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ABSTRACT

This paper proposes a hybrid differential evolution (DE) and harmony search (HS) for solving
optimalpowerflow(OPF)problemwithFACTSdevicesincludingstaticVarcompensator(SVC),
thyristor-controlledseriescompensation(TCSA),andthyristor-controlledphaseshifter(TCPS).The
proposedhybridDE-HSistoutilizetheadvantagesoftheDEandHSmethodstoenhanceitssearch
abilityfordealingwithlarge-scaleandcomplexproblems.Theproposedmethodhasbeentestedon
theIEEE30bussystemwiththevarietyofobjectivefunctionsincludingquadraticfuelcost,power
loss,voltagedeviation,andvoltagestabilityindexandtheobtainedresultsfromtheproposedhybrid
DE-HShavebeencomparedtothosefromotheralgorithms.Theresultcomparisonhasindicatedthat
theproposedhybridDE-HSalgorithmcanobtainbettersolutionqualitythanmanyothermethods.
Therefore, theproposedhybridDE-HSmethod canbe an efficientmethod for solving theOPF
problemincorporatingFACTSdevices.
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1. INTRODUCTION

Inthepowersystemoperation,theOPFproblemisaverypopularone.Theobjectiveofanoptimal
powerflow(OPF)problemistofindthesteadystateoperationpointofgeneratorsinthesystemso
astheirtotalgenerationcostisminimizedwhilesatisfyingvariousgeneratorandsystemconstraints
suchasrealandreactivepowerofgenerators,busvoltages,transformertaps,switchablecapacitor
banks,andtransmissionlinecapacitylimits(Carpentier,1979).IntheOPFproblem,thecontrollable
variablesusuallydetermined:1)realpoweroutputofgenerators,2)voltagemagnitudeatgeneration
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buses,3)injectedreactivepoweratcompensationbuses,4)andtransformertapsettings.Thisisa
classicandlarge-scaleproblem,butitisextensivelystudiedduetoitssignificanceinthepowersystem
operation.Traditionally,mathematicalprogrammingtechniquescaneffectivelydealwiththeproblem
andtheOPFproblemhasbeenwidelystudiedintheliterature(HappandWirgau,1981;Huneaultand
Galiana,1991;Momoh,Adapa,andEl-Hawary,1999;PandyaandJoshi,2008).However,duetothe
incorporationofFACTSdevicestosystems,valve-pointeffectsormultiplefuelstogeneratorsrecently,
theOPFproblembecomesmorecomplicatedandthemathematicalprogrammingtechniquesarenot
aproperselection.Therefore,itrequiresmorepowerfulsearchmethodsforabetterimplementation.

Severalmethodshavebeenappliedforsolvingthisproblem.Thepurposeofthesolutionmethods
appliedtothisproblemistofindtheoptimalsolution,sothattheeffectivenessofthesemethods
canbeevaluated.Thebettermethodistheonewhichcanfindbetteroptimalsolutionthanother
methodsfor theproblemin termsof theminimumobjectivefunction.However,notallmethods
canbesuccessfullyappliedtosolvethisproblemduetohandlingseveralvariablesandconstraints.
Therefore,theeffectivemethodsforsuccessfullysolvingtheOPFproblemareusuallythepowerful
methodforsolvingoptimizationproblems.TheOPFproblemhasbeensolvedbyseveralconventional
methodssuchasgradient-basedmethod(WoodandWollenberg,1996),linearprogramming(LP)
(AbouEl-ElaandAbido,1992;Mota-PalominoandQuintana,1986),non-linearprogramming(NLP)
(Dommel and Tinny, 1968; Pudjianto, Ahmed, and Strbac, 2002), quadratic programming (QP)
(Burchett,Happ,andVierath,1984;GranelliandMontagna,2000),Newton-basedmethods(Sunet 
al.,1984;SantosanddaCosta,1995;LoandMeng,2004),semidefiniteprogramming(Baietal.,
2008),andinteriorpointmethod(IPM)(YanandQuintana,1999;WangandLiu,2005;Capitanescu
et al.,2007).Generally,theconventionalmethodscanfindtheoptimalsolutionforanoptimization
problemwithaveryshorttime.However,themaindrawbackofthesemethodsisthattheyaredifficult
todealwithnon-convexoptimizationproblemswithanon-differentiableobjective.Moreover,these
methodsarealsoverydifficultfordealingwithlarge-scaleproblemsduetolargesearchspace.In
addition,meta-heuristicsearchmethodsrecentlydevelopedhaveshownthattheyhavethecapability
todealwiththiscomplicatedproblem.Severalmeta-heuristicsearchmethodshavebeenalsowidely
appliedforsolvingtheOPFproblemsuchasgeneticalgorithm(GA)(LaiandMa,1997;Wu,Cao,
andWen,1998;Osman,Abo-Sinna,andMousa,2004);simulatedannealing(SA)(Roa-Sepulveda
andPavez-Lazo,2003),tabusearch(TS)(Abido,2002),evolutionaryprogramming(EP)(Wuand
Ma, 1995; Yuryevich and Wong, 1999); particle swarm optimization (PSO) (Abido, 2001), and
differentialevolution(DE)(Cai,Chung,andWong,2008).Thesemeta-heuristicsearchmethods
canovercomethemaindrawbackoftheconventionalmethodswiththeproblemnotrequiredtobe
differentiable.However,theoptimalsolutionsobtainedbythesemethodsforoptimizationproblems
arenearoptimumandthequalityofthesolutionsisnothighwhentheydealwithlarge-scaleproblems;
thatistheobtainedsolutionsmaybelocaloptimumswithlongcomputationaltime.

