa iteliihily
MUNINMINIIZUNBENTANSzUY MNAuauTasmsdilWihainsosaweldlasmsaiu
AuAsuanuautuasgUnsnl Tcsc duazilunali Power Flow uusadalvihidumadanan

4
= =

diaiunniu  sduuumssawswuveynsuluaiia  sansamldademamsaindduiu

Uszy udadalsionn msdindmenaasfdanalifimsmuguiidiuaslisnuidsu msaugu
i V o a’ 1 a oy 1 1

628 Thyristor Loy lmswasuwlasmduiuaudeasssdelwihidulusgna$uessu

e IJ =i 3 I ' 4 [ V| ar !

Bau RilenuiuiudemsaanmsuniewaeMaslnih wazaugn Power Flow dmSumads

MOV
<
| Xc 1 Life
| >
ey I) TCR
X1 i A
--— U T i --— UT e

sU¥ 5.1 Tugazasaunsel TCSC downd
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I linaduns suuuuzesgunsel Tese dwaadluguil 5.1 seduassmssawouuy
aunsuaInsomualasmsiinviamsandunmMaiees Thyristor Femanedanszualu
¥hiideusnu TCR 3w Firing anglea 989 TCR Tdnudhugiifimbeduasmmaluin
sewhuseduasandimisnhuaznssudliihfedeushudiu  Tasmaussdunasnszualy
i e o yedeguiiifidneuemsiinlugiuiiduduin  (Positive-going  zero-
crossing) 4 Firing angle fighnd 90 aan arlisnsomuaunszuasasiunileni uazls
pUnNalWyn Firing angle fiedannni 180 aeen (fieaaIn Thyristor vagdashauei
duasABNU

U 5.2 udganEaaNTA lugnmzawhzadGuaauaufaNyaaegUnsal TCSC
é’mi’iaqmmgu Firing angle la#@ p=2.06 f‘i"m%'uﬁ'mﬁqﬂﬂ'mi TCSC  yhauaaLiing
(a=90") (38n7 Thyristor bypassed mode i Lﬂuﬁ'wﬁﬂ'wﬁuﬁLtﬂuﬁq‘n%me:ﬁfhwhﬁ'uﬁﬁ
uaAuaudEBITInienh (X, |< X)) dmiudni o =180 fadlumsuganmsinu
5enT Monlugie Thyristor blocked mode M3uanuauduasgunsal TCSC diaumnius
uwaudresdufivuszy wenminilgunsel Tesc aansamuauatdadlesld Fudendh
Vernier control mode lugM3udafin (90° <@ <129°) uazanhdnu (142° <o <180°)
Taodaudmmsmnailuaslownd dmiugnanhdi gunsal TCSC aansamuanlwil
msuaauaudunlefle daud 1.0X, ui3.0X, wazludndudaiivaud Xppase (<0) AU
f9—2.0, il detymideshsTawmd d Xpese v299Unsel TCSC uuvlugaidien Se
Lisninsoficegludiesewin 0.0uas 1.0, 1

,Y’ e ¥
Xe Xpese
T T T ,’7/"2 T T T Nes

Capacitive ‘
30 42

operation

T T
i By <
_f’{‘;f/ﬂ//f/é"“'“‘ 1l

z R T AR R A A, e,

Incduietivee
_ab operation

bo w10 120

P ar U J c} :; e e
U 5.2 anwazanIRuay X /X Bldeu  JUR 5.3 dnuoanlidnes X,/ X,

U9y e Thyristor 1w TCR Tugnizaeda
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U 5.3 uamquanuuzzadueauaudanyazesgunsal TCsC Tuannzasm
asnnmswdsuwlasasnszud Tosnngulauaasdadrionimamamuuazmsitnusud
1 1 = J
AafsuaALAuduaegUnsal TCSC laad :

¢ A,D:gadnasuwilasnnuinaslyumng
® B: n@amummnun Firing angle (& =180" ,Thyristor blocked mode)
® C:79% mmamummﬂuu Firing angle (& = 90", Thyristor bypassed mode)

® E, F:dadhnavuraswseoulnihdamsumsnaulugidudanwuazardhaiw

o G ﬂ'Sul.l.ﬂENﬂﬂ‘llﬂﬁaﬂﬂ‘iﬂl TCSC 'ﬂ’ﬂ'lN'l‘iﬂlﬂ.ﬂﬁ'm‘i'l.]ﬂ"lﬁﬂ’]\ﬂuﬂﬂ'lx‘mﬂL‘LJEN

Tomnasyu msdaasfulssquuuaynsuiiiimseunuavlssnaudassosdn
(FasanguUil 5.4) dlasnmsimsanidasdunu dunilsesiudiulsAauuusynsuuuy
Wniifimsadsideng  lusasiiduiiaosmuaulas Thyrstor Tasund duiimuaulos
Thyristor axUsznaudslugavaagunssl TCsC il Adaudatuludnumzaunsy oy
fusiazTugaminsaauauldaiadasy FadfiiAnsuniinimsusniuaauaudussgunal
Tcsc panidlugin do Bmsiimlildamsuaaunuduasaunsel Tesc lusiinhaiannn
B Lwseh Jymuilaamnngarhilumsauguiasunnglumehnusesaunsel Tcsc
wuulugatdmldwunlldmiunuumaalugs dwdasluzlil 5.5

Breaker Breaker

| |
[ i i

TCSC ( -n]l\'ij"lll'_muln_l Series
C apacltor

3UN 5.4 Taseeasgunsel TCSC
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One module Two modules Four modules

3Un 5.5 quanwazyegUnsal TCSC sznin X -1 lagRnsonmaiiniulugs



5.3 ﬂ”l'i!?lﬂﬁ\‘lqﬂﬂ'mf Thyristor-Controlled Series Capacitor unaiadelvih

5.3.1 ANNENI0UNTTUMIzIatanadlliih

anwduiusidasdulumsdamsalnihiitaifalasuuuiassdouanly
Uil 5.6 NN3U E; uaz X unuusedulwihuasduaauauduasdugs Tuansii £,
uaz X, unuuseaulnihuazsusauauduasduiu dux, unuSusauauduasaad
W uaz & unu Transmission angle

sudsnmuaiiuaasluguil 5.6 finanssmulagassdamsdemdalnih
mnﬁm‘smﬂumatmuqﬂuﬂﬁﬁ'lﬁ'ﬁm%'mﬂ%;mﬁwLﬁﬂMWWLLazmHﬁQM% Maalwih
ﬁeiwzLﬂﬁ'ﬂuLtﬂaq'lué'nﬁmzdﬂwﬁﬂmqu Transmission angle wazfaalWihgagalu
aMEmmfimmuaNms (5.12) 4 YN Transmission angle‘?[l 90 aven

ER i Es

P!mnx
X+ X, +X,

(5.12)

atnlsfionu fidhusznausnnunniisidaenusmnselumsdeiaalwih
vumedilulasuheidudon  Jasnanusasunihdonssualwiniugammua
gampiigegaiiounnaliiild dmduRtamshnudaiiles fusanszusidiusums
fiwafasaadtlnih gamgiieday anudiay w89 ualasund dwmSumsrhau
athasatilag

Pmrsind

af ppar

JUI . Hnwri‘:i[]d

g L L L] ]

Fol)

L in pau.