FACTSdeviceshaverecentlyappliedtoenhancethetransmissioncapacityandstabilityability
ofpowersystems.Therefore,theOPFproblemwithFACTSdevicesisconsideredasanewtrendof
researchforapplicationtopowersystems.TheOPFwithFACTSdeviceproblemhasbeenstudied
byseveralresearchersusingdifferentoptimizationmethodssuchasatwo-stageapproach(Shaoyun
andChung,1998;Chandrasekaran,ArulJeayaraj,andSaravanan,2009),GA(ArunyaRevathiet al.,
2008,PandaandPadhy,2008),PSO(PandaandPadhy,2008),hybridGA(ChungandLi,2001),
andlinearprogramming(ShamukhaSundarandRavikumar,2012).Thesemethodsarerelatively
effectivefortheOPFproblemwithFACTSdevices.Infact,theOPFproblemwithFACTSdevices
isaverycomplexonesincethesolutionmethodshavetohandleboththelocationandcapacityof
FACTSdeviceswhenincorporatingintheOPFproblem.

Inthispaper,anewlyhybriddifferentialevolutionandharmonysearchisproposedtosolveoptimal
powerflowwithFACTSdevicesincludingstaticVARcompensator(SVC),thyristorcontrolledseries
compensation(TCSA),andthyristor-controlledphaseshifter(TCPS).TheproposedhybridDE-HSis
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ahybridmethodwhichcombinestheadvantagesofbothDEandHStoformaneffectivemethodfor
dealingwiththeOPFproblem.TheDEmethodhasmanyadvantagestosolvenon-linearoptimization
problemssuchassimplestructures,fewcontrolvariables,highreliabilityandhigh-qualitysolution.
TheHSmethodisanalgorithminspiredfromthesearchingofharmonyinmusicsimulationsand
ithasbeenextensivelystudiedwithhighabilitytocombinewithotheralgorithmstoformpowerful
solutionmethods.OwningtotheadvantagesofbothHSandDE,theproposedhybridDE-HScan
findbetteroptimalsolutionthanothermethodsforthecomplexOPFproblemwithFACTSdevices.
ForsolvingtheOPFproblemwithFACTSdevices,amin-cutalgorithmhasbeenimplementedfor
determiningtheoptimalpositionofFACTSdevicesandthenthehybridDE-HSisusedforsolvingthe
OPFproblem.TheproposedmethodhasbeentestedontheIEEE30bussystemwiththevarietyof
objectivefunctionsincludingquadraticfuelcost,powerloss,voltagedeviation,andvoltagestability
indexandtheobtainedresultsfromtheproposedhybridDE-HShavebeencomparedtothosefrom
otheralgorithmsintheliterature.

Theorganizationoftheremainingofthepaperisasfollows.Section2presentstheproblem
formulationinmathematicalmodel.Section3introducestotheproposedhybridDE-HSalgorithm
andimplementstheproposedmethodforsolvingtheproblem.Section4addressesthenumerical
resultsbytestingtheproposedmethodonabenchmarksystem.Finally,theconclusionisgiven.

2. PROBLEM FORMULATION

IntheOPFproblemwithFACTSdevices,theconsideredvariablesincludecontrolvariablesand
statevariables.Thecontrolvariablesconsistofrealpowerinjectedatgenerationbusesexcluding
theslackbus,voltageatgenerationbuses,tapchangeroftransformers,reactivepowerinjectedby
capacitorbanks,andadditionalparametersfromFACTSdevicesincludingthereactivepowerofSVC,
inductanceofTCSC,andangleofTCPS.Thestatevariablescomprisethepowergenerationatthe
slackbus,voltageatloadbuses,reactivepoweroutputofgenerators,andpowerflowintransmission
lines.TheobjectiveoftheOPFproblemwithFACTSdevicesistodeterminethecontrolvariables
inorderthatanobjectivefunctionoftotalfuelcostofthermalunits,totalpowerlossintransmission
lines,totalvoltagedeviationorstabilityindexisminimizedwhilesatisfyingequalityconstraintsof
powerflowequationsandinequalityconstraintsofcontrolvariablesandstatevariables.

Mathematically,theOPFwithFACTSdevicesisformulatedasfollows.

2.1. Objective Function
The selectedobjectiveof theproblem is the total fuel costof thermalunits, total power loss in
transmission system, voltage deviation from buses to a reference value or stability index of the
systemasfollows:

• Total Fuel Cost of Thermal Units:Theobjectiveistominimizethetotalfuelcostofthermal
unitsrepresentedas:

F P
i gi

i

Ng

( )
=
∑

1

 (1)

ThefuelcostofeachthermalgeneratorFi(Pgi)canberepresentedasaquadraticfunction:

F P a b P c P
i gi i i gi i gi
( )= + + 2  (2)
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Astheeffectsofvalvepointsinboilersofthermalgeneratingunitsareconsidered,thefuelcost
isrepresentedbyasinusoidalcomponentaddedtothequadraticfunction:

F P a b P c P e f P P
i gi i i gi i gi i i gi gi
( ) | sin( ( )) |

,min
= + + + −2  (3)

whereNgisthenumberofgenerators,Pgiistherealpoweroutputofthermaluniti,andai,bi,ci,ei,
andfiarethefuelcostcoefficientsofthermaluniti.

• Total Power Loss in Transmission Lines:Theobjectiveistominimizethetotalpowerlossin
transmissionsystemrepresentedby:

Min P g V V VV
loss k i j i j i j

k

Nl

 = + − −





=
∑ 2 2

1

2 cos( )δ δ  (4)

whereNlisthenumberlinesintransmissionsystem,gkistheconductanceoflinek,ViandVjare
voltagemagnitudesatthetwoendbusesiandjoflinek,andδiandδjarethevoltageanglesatthe
twoendbusesiandjoflinek.

• Voltage Deviation:Theobjectiveistominimizethetotalvoltagedeviationfromloadbusesto
areferencevoltagerepresentedby:

Min V V
i ref

i

Nd

| |−
=
∑

1

 (5)

whereNdisthenumberofloadbuses,Viisthevoltagemagnitudeatloadbusi,andVrefispre-specified
referencevoltageatloadbuses,usuallyVref=1.0pu.

• Stability Index:Theobjectiveistominimizethemaximumstabilityindexofloadbusesinthe
systemrepresentedby:

Min L
Max

  (6)

wherethemaximumstabilityindexLmaxiscalculatedby:

L L j N
Max j d
= ={ }, , ,...,1 2  (7)

inwhich,eachstability indexLjused tomeasure thevoltagestabilityateach loadbusofpower
systemfrom0(no-load)to1(voltagecollapse)(AbouEl-Elaet al.,2011).Oneofthemostpopular
methodsforcalculationofthestabilityindexproposedby(KesselandGlavitsch,1986)isasfollows:

L L
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whereαListhesetofloadbuses,αGisthesetofgeneratorbuses,Viisvoltageatbusi,andCijisa
componentofC-matrixanddeterminedby:

[ ]C Y Y
LL LG

= −







−1
 (9)

inwhich,YLLandYLGarethematricesinsideY
bus

matrixwhichisrepresentedasfollows:
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2.2. Constraints
2.2.1. Equality Constraints
Theequalityconstraintsoftheproblemincludetherealandreactivepowerbalancesatbuses:

P P V V Y FACTS FACTS i
gi di i j ij ij ij

j

Nb

− = +( ) =
=
∑ | || || ( ) | cos ( ) , ,θ δ

1

1 ....,N
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 (11)
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N

b

b

i N( ) =
=
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1

1, ,...,
 (12)

whereQgiisthereactivepoweroutputsofgeneratinguniti,Pdi, Qdiarerealandreactivepowerdemands
atloadbusi,respectively,Qciisthereactivepowerinjectionfromaswitchableshuntcapacitorbankat
busi,Qi(FACTS)isthereactivepowerinjectionofFACTSdevicesatbusi,|Yij(FACTS)|∠θij(FACTS)
isacomponentofYbusmatrixwithFACTSdevices.

2.2.2. Inequality Constraints

• Therealpower,reactivepower,andvoltageatgenerationbusesshouldbebetweentheirlower
andupperbounds:

P P P i N
gi gi gi g,min ,max

, , ,...,≤ ≤ = 1 2  (13)

Q Q Q i N
gi gi gi g,min ,max

, , ,...,≤ ≤ = 1 2  (14)

V V V i N
gi gi gi g,min ,max

, , ,...,≤ ≤ = 1 2  (15)

whereVgiisthevoltagemagnitudeatgenerationbusi.

• Theswitchableshuntcapacitorbanksandthetapsettingofeachtransformershouldbebetween
theirlowerandupperlimits:
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Q Q Q i N
ci ci ci c,min ,max

, , ,...,≤ ≤ = 1 2  (16)

T T T k N
k k k t,min ,max

, , ,...,≤ ≤ = 1 2  (17)

whereTkisthetap-settingoftransformeratbranchk.

• Thevoltageatloadbusesandpowerflowintransmissionlinesshouldnotexceedtheirlimits:

V V V i N
li li li d,min ,max

, , ,...,≤ ≤ = 1 2  (18)

S S l N
l l l
≤ =

,max
, , ,...,1 2  (19)

S S S
l ij ji
= { }max | |,| |  (20)

whereVliisthevoltagemagnitudeatloadbusi,Slisthemaximumapparentpowerflowintransmission
linelconnectingbetweenbusesiandj,andSijandSjiaretheapparentpowerflowfrombusitobus
jandviceversa.

• Theparameters forFACTSdevices includingSVC,TCSC,andTCPSshouldnotexceed
theirlimits:

Q Q Q i N
SVCi SVCi SVCi SVC,min ,max

, , ,...,≤ ≤ = 1 2  (21)

X X X i N
TCSCi TCSCi TCSCi TCSC,min ,max

, , ,...,≤ ≤ = 1 2  (22)

Φ Φ Φ
TCPSi TCPSi TCPSi TCPS

i N
,min ,max

, , ,...,≤ ≤ = 1 2  (23)

whereQSVCiisthereactivepowerinjectfromtheSVCinstalledatbusi,NSVCisthenumberofSVCs,
XTCSCiisthereactanceoftheTCSCinlinei,NTCSCisthenumberofTCSCs,ΦTCPSiisthephaseangle
ofTCPSinlinei,andNTCPSisthenumberofTCPSs.

In the formulatedproblem, the twovectors u  and x  areused respectively representing the
controlvariablesandstatevariablesinpowersystemwherebus1isselectedasthesackbusasfollows:

u
P P V V Q Q T T

Q
g gN g gN c cN N

SVC

g g c t= 2 1 1 1

1

,..., , ,..., , ,..., , ,...,

,...., , ,..., , ,....,
, , ,

Q X X
SVC N TCSC TCSC N TCPS TCPS NSVC TCSC TC1 1

θ θ
PPS

T















 (24)

x P Q Q V V S S
g g gN l lN l lN

T

g d t
= { }1 1 1 1

, ,..., , ,..., , ,...,  (25)
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3. PROPOSED HyBRID DIFFERENTIAL EVOLUTION 
- HARMONy SEARCH ALGORITHM