P Bl - &

0 44 20 180

& il.rf‘]fl

5U7 5.6 N9 Power angle WAZ2BULINYBUTDHTMWANNTUTANILANG
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ded IWFhiinmslFnunssaudmnhataanusauasaun  srusenaudii

£
=

anudAyggelumshiahiamsiumszassaaslWihaminsaaguldae

® JaNNANNANNSDY

e Jasinannuseaulwiien

Vv o o =

e JanannEdasmwlunnizaenl (Steady-state or small-signal stability)

o dpdiannadssmwlumizns gy (Transient stability)

loguné dusduianndahiennussiulwihaniicegn 5 % lusme

El L 1 ar = o ar r=1 ar \ lﬂ} AJ
nauanduienndanannEissmwlunmizamniiaadh 30 % [42] aumsh

u

1 J A:I a Y o o 1 o a‘l’
LYUFIUANNLNOINYDITNAGNN ) Hoatl

Stability Margin = 2z~ fimu 10 (5.13)

max

aMmSu

bl

Prabha Kundur [43] laaduefhdadnaseg fidndwagae

Mg ntheeasaadalwih Usenauae

o))

4

]
ar Vv

® JanNnnaNNsau Hvsumsd nthidanue iy 80 Alawas

YV o @ s

® 2aNNANNUNOUNN dnsudred lWvhAdanue 80 - 320 Alawuas

o Janfenmadasmwluamean  dmsusadlnihfidanuenmnnnh 320
Alatuns

mzasmzd Wihdaduwnmanilafivn lianadlwihainsafumsy
el ldnngedy udilandn@sstuilaymain Subsynchonous Resonance 376
wemsdlwihlaimsiadni 40 % vaviusauauduasmed [41] Iﬂﬂﬁﬁ‘lijﬂﬁﬂﬁ
60 % [50] {asnmniimszawennduly MBI ALUEL DI YBY
wsaduInlFhaziinadamsidsuutas Power flow agnaguuse [42] uwameihaula
sunislumsifinanuainsomsiumsssasansdaluih  fe msfinasgunanl
FACTS uuuaynsy FomlianeaalWihainsasumseldnnaudedoifannan
SauvevaedalWih [42] [44] [46] [50)
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5.3.2 uuudaaansinasgunsel TCSC uuamadalib

msdinasgunsal TCSC vuanualwih fanudntuasadlagiuuuas
duyadusmnediiianuuanduiumulssnmuassod Wi Prabha Kundur [42]
lalimasinsuszamuasmadaWiuuy Over head Tasfimnsanananuen §aii

. 1 Y AJ:J 5 1 -,
® Short lines : Meavlwihniiszozmadunhiusznm 80 Alawas (50 Tud), wuu

1829@1MN3069 Shunt capacitance aBN A wazaINTOUNUMITBNRLAUTAYATY

® Medium-length lines : Madlnihnfianuemaglugisznin 8o Alawas §
Uszann 200 Alawas (125 lud) MaNsounumENTaNYal 7

® Long lines : aaslWihiliiamuannnh 200 Alawas medelsznniinaas
windinadang danuddgmnn wazduiudswnusimwsanysd 7 Same
wﬁqEnﬂziqﬂszmwﬁ"mminLtnulﬁ’ﬁwmﬂdqssﬂsﬁguniwL%"au'[mﬁ'u (cascade)
Tosudazdnunudmeasanyad 7

gunsal TCSC  annsounumsiifiulszaniaiusaimasiitadniuaud
Y X, [51) ﬂ'ﬁaﬂﬁzﬂqﬂﬂ‘ifﬁ TCSC ﬁmﬂumitﬁiuﬁuﬁuﬂuﬁﬂ(c wn I luwuy
Saswasnediliih Vil Tasdufussnmesmedliihesde Ul 5.7 uam
fhathamsinssgunsal TCsC vumedalihanuemhunansdsldrasauyed 7

| B Lt JX.J JXe |

Bus i I ﬁ\'{’ I Bus j

iBig iBjo

Ui 5.7 gUuuums@easgunsel TCSC uuanaslwihiiunudmensasauyad 7
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Mstdeuudaed  Susceptance vanadldT  AauuaTuEIMIAaNa
gunsal TCSC uaawluaumsii (5.14) Taafl System admittance matrix ¥, sy

gaedinmsUsumasuansluaumsi (5.15)

Ay, =, v, =(g,+jb,)— (g, +jb,) (5.14)

=i

Tag

aas r!n' b — x‘J‘
L a i A s L f‘—“ Y ey
r+Xx; r+X; y X X)) +(x” + x5

0 Ay, 0 .. 0 -Ay Ofrowi

bus bus (5.15)

0 -Ay. 0 .. 0 Ay 0| row-j

if u

col -i col - j

5.4 ANNGNYNTIMAAUUEIEE LW
ANuANIINMeMAUUImed IWihseningg i war U j laldanuninalasde
wnuaunudnsumssamaslwihands i T U8 j [51] asefufumsaudeiesssume

W
o o

1 1 ¥ A =
MspuiIEsaUTINN wazmssdusseamdu Tasfiaumsadamansaail

nl  nb

Ap, =Y Y Nup, (5.16)

k=1 =1

Tosii o #e nawssuesnmameasasliih
Ap @9 DAWMBTIBIANNANTRITIMAMA 2aalnTh
N @a Networiolncidence Matrix 2895suu W [16]
nb,nl &9 PUTFLBTIUIUAHEN
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ANuEINZRInIMamalugums (5.16) lahmnldlumsidandnaiaunsel TCSC du
I o [ WV | kY o a & YV o ar
Wunmaniislumslusadunulumsdaidlaih  Taswuuiassmsiaaldasunglush
79 5.3 Mt uudssinsan Sensitivity of line flow to the series compensation [45] UG
Toaemilunumeagumsadiaeansnnu

_oW, x
ox, W,

(5.17)

W,

logh S, @@ @ Sensitivity of line flow UuEaaUFUNN k ilpamszawsmadadumal
o W v o [ u g Y 5
w, #e malwihnedauuusedudume k nnds i Wy |
X, P8 @1 Reactance 2a9asa lWidumMal

M S, Hilenin danuvineda msgawsa@adaliihludume’ vl Power Flow
¥ = s Ad U 1 ar 1
Tudumik didanas waslumeassiudia s, filday danamnauniu mssawemed

T luduma 1l Power Flow Tuiduma k fieniiasnniuludumeiisaws wazifasde
anuduAumedliihdunmghdyeasenuuandasnmemazadliih - msads
gunsal TCSC iilamsusuanamuuansazasnmamauuasduduma k SeRmsanaeds
Idhduma filian s, gegeludwaudau iallumsufuanasdussnauamududes

a o
snemavasluih leasgaudaarasasdlsznausmamaas inihlaasuieluund 3
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5.5 a3l