3.1. Differential Evolution
Differentialevolution (DE)wasdevelopedbyStornandPrice in1997basedon the ideaofGA
withthereliabilityandeffectiveness(StornandPrice,1997).ThemainadvantagesoftheDEare
itsstabilityandabilityforsearchingglobaloptimalsolutioninsolvingoptimizationproblems.DE
isbasedonindividual’sdifferenceviarandomresearchinsolutionspacewiththemechanismsof
mutation,recombination,andselectiontoobtainappropriateindividual.DEhasthreemaincontrol
parametersincludingrateconstant(F)forcontrollingmutantprocess,dualcrossoverfactor(CR)for
controllingthediversityofthepopulation,andsizeofthepopulation(NP).

ConsideranoptimizationproblemhavingNvariables,theoptimizationprocessofDEwitha
populationofNPindividualsisincludedinthestepsasfollows:

• Initialization:TheDEmethodrandomly initializesapopulationwhereeach individual isa
candidateofsolutionas:

x x rand x x
ij j j j
( )

,min ,max ,min
* ( )0

1
= + −  (26)

wherexijisvalueofvariablejofindividuali,socalledpopulationX;xj,min xj,maxareupperandlower
limitsofxij;andrand1isarandomvaluein[0,1].

• Mutation:Afteraninitialpopulationhasbeencreated,DEbeginsthemutantprocesstomake
anewpopulationby:

v x F x x
i g ro g r g r g, , , ,

( )= + −
1 2

 (27)

wherevi,gisthenewcreatedindividuali,socalledpopulationV;ro,r1,r2aretherandomvaluesin
[0,NP];Fisarateconstanthasvaluein[0,1]tocontrolevolutionprogress.

• Recombination: DE conducts a hybrid following the dual crossover type to create a new
populationUusingrandomparametersselectedfromXandVpopulations.Thehybridtechnique
canbeshownas:

u
v if rand C or j rand j

x otherwisei g
j i g R

i j g
,

, ,

, ,

( , ) ( )
=

≤ =

    0 1




 (28)

whereCRisthehybridprobabilitydefinedvaluein[0,1]tocontrolapartofcopiedparametersfrom
mutantspopulation.Factorj=rand(j)hasbeenobtainedfrompopulationVtoensurethatthemutant
candidatesarenotequaltotheinitialcandidatesxi,g:

• Selection:Inthenaturalselectionandreproduction,thecandidatesinthemutantpopulation
Uarecompared to those fromthe initialpopulationXand thecandidatehas lowervalue in
objectfunctionwillbeselectedtomovetothenewpopulationY.Thisselectiontechniquecan
beshownas:
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v
u if f u f x

x otherwiseij
G i g i g i g

i g

( ) , , ,

,

( ) ( )
+ =

≤






1
 

 (29)

ThereproductionprogressiscontinuedwithanassignmentX=Y:

• Stopping criteria:ThestoppingcriteriaofDEaredescribedasfollows:

F x
F x

N

i
i

N

P

P

( )
( )

min
− ≤=
∑

1 ε  (30)

whereF(x)ministheminimumvalueoftheobjectfunctionuptothecurrentgeneration;F(x)iisthe
valueoftheobjectfunctionatgenerationi;NPisthenumberofindividualsinthecurrentpopulation;
andεisapredeterminedthreshold.

3.2. Harmony Search
Harmonysearch(HS)isanoptimizationalgorithmbasedonthemusicsimulationinspiredbythe
searchofharmonywherethemusicplayerstrytoimprovisethepitchesoftheirinstrumentssothata
betterharmonycanbeobtained(Geem,Kim,andLoganathan,2001).HShasmanycontrolparameters
includingharmonymemorysize(HMS),harmonymemoryconsideringrate(HMCR),pitchadjusting
rate(PAR),maximumnumberofimprovisations(MaxImp),andfretwidth(fw).TheHSalgorithm
includesthestepsasfollows:

Step 1:SelectthealgorithmparametersincludingHMSrepresentingthenumberofsolutionvectors,
HMCRrepresentingtherateintherange[0,1]thatHSrandomlypicksavaluefromthemusician
memory,PARrepresentingtherateintherange[0,1]thatHSadjuststhevalueoriginallypicked
inthememory,MIrepresentingthenumberofiterations,andFWisthearbitrarylengthfor
continuousvariables.Therefore,therate1-HCMRindicatesthattheHScanrandomlypicka
valuefromthewholerangeandtherate(1-PAR)indicatesthattheHScankeeptheoriginal
valuepickedfromthememory.

Step 2:Initializearandomvector(x1,….,xHMS)andstoreitinharmonymemory(HM)as:

x x rand x x i HMS j N
j
i

j
L

j
U

j
L= + −( ) = =

1
1 1* ; ,..., ; ,...,  (31)

HM

x x x F x

x x x F x

x x

N

N

HMS

=

1
1

2
1 1 1

1
2

2
2 2 2

1 2

... ( )

... ( )

. . ... . .

. . ... . .
HHMS

N
HMS HMSx F x... ( )

 (32)
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whererand1istherandomnumberintherange[0,1],xj
Landxj

Uarethelowerandupperbounds
ofvariablexj,F(x1),…,F(xHMS)aretheobjectivescorrespondingtotheinitializedvectorsx1,
…,xHMS,respectively.

Step 3:CreateanewvectorviinHM.

Eachindividualvj
iinthenewvectorissettoarandomvalueintheHMwithaprobabilityof

HCMRorreinitializedwithaprobabilityof(1-HCMR):

v
x rand HCMR

x rand x x Otherwisej
i j

rand

j
L

j
U

j
L

=
<

+ −





int[ ]

* ( )

3

2

4






 (33)

whererand2,rand3andrand4aretherandomnumbersintherange[0,1]andxj
int[rand3]istherandom

valuepickedintheHS.
Then,thenewvalueofvi

jobtainedfromHMisfurthermutatedusingPARasfollows:

u
v rand fw rand PAR

v Otherwisej
i j

i

j
i=

± <






6 5
*

 (34)

wherefwisthemaximumchangeinthepitchadjustment,rand5andrand6aretherandomnumbers
intherange[0,1].

Step 4:IfthenewobtainedvectorviisbetterthantheworstoneinHM,replacetheworstonein
HMbyvi.

Step 5:PerformSteps3to4whilethestoppingcriteriaarenotreached.Otherwise,stopthealgorithm.

3.3. Maximum Flow - Minimum Cut Algorithm
The maximum flow (max-flow) was developed in 1956 (Ford and Fulkerson, 1956) to find the
maximumfeasibleflowinaflownetworkfromasingle-sourceasingle-sink.Theminimumcut
(min-cut)istheminimumsumofweightsofedgesinagraphthatwhenremovedfromthegraph
willdividethegraphintotwogroups.Inthemax-flowmin-cutalgorithm,theamountofmaximum
flowpassingfromthesourcetothesinkinaflownetworkisequaltothetotalweightoftheedges
intheminimumcut(Cormenetal.,2001).

Inanyflownetworksuchascommunication,transportation,water,gassupplysystems,orpower
transmissionsystem,amin-cutalwaysexistsanditcontainsagroupofweakestbranchesorlinesin
thesystem.Thebasicofthisalgorithmistheinitializationofavirtualflowrunsinpowernetwork
atthesteady-statethenincreasingthisflowstepbystep.Afteraveryshorttime,thenetworkwill
beoverloadedinafirstbranchorline.Cuttingoutthisbranchanditeratinguntilthepowernetwork
isdividedintotwoindependentparts.Thegroupofcut-outbranchiscalledmin-cut.Inthispaper,
themax-flowmin-cutalgorithmhasbeenimplementedtofindoptimallocationsofFACTSdevices
includingSVC,TCSC,andTPSCbeforesolvingtheOPFproblem.

3.4. Hybrid DE - HS Algorithm
AlthoughDEhasseveraladvantages,ithasalsoseveraldrawbackssuchasunstableconvergencein
thelastperiodandeasytodropintoregionaloptimum.Therehavebeenmanyresearchespreformed
forimprovementofDEtoovercomethedrawbacks.However,ithasalsodeficienciessuchasthenext
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pedigreecreatedjustfromfatherandmother(twopopulations).Thiscandecreaseitsdiversitysothat
italsoneedsmoreimprovementstoenhanceitssearchability.InHS,anewvectoriscreatedfromall
currentvectors,notonlyfromtwo.HScanconsidereachvariableinavectorwhilecreatinganew
vector.ThischaracteristichelpsHSmoreflexibleandcanfixtheDE’sweaknesses.Therefore,this
paperimplementsanimprovementforDEbymakingacombinationbetweenDEandHStocreate
anewhybridDE-HSalgorithm.