Uty dmsnandunalulafizaeszuy Flexible AC Transmission System (FACTS)
Mgt warunemdnmsiiedaelafimsaRuiimaunssounn i liesse
UATWAINIEUU FACTS Seilaemnatneaiiiss TasRansannnndnmsiou saanse
TuunUssianyesgunsal FACTS eanilu 4 Uszandhadu Ussnaudis Static shunt
compensator, Static series compensator, Static voltage and phase angle regulator Ll@¢ Combined
compensator Ltaz’luuwmm‘%’mn‘rﬂﬁﬂéw'sﬁaﬂwumﬁu’lﬂq‘dnsm’ Thyristor-Controlled Series
Capacitor (TCSC) BENNNIN %qﬁﬁqL?ﬁmﬁuwmwﬁﬁmﬂussuuﬁwﬁ'ﬂwﬁwﬁqlﬁa%mﬂlﬂuﬁa
% 5.1 gunsnl Tcsc umndnuilenas FACTS Devices Tuuseinm Static series
compensator Ltazﬁﬁ'luﬂ‘i::ﬂauﬁ']ﬁ'fg A Metal oxide varistor (MOV), Thyristor-controlled
reactor (TCR) uaz @uiulszy demnuiu neazidoauasgunsal Tese Idpdunaluide
5.2.1 wanmuhaouuazmsiensiasedngluiie 5.2.2 msfiasagunsal TCSC vuane
dalwihldadueluinde 5.3 Fiimsnandeemnuminsolumsiumsseasmsdalnihues
wuushaasmsinasgunsal Tesc uumedsliiluhda 5.3.1 war 5.3.2 ey ms
AMuANNENTaINMamauum s liihuazsanuvanalasisldosngluwte 5.4 4
lumawhenandiamsmen Sensitivity of line flow: Sy Lﬁa‘lﬁ’lumsﬁmsmﬁmﬁ%qﬂnsﬁﬁ'm
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NanIInmdgauy

6.1 UNIN

MmaaauANNgneaspIlusunsumMsimuIaniisuny Simulation Package [53] o
lszuuiaslviih IEEE 9, 14 war 30 BUS duszuunaaeu lauaaslussad 6.2 st
seuumaalwih IEEE 9, 14, 30, 57 uar 118 BUS ladanidunsaidnmdmsumseuin
mnamaradlwihduandluiidef 6.3 Noaudsasuunagauuandluenasees [54]
way Mmarwn n aupumskaamaslwihdrdmngudmuquszuuimdsluih mslwihihe
HanuiaUseinelng (nww.) wazivadumsiuiuamuminsosaanaiia Predictor-Corrector
Primal-Dual Interior Point m3fnmuSsuiisuiumaindudeiiny TeswSsufisusy
WAilA Simplex-based Linear Programming W8t Sequential Quadratic Programming Maunaeaaly
¥idef 6.4 szuumaalnih IEEE 9, 14 uar 30 BUS ladeninlditunsdidnmamsums
U%’uaﬁmmmmmaﬂwﬂwﬁﬂmi(ﬁﬂé’igqqﬂﬂ'snf TCSC Hamsnagauwansluigad 6.5

Ui 6.1 szuumdslwdhmeseu IEEE 9 BUS dwmsumsvaaauanugneas



6.2 Msnadaulusunsy

wiaihumsiuduanugnaaswsalusunsumsdnna ssuuimdslwihnesou 1EEE 9

14 uaz 30 BUS lehanlddmiumsil Tasszuudenanuaadluguil 6.1 - 6.3 wazsams

nadaulusunsuSoudisuiu Simulation Package [53] u@aalums9i 6.1 - 6.6 mMudau

= o :‘ o q' n: 1
(msudemaalWihuazsimamazaalwih) Fauaswsiladuihwela

szuumav W nagay IEEE 9 BUS

31N 6.1 MsudaMaelWihdnSuszuunagau IEEE 9 BUS

\nAila PCPDIPLP

Simulation Package

Gen. No.
P (MW) Q (MVAr) P (MW) Q (MVAr)
Gl 73.52 16.21 73.52 16.21
G2 34.09 3.72 34.09 3.72
G3 212.91 -6.84 212.91 -6.84

MINN 6.2 IMamaraelWih dmsuszuunaday IEEE 9 BUS

NN W (THB/MWhr)

BUS No. =
\naum PCPDIPLP Simulation Package
1 550.561 550.570
2 538.061 538.055
3 521.097 520.212
4 550.561 550.568
5 551.840 551.842
6 521.097 521.081
7 535.513 535.5417
8 538.062 539.041
9 556.434 556.446




szuumaa Wi masau IEEE 14 BUS

MTNH 6.3 MsuanmaslwihdmsSuszuunagay IEEE 14 BUS

AN PCPDIPLP

Simulation Package

Gen. No.
P (MW) Q (MVAr) P (MW) Q (MVAr)
G1 10.00 -1.81 10.00 —1.81
G2 18.91 14.33 18.91 14.33
G3 179.55 18.24 179.55 18.24
G4 10.00 17.14 10.00 17.14
G5 44.04 22.79 44.04 22.79

MM 6.4 NMamavaalwih dmSussuunadau IEEE 14 BUS

IIMaAa2a9lWH (THB/MWhr)

BUS No. -
AUA PCPDIPLP Simulation Package
1 465.161 465.615
2 464.226 464.144
3 444.683 443.420
4 473.419 473.813
5 473.753 474.124
6 475.410 475.821
7 472.611 472.282
8 472.471 472.442
9 472.423 472.420
10 476.078 475.964
1_1 477.422 477.318
12 484.682 484.611
13 486.535 486.186
14 491.188 490.998
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14

Uil 6.2 szuumaslWihmadau IEEE 14 BUS smiumsnadauanugnand [54]



szruumaeimegau IEEE 30 BUS

MITNN 6.5 MIudnma W& nSussuuNagay IEEE 30 BUS

Gen. No. \AlA PCPDIPLP Simulation Package

P (MW) Q (MVAr) P (MW) Q (MVAr)
Gl 17.47 -10.63 17.47 -10.63
G2 80.00 -11.79 80.00 -11.79
G3 40.00 44.70 40.00 44.70
G4 0.00 48.84 0.00 48.84
G5 14.98 11.35 14.98 11.35
G6 40.27 28.57 40.27 28.57

M3 1N 6.6 IMAIIA2aaLWI d1nSuszuunadau IEEE 30 BUS

Neaarad Wi (THB/MWhr)
BUS No. =
wAuA PCPDIPLP Simulation Package
1 461.954 462.012
2 461.411 461.645
3 472.234 472.324
4 474.024 474.144
5 468.234 468.518
6 472.639 472.640
7 475.343 475.402
8 1,039.887 1,040.201
9 502.886 503.281
10 518.277 518.372
11 502.886 503.017
12 495.634 495.746
13 494.876 494.943