ThehybridDE-HSdoesnotonlyincreasethediversityofpopulationbutalsoavoidsselecting
couplefatherandmotherfromtwopopulationsinthesamegeneration.ThehybridDE-HSmethodis
amethodtocreatemorepotentialcandidatesbutdoesnotcauseincreasingthenumberofcandidates
inpopulationNP.ThehybridDE-HSmethodcanmakechangestocandidatestogetabetteroptimal
solution.TheflowchartofthehybridDE-HSmethodforsolvinganoptimizationproblemisgiven
inFigure1.

3.5. Implementation of Hybrid DE-HS
ForimplementationofthehybridDE-HSmethodtotheOPFproblemwithFACTSdevices,each
candidateinthepopulationrepresentsthecontrolvariablesas:

u
P P V V Q Q T

FACTSd

g d gN d g d gN d c d cN d dg g c= 2 1 1 1
,..., , ,..., , ,..., , ,...., ,

,..., , ,..., ,

T

Q Q X X
N d

SVC d SVCN d TCSC d TCSCN d TCP

t

SVC TCSC1 1
Φ

SS d TCPSN d
P

TCPS

d N
1

1
,...,

, ,...,
Φ
















=  (35)

whereu
FACTSd

 isacandidateofthepopulationandNPisthenumberofcandidatesinthepopulation.
ThefitnessfunctioninthehybridDE-HSfortheOPFproblemwithFACTSdevicesisbased

ontheproblemobjectivefunctionanddependsonthevariablesincludingrealpowergenerationat
theslackbus,reactivepoweroutputsatthegenerationbuses,loadbusvoltages,andapparentpower
flowintransmissionlines.Thefitnessfunctionisdefinedas:

x

x if x x

x if x x

x otherwise

lim
max max

min min
=

>
<










 

  (36)

wherexandxlimrespectivelyrepresentthecalculatedvalueandlimitsofPgref,Qgi,Vli,orSl.
TheoverallprocedureoftheproposedhybridDE-HSforsolvingOPFproblemwithFACTS

devicesisaddressedasfollowingsteps:

Step 1:SetthecontrollingparametersforDE-HSincludingHMS,HMCR,PAR,fw,CR,andMaxImp
andpenaltyfactorsKref,Kq,Kv,Ksforconstraints.

Step 2:InitializeapopulationinHS,eachrowofHMmatrixiscreatedby:

u u rand u u
FACTS
id

FACTS FACTS FACTS
= + −min max min* ( )  (37)

whererandisarandomvaluein[0,1].

Step 3:SolvepowerflowproblembyNewton-RaphsonmethodusingMatpower(Zimmerman,
Murillo-Sanchez,andThomas,2011).
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Calculatetheobjectivefunctionoftheproblem:

Step 4:Calculatethefitnessfunctionfortheproblemin(30).
Step 5:Settheiterationcounterk=1.
Step 6:ChangethevalueofHMmatrix.

RunpowerflowbyNewton-RaphsonmethodusingMatpowerandcalculatefitnessfunction:

Step 7:UpdatethematrixHM.
Step 8:Calculatevalueoftheobjectivefunction.
Step 9:Ifk<MaxImp,k=k+1andreturntoStep6.Otherwise,stop.