M3 6.6 MMamazaslnih dmTussuuneFaY IEEE 30 BUS 'Gh))
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NAeNAUB T (THB/MWhr)

BUS No. =
tAuA PCPDIPLP Simulation Package
14 508.486 507.882
15 514.468 514.504
16 508.557 508.564
17 517.690 517.335
18 523.849 524.051
18 526.982 527.142
20 525.337 525.543
21 532.271 532.417
22 530.683 530.703
23 530.202 530.503
24 566.515 566.624
25 661.057 660.950
26 672.093 672.301
27 464.377 464.421
28 584.387 584.215
29 475.934 476.163
30 483.893 484.054
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27 29

Jm:.n[ZS

m—tem 26
y

Uil 6.3 szuumalWihmaaeu IEEE 30 BUS dmiumsnagauanugndas [54]
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6.3 ASHANEY MIAIIUIIMaa1anae T

6.3.1 szuuiaslWily IEEE 9 BUS

aunumswaamaaluih  seazBeevasssuuimdaludh IEEE 9 BUS
uaaaluonasa1ede [54] @ Power Flow 2nauwsesulih yuEusIaulwih
TAUBTANUANVBITINANAYDA LW uam’lugﬂﬁ 6.4 - 6.8 ANFIHU

Active Power Flow (MW)
250 T T T T T T T

200

15(%

100
—

50 |
0 i\,_, L ‘k I 1 A 1 1 —
1 2 3 4 5 6 7 8 9

Reactive Power Flow (MVar)
30 — i r ; —

20} f‘ - ]
10} e ]

0 i. I 1 1 L N: J
1 2 3 4 5 6 7 8 9
Line

Ul 6.4 @ Power Flow nasszuuiaslwih IEEE 9 BUS



Voltage Magnitude (p.u.)
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Ui 6.5 wnauseiulwihuesszuuidalWih IEEE 9 BUS

Voltage Angle (Degree)
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JUii 6.6 apaaussdulwihosssruuidliih [EEE 9 BUS

B |-
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Spot Prices (THB/MWHR)
e
560/ |
555‘E o
550, r ’

545
540 |
535 | *
530
525 |
520 | + '

515+

gﬂﬁ 6.7 IMOAYNSEUUMaN WY IEEE 9 BUS

Price Differences across the line (THB/MWHR)

T T T T

30| g '

20+ 1

1 2. 3 4 .5 | 6 7 “7 8 9

sUh 6.8 anumwwasnMmemazeestuumaalwih IEEE 9 BUS
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6.3.2 szuuiaslwiln IEEE 14 BUS

aunumsudnmaalwih  eaziBoavesszuumaslwih TEEE 14 BUS
uaeluena1581989 [54] @ Power Flow 21nausesiulwih NNV TOU WA
NMuazANNiIasnmManayaaliih uaedlusui 6.9 - 6.13

50 """""" i Fame r —— T T T |

| ] L WJ _

10 - '_ " et
i _[ ILW_FL L L

0 2 4 6 8 10 12 14 16 18 20

Reactive Power Flow (MVar)
25 et T = T T 0 T T T T S T

20+
15}
10+

Line

31l 6.9/ Power Flow aasszuuaslwih IEEE 14 BUS
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6.4 ANNFINIIVUNINAHEA Predictor-Corrector Primal-Dual Interior Point

90

80}

70

60}

40}

30}

201

10+

50}

Computational Iteration

SQP

-

s

SPLP

PCPDIPLP

14 Busm

30 Bus

57 Bus

Eﬂﬁ 6.29 FIUIUTDUMSANNUTIMAIIAYDLWTH

M5eT 6.7 STaznMIINNATTAMT UMM

118 Bus

71

nafilalumsdnna Ginf)

J‘LUUNAdaUY
SQP SPLP PCPDIPLP
9 BUS 1.38 2.12 4.15
14 BUS 4.19 6.50 16.89
30 BUS 12.37 21.47 33.62
57 BUS 27.63 40.20 27.23
118 BUS 1,760.71 1,693.56 168.75
* HHIELYO)
SQP:  Successive Quadratic Programming

SPLP: Linear Programming with Simplex Technique

PCPDIPLP: Linear Programming with Predictor — Corrector Primal — Dual Interior Point

ABNWILGBSHWIIEUSZNNAKNE PENTIUM II 450 MHz, RAM 196 MB




12

6.5 n3tAnY1 MsUsuaasiaaainvalwihaesseuunaaay IEEE 9 BUS
dwmSuszuuidalwihneaeu EEE 9 BUS wamssnaluiidadi 6.2 imema
yaslvlihiidnagszwin 521 - 556 THB/MWhr Tagmanusauasnaniiaggaiivszann
30.743 THB/MWhr uuaaaudunnd 3 sewhada 5 uar 6 msUSuaarmanueaassa
vumgdlihlasmsaansgunsal Tesc damusiiiudasfinrsan Sensitivity of line flow
to the series compensation: Sy, ypamsdudumMeiisngs Tasnamsiunem Sy, waaaluy

K!II 1 1 = 1 ! M k4 A ¥
JUN 6.30 uaznnguwune S, ddegszwin -0.22 - +0.2 lessedudumaei 3 Tidh

u
v 1

Mgen -0.2241 wasdeduiduman 5 imgegan 0.1905 tialimssawsmnediiinase
= 2 & a & = s W v
Power Flow 1n#ign Judanfinagunsal TCSC vumadadunii 3 fiszaumssamssasay
W gl o <
40 uasuadwshlduaadlugui 6.31 - 6.32 uaza1s9M 6.8

Sensitivity of Line 3 Flow to the Series Compensation

[ = T e R T = T T T T S

0.2

0.15}

0.05} \ \ y

1
e
—_

T

T

31]1‘7; 6.30 Sensitivity of line 3 flow to the series compensation (3¢UU IEEE 9 BUS)



Spot Prices (THB/MWHR) ﬁaum‘sﬁméi"qa.ﬂmni TCSC
565E o i T e S
560ir
555 i
550 5 ! -
545 |
540%

535} "
530}
525! _
520 - '

515}

Spot Prices (THB/MWHR) waamshanagUnsal TCSC

565 i

560
555 |-
550 - |
545 | / )
540 |-
535 |- ' T -

530 A / |

525
520+ ' |

515 i

Bus

sU# 6.31 WEsuHsuNMAMNVBITTUY NDULAZWAINISAAAY TCSC (IEEE 9 BUS)



Price Differences across the line (THB/MWHR) riaum‘iﬁﬂs'lv'qa‘\]n‘mf TCSC

|

-
|
|

30

20!

10

0}

Price Differences across the line (THB/MWHR) nﬁqm‘sﬁquqﬂmci TCSC

T T T T T T T T

30+

20+

10 -

-10

gﬂﬁ 6.32 LUIBUNEUANINGNIDITA ADULAZNAINIAAANY TCSC (IEEE 9 BUS)



75
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6.6 nIAANY) NsUSUaRTIMInaInTalWiNIBITEUUNAERY IEEE 14 BUS
dmsusruumaslwihneday IEEE 14 BUS wamssmnaluiitad 6.2 ianema
vaslwihiidagssnin 445 - 491 THB/MWhr Tngfamnusiwasnimiimgegaiilssainm
28.736 THB/MWhr Uuaadudunii 6 sewhadd 3 waz 4 msUsuanemanueesassnan
vusnedaliihlasmsindsgunsel Tcse famsniiudasinsand Sensitivity of line flow

to the series compensation: S,, ~vaEBAEUMNTINGEY Tagnanmsduimeh Sy, waaalu

3UN 6.33 uazminguwuhen S, fimagssnin -0.33 - +0.27 lasaodudunied 6 Tia

u u

° = ] Vv H J A:I o v 1 L

Mgeh -0.3305 wazsngduduman 3 lidgedgad 0.2722 walimsuawaamadiinade

Power Flow 1n#ige Judandangunsal TCSC uumeadudunai 6 szaumsaaespeos
o f-d' kd AJ J

40 waawsnldudaalugun 6.34 - 6.35 wazansnh 6.9

Sensitivity of Line 6 Flow to the Series Compensation

T T W T ¥ T P i TR

0.3}

0.2+ /’ \

0.1+ / \

o
[\e]
T

L 1 L 1 1 1 L L L L

0 2 4 6 8 10 12 14 16 18 20
Line

Eﬂ‘ﬁ 6.33 Sensitivity of line 6 flow to the series compensation (5¢UU IEEE 14 BUS)



Spot Prices (THB/MWHR)

faumsanaalnsal TCSC

500 |

450

440 -

500

490 f

480 ¢

470 -

460 |-

450

440

5UN 6.34 1WSauifiaunmeanuestuy ABULBENAINIAANY TCSC (IEEE 14 BUS)

1

g |

|
- |
I S ,

8 10 12 14
wdmaiansgunael TCsc

oL

e
et
p— ——k
|

8 10 12 14

Bus



Price Differences across the line (THB/MWHR) ﬁaumsﬁmﬁ"qqﬂnﬁd TCSC

—T

20+ —

16+

10 |

L L L i i 1 ! ! 1 1

2 4 6 8 10 12 14 16 18 20
Line

Price Differences across the line (THB/MWHR) Wi msfinea TCSC

20+ .
15 - 8

10

B PSR FECIEITRIE SIS SEREINDY Pt Sp . JTUr o= | BN 1 L L i 1

2 4 6 8 10 12 14 16 18 20
Line

5UN 6.35 WSaUHBUANNENYBINA NBULAZUAINSHAAI TCSC (IEEE 14 BUS)



79

nAMsuamnaaaslivaanmamazalwihlaansdieagunsal TCSC vumead
LHUNNAT 6 28958 UUNAFaU IEEE 14 BUS lagaaweanszou 40 % wamsmuinudsznauais
WV - kY 9 J ar
aunumMInan Wi anngadarasszuy nmemezaaliih wazanudEaINMame 6
waaeluaseh 6.9

M3197 6.9 WamMsNaasIlsuaasImaainuadWihuasssuunaaau IEEE 14 BUS

. - ANugaLde ANNGNYBY Nmamauealvih
AUNUMTHER — '
MSUALHE YBITEUU NANANAFIGR AMEIEN AEITR
(THB/hr) ! il
(MW) (THB/MWhr) | (THB/MWhr) | (THB/MWhr)
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W 1RV
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6.7 n3aiAny MIUsuaameaiavaslWihyesszuunagau IEEE 30 BUS
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NnMsuamIneassiansgunsoal TCSC lasgawaaadalihi 40, 50 uaz 60 %
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7.2 HaNIINAaBI

HAMSNAABY (UNT 6) L‘éumﬂmsﬂmaaummgnﬁawaq‘[ﬂmﬂ'ﬁunﬁﬁwmmﬁﬂuﬁu
Simulation Package [53] luids 6.2 madunalineiilndidseiudmSumasnsludiuze
aaddueawnneslval uwasdniuisadnmissluduzsnmamavasliihdeiotniwela
mMamnanmamezaslWihdmdussuunagaviiuandatuusasluiite 6.3 Tagszuu

i

maalWihmedey IEEE 9 BUS mimamauasluihilogaiszwin 521 - 556 THB/MWhr
SLUU 14 BUS mamazadlwihdmsnnimegszning 464 - 490 THB/MWhr fitiieas
3 finedgail 445 THB/MWhr dwSusvuu 30 BUS mimamazasliihlazdasnnile
agluz1a 440 - 550 THB/MWhr fitfieniail 8, 25 wax 26 Alinmgnhatadualoi
ALYNAU 1,039.89 , 661 wuar 672 THB/MWhr MU §WM5uszuy 57 BUS 10160810
waalnhiiduandniulusneaslungy Toanguusniidoglugie 680 - 720 THB/MWhr
@MSuUE 1 0 Ud 9 uwazdmsudd 10 e Ud 29 immmﬂﬂaq'lwﬁmgiﬁ 740 - 1780
THB/MWhr fitiisalid 18, 28 waz 29 #ildseeald fiuszanm 695 — 720 THB/MWhr
wazdmsulsd 30 ta 57 ﬂmammznfjuﬁ'uﬁﬂ‘i:mm 820 THB/MWhr Uaz@as 9 anawni
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dmdumsdnnuldldaauiinnasdmyanaiifimieusanana PENTIUM 450 MHz
RAM 196 MB AaNN&WI5028UNALA  Predictor-Corrector Primal-Dual Interior Point
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(SQP) uar Simplex-based Linear Programming (SPLP) dlafimsansnusaumsénnamuy
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Tumsénnm maila PCPDIP aal@nadwsnassnhamiuszuunnadn uddmiussuy
analug Sulduaasanuainsofiwilaniimeiia SQP uaz SPLP agniauta
mmesssliuaanmamazasliihlasmsiangunsel Tesc vumeds ldidan
szuumaalwihmegay IEEE 9 BUS, 14 BUS waz 30 BUS Wunsaldnw meanuuanean
aasmamaraslihifannamusudmasnedliihdusdy wesiadumsaaanudu
daduil  Sufludasimsand S,,,“ﬂiznaunWSLﬁanﬁﬂé’:\iqﬂnirﬁ TCSC  wadwsAladmsu
SEUU 9 uaz 14 BUS @9 ﬁunumswﬁmﬁwé’ﬂﬂﬂwLLa:m"mgmuLﬁmmszuuaﬂamﬁﬂﬁaﬂ Tu
Pasfinmamauazanuuandzasnmamaunuliinmswisuwlenss  uddmiuszuy
30 BUS mimamauazanuuansaasnmamezaslwihwisnndanegunsel Tesc 1
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Nr. | Type 0 Vi Poia Q Loa Pen Qg shnt | Viase
1 | Slack 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00| 135
2 PV 0 1.0000 21.70 12.70 | 0.0000 | 0.0000 0.00| 135
3 PQ 0 1.0000 2.40 1.20 | 0.0000 | 0.0000 0.00| 135
4 PQ 0 1.0000 7.60 1.60 | 0.0000 | 0.0000 0.00| 135
5 PQ 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135
6 PQ 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00| 135
T PQ 0 1.0000 22.80 10.90 | 0.0000 | 0.0000 0.00| 135
8 PQ 0 1.0000 30.00 30.00 | 0.0000 | 0.0000 0.00 ] 135
9 PQ 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135

10 PQ 0 1.0000 5.80 2.00 | 0.0000 | 0.0000 0.19| 135
11 PQ 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135
12 PQ 0 1.0000 11.20 7.50 | 0.0000 | 0.0000 0.00 | 135
13 PV 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135
14 PQ 0 1.0000 6.20 1.60 | 0.0000 | 0.0000 0.00 | 135
15 PQ 0 1.0000 8.20 2.60 | 0.0000 | 0.0000 0.00 | 135
16 PQ 0 1.0000 3.50 1.80 | 0.0000 | 0.0000 0.00| 135
17 PQ 0 1.0000 9.00 5.80 | 0.0000 | 0.0000 0.00 | 135
18 rQ 0 1.0000 3.20 0.90 | 0.0000 | 0.0000 0.00 | 135
19 PQ 0 1.0000 9.50 3.40 | 0.0000 | 0.0000 0.00 | 135
20 EQ 0 1.0000 2.20 0.70 | 0.0000 | 0.0000 0.00 | 135
21 PQ 0 1.0000 17.50 11.20 | 0.0000 | 0.0000 0.00| 135
22 PV 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135
23 PV 0 1.0000 3.20 1.60 | 0.0000 | 0.0000 0.00| 135
24 PQ 0 1.0000 8.70 6.70 | 0.0000 | 0.0000 0.04 | 135
25 PQ 0] 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00| 135
26 PQ 0 1.0000 3.50 2.30 | 0.0000 | 0.0000 0.00| 135
27 PV 0 1.0000 0.00 0.00 | 0.0000| 0.0000 0.00 | 135
28 PQ 0 1.0000 0.00 0.00 | 0.0000 | 0.0000 0.00 | 135

Continued ——>
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Nr. Typ € e Vﬁx P!.nad Ql,aad PS‘-’" Qgﬁ'" B shunt th.u-
29 PQ 0 1.0000 2.40 0.90 | 0.0000 | 0.0000 0.00 | 135
30 PQ 0 1.0000 14.90 5.00 | 0.0000 | 0.0000 0.00| 135

AN n.2 dayadumasEsdeasszuumaa lWihnasay IEEE 30 BUS

Nr. Type | Busl | Bus2 R X B n I n,
1 Line 1 2 0.0200 0.0600 | 0.0300 1
2 Line 1 3 0.0500 0.1900 | 0.0200 1
3 Line 2 4 0.0600 0.1700 | 0.0200 1
4 Line 3 4 0.0100 0.0400 | 0.0000 1
5 Line 2 5 0.0500 0.2000 | 0.0200 il
6 Line 2 6 0.0600 0.1800 | 0.0200 1
il Line 4 6 0.0100 0.0400 | 0.0000 1
8 Line 5 7 0.0500 0.1200 | 0.0100 1
9 Line 6 7 0.0300 0.0800 | 0.0100 1
10 Line 6 8 0.0100 0.0400 | 0.0000 1
11 Line 6 9 0.0000 0.2100 | 0.0000 1
12 Line 6 10 0.0000 0.5600 | 0.0000 1
13 Line 9 11 0.0000 0.2100 | 0.0000 1
14 Line 9 10 0.0000 0.1100 | 0.0000 1
15 Line 4 12 0.0000 0.2600 | 0.0000 1
16 Line 12 13 0.0000 0.1400 | 0.0000 1
17 Line 12 14 0.1200 0.2600 | 0.0000 1
18 Line 12 15 0.0700 0.1300 | 0.0000 1
19 Line 12 16 0.0900 0.2000 | 0.0000 1
20 Line 14 15 0.2200 0.2000 | 0.0000 1
21 Line 16 17 0.0800 0.1900 0.0000 1
22 Line 15 18 0.1100 0.2200 0.0000 1
Continued ——>
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@59k 0.2 JayadumasasdwesszuuiaslWihmasau IEEE 30 BUS (@9)

Nr. Type Busl Bus2 R X B n, / n,
23 Line 18 19 0.0600 0.1300 | 0.0000 i}
24 Line 19 20 0.0300 0.0700 | 0.0000 1
25 Line 10 20 0.0900 0.2100 | 0.0000 1
26 Line 10 17 0.0300 0.0800 | 0.0000 g
27 Line 10 21 0.0300 0.0700 | 0.0000 1
28 Line 10 22 0.0700 0.1500 | 0.0000 1
29 Line 21 22 0.0100 0.0200 | 0.0000 1
30 Line 15 23 0.1000 0.2000 | 0.0000 1
31 Line 22 24 0.1200 0.1800 | 0.0000 1
32 Line 23 24 0.1300 0.2700 | 0.0000 1
33 Line 24 25 0.1900 0.3300 | 0.0000 1
34 Line 25 26 0.2500 0.3800 | 0.0346 1
35 Line 25 27 0.1100 0.2100 | 0.0000 1
36 Line 28 27 0.0000 0.4000 | 0.0000 1
37 Line 27 29 0.2200 0.4200 | 0.0000 I
38 Line 27 30 0.3200 0.6000 | 0.0000 1
39 Line 29 30 0.2400 0.4500 | 0.0000 i
40 Line 8 28 0.0600 0.2000 | 0.0200 1
41 Line 6 28 0.0200 0.0600 | 0.0100 1
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TCSC as a tool to reduce the transmission congestion charge.
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A Spot Pricing of Electricity in a Competitive Market
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Abstract

There has been a widespread change in many countries’ Electricity Supply Industries from a formerly
state-owned monopoly to @ competitive clectricity market and these changes are now occurring in Thailand.
Optimal electricity pricing is thus an important content in the competitive markets. This paper presents the
spot pricing of clectricity in a competitive electricity ‘market as an extended Optimal Power Flow (OPF).
A Sequential Quadratic Programming (SQP) is used as an algorithm for the calculation, Largrange multipliers,
associated with equality constraints in OPF, can play an important role in the spot pricing caleulation.
Numerical results on the IEEE 30 Bus test system show that the spot prices can be effected by the active
incquality constrainis, especially the active voltage limits and the active line limits can cause the spot prices to

be highly different.
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TCSC in the Aspect of the Spot Prices Reduction
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Abstract

In a competitive electricity market, the spot price differences across the ]Iﬁe become an important
thing for the neighboring arca. To mitigate these problems, transmission line compensation should be
taken into nccount. The emerging technology of a so-called Thyristor Controlled Series Capacitor (TCSC),
a member of Flexible AC Transmission System (FACTS), has played an imporiant role in the power
system, This paper shows how to reduce the spot price differences across the ling, caused by the line
congesion. Units of TCSC are installed based on those differences. The pl’L’:diCtOl"Cl.ﬁﬂ'CCiOl' Primal-Dual
Interior Pout (PCPDIP) enhanced Linear Programming is employed in the determination progress, The
test system of TEEE 30 Bus are used as a case study, while the examples of cost functions are all provided
by The Electnic Power System Control Center, The Electneity Generating Authority of Thatland (EGAT).
The numerical results show that the spot price differences across the TCSC-embeded lines are reduced,

meanwhile the total generation cost is also decreased.
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Abstract

According 10 a new structure of clectricity pricing i a competitive electricity market, spot prices
can intrinsically reflect the economic sttus of the electricity market place, These can play an important
role in electricity pricing. In this paper, the application of lmear programming (LP) for the spot pricing 1s
proposcd. while the predictor-corrector primal-dual intenior-point (PCPDIP) icchniqne. 15 used to enhanee
the ability of linear programming. Various sysiems of IEEL test cases are employed 1o present the abifity
of this method. while cost funcuons are all provided by The Electric Power Sysiens Control Center, The
Llectneity Generating Authority of Thailand (EGAT). The method. deseribed above. has been vahidated
using comparative simulation with other techniques. The result show that the techmique proposed 1y
suitable Tor large systems due to the system-sized independent weration. The results, therefore. can be
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TCSC AS A TOOL TO REDUCE THE TRANSMISSION CONGESTION CHARGE

Sunthorn FAIMUENWAI

Somchart JIRIWIP AKORN

Sulee BUNJOGNJIT Nithad KRISNACHINDA

Electrical Engineering Department, King Mongkhut’s Institute of Technology Ladkrahang (KMITL) - Thailand
Klsoonto@kmitlac.th

INTRODUCTION

Advanced Series Compensator has many benefits for power
transmisnon with an emerging benefit being an adjustable
power stability ltmit for an ac transmission system. The
Thynstor Controlled Series Capacitor (TCSC) 13 a device
capable of such operation. Numerous studies have been
conducted on the different aspects of thiz device such as
transient stebilily, inter-area power swing and mitigation of
subsynchronous resonance, meanwhile other aspect of the
application is of inportance.

The aim of this paper is to show that TCSC can be employed
as a tool to reduce the transmizaon congestion charge, whilst
the technigue of predictor-corrector primal-dual interior
point enhanced linear programming s used for the fast
convergence of the computation, The numencal results on
IEEE lest systems have verified the method we presented. The
dramatic decrease in the congestion charges can be obtatned
on the TCSCembedded lines and the shight reduction in total
generation cost and system loss are also achieved,

The paper begins with a concise review of the incremental
cost based transmission pricing, while the Optimal Power
Flow (OPF) and the technique of predictor-corrector primal-
dual intenor point (PCPDIF) enhanced linear programming
and the transmission congestion charge are then described.
The modeling of TCSC incorporating with the transmisnon
hne is also presented. Finally the mwmerical results are
reported. The reaclive power transaction charge is not
included in the course of this study.

LOCATIONAL MARGINAL PRICE

The locational marginal price has been first introduced in
electric power system in 1978 by F. C. Schweppe et a! (1)
before it becomes widely used in electricity pricing. This
price can be interpreted as the cost of providing electric
energy to customer as shown in the expression below.

(1)

where g, P, : Marginal price and power demand at bus i
Cr : Total generation cost of the power system

The derivative of eq.(1) has to be evaluated subject to
constraints as shown in (1). These prices can be obtained
from the problem of extended OPF and used for short-run
marginal cost based and transmission pricing (2-3).

KM _Faimuenwai_A1 doc Session 5 Paper No

OPTIMAL POWER FLOW

The optimal power flow is a valuable tool for minimizing the
cost of operating an electric power system. Dual variables or
LaGrange multipliers associated with power balance equation
provide the economic interpretation denoting the marginal
prices. A great variety of solution methods has been
investigated for the OPF problem such as Newton method,
quadratic programming, linear programming and etc. The
mathematics expression of OPF can be written as in eq.(2).

Minimize F(x)

subject to gx)=0 ,i=1,2,..,m 2)
hj(x)-:=0 st iy Epanh
where F(x) : Objective function

&(x) : Equality constraints
Ay(x) @ Inequality constraints

The OPF problem in ¢q.(2) can be solved by successive
linearizations of the nonlinear objective and constraint
equations around an operating point defined a power flow
solution. Linear programming is one of the appropriate tools
to solve the large-scale problem of OPF.

PCPDIP ENHANCED LINEAR PROGRAMMING
LINEAR PROGRAMMING BASED OPF

The successive linearization of OPF problem has to be done
before the progress goes on into the deeper steps, Simplex or
any other method can be used and steps of LP-based OPF
with PCPDIP is summarized in the following (3):

STEP 1 : Obtain initial power flow solution;

STEP 2 : Formulate linear progranming subproblem using
the most recent power flow solution to linearize (2);

STEP 3: Solve the linear programming subproblem for the
adjustments to OPF variables;

STEP 4 : Update variables to define new system state;

STEP 5 : If the system state meets the temination criteria ,
stop, otherwise go back to STEP 1 for the next iteration:

In STEP 5 the termination criteria derive from the 1% order
optimality condition of Karush-Kuhn-Tucker (KKT), while
more details about KKT will be discussed in the next section.



CIRED

17 Inlernational Conference on Electricity Disbution

Barcelona, 12-15 May 2003

PREDICTOR-CORRECTOR PRIMAL-DUAL
INTERIOR POINT ALGORITHM

Due to the fast convergence and the system-size independent
iterations which provides the suitability for the large-scale
problem (5-6), the technique of predictor-corrector primal-
dual interior point enhanced linear programming is thus
interested to solve the OPF problem in this paper.

To form the primal problem for lincar programming, the
linearized OPF problem can also be rewritten as:

Mininuze c’x
Subject 1o Ax=bd
2 @)
X+s=u
x,520

where ¢, 1, 5,u € R",be R™, Ae A™" . The dual problem is :

Minimize By—uTw
Subject to ATy+z-w=c @
z,we0

where z,we R, ye R"

LaGrangian function of the linearized OPF problem is shown
in eq.(5) where the noanegativity of constraints i the primal
problem with logarithm barrier penalty are added.

L(.J:,S,;I)=GTI—"HZ:41RIJ —,uZ.yJ. (5)
J=l

The KKT’s 1% order optimality condition for eq.(5) and the
Newton direction are expressed in eq.(6-7) respectively.

Axr=b

Xlgmu

Ary+2—w=c 6)
Xle= pe

SWe= pe

A0 0 0 0 a b- A

P01 0 oy a-x-s

0 4 0 1 s |e|e-Ar-aew (Y]
z o X ofu -T2

0 o w 0o sl .- W

where X,5,Z W are diagonal matrices with the elements
Xp.85,2),W, respectively, eis the n-veclor of all ones, and

415 a barrier parameler,

The maximum step size (gpad @y ), which is the factor
maintaining the nonnegativity of variables of primal and dual

KMI_Faimuenwa_A1 doc SessionS  Paper No

spaces, are found once the solutions ( Ax, Ay, As, Az, Aw) of
¢q.(7) has been caleulated. The variables are updated by :

&= xk+auar,Ax
s oa +ayapds
y = Y ragapsy ®)
2 = Fagaphe

I3
W = w +ayaphw

where o is the step-reduction factor, apand o are the
micimum step size of primal and dual problem.

At this step, the predictor-corrector technique is employed to
reduce the time of convergence focused on solving the linear

system in ¢q.(7). The Newton direction vector is thus
separated into two parts as shown in eq.(9).

A=A +Ap )

where A, is the affine-scaling component or the predictor
term. Its main function is to reduce the primal and dual
infeasibilities and duality gap. A, is the centering

component or the comrector term. The main function is to keep
the curmrent iteration away from the boundary of feasible
region.

A, is the solution of eq.(7) with g =0, and A is obtained
by solving €q.(7) with the right-hand side replaced by
(0,0,0, s — XZe, pre — SWe)” as shown in eq.(10).

4 0 0 0 0 e 0

oor oo o |lge )

0 oA o 1 -r A |- 0 (10)
z 0 o X o dg | [m-argazge

0 0 W 0 5 JLaep = A5 g AW g0

The Newton direction is finally determined. The sane linear
systems with two different right-hand side need to be solved
and take much less computational time with the system-size
independent iterations compared to the simplex method.

TRANSMISSION CONGESTION CHARGE

As discussed in the paper of Thomas W. Gedra (4), the
difference of nodal spot price (locational marginal price) can
be interpreted as the transnission congestion charge. The
lines* congestion charge can expressed as in eq.(11).

nb

nl
Apy = ;,Z,Nm an

where p,Ap : Vectors of spot price and their differences.
N : Network incidence matrix (1).
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TIHIYRISTOR CONTROLLED SERIES CAPACITOR

As shown in Figure 1, TCSC module consists of a thyristor-
controlled reactor (TCR), a fixed series capacitor and metal-
oxide varistor, which is connected paralle] for over voltage
protection. The TCR is a static var controller that by eans of
a power electronic interface provides fiast control over the
reactive power. By means of the firing anxgle of the thynstors,
TCST can operate n three different modes comprging
bypassed mode, blocked mode and vernier centrol mode. In
this paper TUSC, used as a tool to reduce the transmission
congestion change, 15 modeled as a capacitor with the
maxitmun compensation limited & 60 % (9) of the line
reactance where it is embedded. That means the thynstors
operate with the vemier control mode in the capacitive region.

MOV
[
¥ )
| I ‘Line
1]
- .
TCR
e

- e -

Figure | Component of TOSC~Madule

For this study himped 7 model 15 used to represent the
transmission line with capiacitor/renctar with impedance sx-.
Maodel of the TCSC-anbedded line is shown m figure 2

z=r~'j;\v e

Bust Bus |

Frguce & Lumped 7 model of wansoission binge

The line susceptance before and affer the addition of TCSC
can be expressed as

By = 5y g =&y + 0y) gy + By) (2
% By
where g, =— = by =~ 2{" >
Jfg 'i'.xa JFP '?’X‘,J
r . Xy e

£ === = by = = -
Jf;; + {,\r +ae) Jrj iy )

The new system admittance marrix ¥y, after adding TCSC on

the line between bus 1 and bus j can be updated as ;

“M Farru

(VA s ) 50
£l
voay 9 U -ay, N
T ) 5 oo
fo 2R ® i
Lo (13)
' It { 1 i 0 [
i &y, U n ‘_\‘yv 0 E -
G [ a ] f N E i
val g coi - 1

Since the transmission congestion charge are also implied as
the cost of transporting power from bus i to bus j, the charges
are used for the selection to place TCSC-module on the line.

CASE STUDY
1EEE 20 Bus is employed as a case study in the puper, The
examnples of the cost function are obtained from the

Electricity Generating Authority of Thailand. The marginal
prices and congestion charge are illustrated in Figure 3-1.
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From figure 3-4 the marginal prices are generally ranged
between 460-1040 THB/MWHR approximately and their
peeks wre occurred @ bus 8, 25 and 26 with the value of 1040,
661 md 672 THB/MWHR respectively, And for the
transmission congestion charge, three peaks are sppeared on
line 10, 35 and 40 with the value of 570, 200 and 480
THBMWHR. These lines are where the TCSC should be
embedded on. Although the trmsinission line compensation
can be made up to 60 % as discussed in the previous section,
three levels of compensation are therefore made on line 10,
41 and 35 by setting the impedance of TCSC-module.

The results of 10 % compensation of these lines are shown in
figure 5-6, Large reduction in overall marginal prices and
transmiggion congestion charges compared to those of the
uncompensated system cnn be found in fig. 5-6 respectively.
The prices are varied between 472-514 THBAMWHR with a
highest and lowest point at bus 19 and 27, while the
congestion charges are fluctuated between 0-24 THR/MWHR
with many small-valued peaks appeared in the graph.

Ml Prica (THEOW P 44F)
515

S10F 4

0%

1

. \

\
g iy

480 -'J f B

5 10 15 0 » 30
Biry

In figure 7-8 comparisons in the marginal price and
transmission congestion charge between the nomal and the
compensated systems are illustraed. The manginal prices vary
around 500 THB/MWHR for the compensated system and the
peak is nearly twice less than that of normal system. In
addition the lacge reduction of congestion charge is also
achieved. The charges fluctunte in the mnge of 0 and 45
THBMWHR and the highest is aboul 13 fimes less thun that
of normal system. For the system with 4024 compensntion not
only the marginal prices and the trasmission congestion are
improved, 2 % decrease in the total generation cost (from
approximately 45,260 THB/HR) and 2.85 % decrense in rofal
loss {from approximately 3.51 MW) are also founded,
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SUMMARY

in this paper Thyristor Contrelled Senies Capacitor, used as
a tool to reduce the transmission congestion charge, has been
presented. The technique of predictorcorrector primal-dual
interior pant enhanced linear programming has wsed for the
fast convergence of the computation. TCSCs have been
placed on the transmission hines, in which the high congestion
charges are provided, to miigate the problem of congestion.
The JEEE test system has been employed to verify the method
presented. The dramate decrease in the TCSC-embedded
hres’ congestion charges and the marginal price have been
achteved. In addition the slight reduction in system loss and
total generation cost have been fourded.
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