Figure 1. Flowchart of the hybrid DE-HS method
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4. NUMERICAL RESULTS

Likemanyothermethods,theproposedhybridDE-HShasbeentestedonabenchmarksystemtoverify
itseffectiveness.Infact,allthemethodsintheliteraturearealwaystestedonbenchmarksystems.The
successfulapplicationtobenchmarksystemsisaveryimportantbasistoimplementthemethodstothe
realpowersystems.Inthecasestudies,weusuallycomparetheobtainedresultsfromthecasewithout
FACTSdevicesandthecasewithFACTSdevicesforanevaluationofdifference.Moreover,wealso
comparetheresultsobtainedbytheproposedmethodtothosefromothermethodsfordifferentcases
toevaluatetheeffectivenessoftheusedmethods.TheproposedDE-HSmethodhasbeentestedon
theIEEE30bussystemwithdifferentobjectfunctionsfrom(DabbagchiandChristie,1993;Alsac
Stott,1974;Zimmerman,Murillo-Sánchez,andThomas,2011).Inthispaper,differentcasestudies
withmanysub-casestudieshavebeentestedtoevaluatetheeffectivenessoftheproposedmethod.
Inalltestcases,theupperandlowervoltagemagnitudesaresetto1.10and0.95pu,respectively.
Theupperandlowerlimitsoftransformertapchangerare1.10and0.9pu,respectively.Allpenalty
factorsaresetto106innormalcaseand103incongestioncases.Inthisresearch,thepowerflow
problemissolvedbyMatpower(Zimmerman,Murillo-Sánchez,andThomas,2011).Thealgorithm
oftheDE-HSmethodshasbeencodedinMatlabplatformandrunona2.1GHzwith4GBofRAM
PC.Inthispaper,threecasesarestudiedincluding:

Case Study 1:TheOPFproblemwithFACTSdevicesincludingTCSC,SVC,andTCPS.
Case Study 2:TheOPFproblemwithTCSCfornormalandemergencycase.
Case Study 3:TheOPFproblemwithTCSCfordifferentobjectivesofpowerloss,voltagedeviation,

andstabilityindex.

For implementationof thehybridDE-HS, thecontrolparametersaresetasfollows.HMS is
setto15incaseofoneFACTSdeviceandto20incaseofmultipleFACTSdevicesusedinthe
system.HMCRissetequalto0.95,PARto0.8,fwto0.7,CRto0.5,MaxImpto200.Foreachcase,
thebestresultwasobtainedafter50independentruns.Foreachcasestudy,theresultsobtainedby
theproposedmethodsforthecaseswithandwithoutFACTSdeviceshavebeencomparedtogether
toevaluatethedifferencebetweenthetwocases.Moreover,theobtainedresultfromtheproposed
methodhasbeenalsocomparedtothatfromothermethodsintheliteratureforeachcasetoevaluate
theeffectivenessoftheusedmethods.

4.1. Case Study 1
Inthiscasestudy,thehybridDE-HShasbeenusedtotestontheIEEE-30bussystem(AlsacScott,
1974;Zimmerman,Murillo-Sánchez,andThomas,2011)withFACTSdevices.Inthispaper,the
quadraticfuelcostfunctionisusedastheobjectivefunctionandthreetypesofFACTSdeviceare
consideredincludingTCSC,SVC,andTCPS.

4.1.1. OPF Problem With TCSC
TheoptimallocationofTCSCinthesystemobtainedbythelosssensitivityindex(Ongsakuland
Bhasaputra,2002)isonline3-4.ThevalueofreactanceofTCSCvariesintherange0to0.02pu.
TheobtainedoptimalsolutionsfortheOPFproblemwithandwithoutTCSCaregivenTable1.The
totalcostforthecasewithTCSCisslightlylowerthanthatfromthecasewithoutTCSC.

TheobtainedresultsfromtheproposedhybridDE-HSfortheproblemconsideredinthiscase
iscomparedtothatfromhybridTS/SA(OngsakulandBhasaputra,2002)andPSO(Puttanon,2007)
asshowninTable2.Asobservedfromthetable,theproposedmethodcanobtainbettersolution
thantheother.
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Table 1. Optimal results for the OPF problem with TCSC by the hybrid DE-HS

Without FACTS Device With TCSC

Pg1(MW) 177.0158 177.1857

Pg2(MW) 48.3280 48.7178

Pg5(MW) 21.8674 21.4255

Pg8(MW) 21.6914 20.8597

Pg11(MW) 11.2231 11.8648

Pg13(MW) 12.0000 12.0633

Vg1(pu) 1.1000 1.1000

Vg2(pu) 1.0831 1.0847

Vg5(pu) 1.0466 1.0528

Vg8(pu) 1.0622 1.0609

Vg11(pu) 1.1000 1.1000

Vg13(pu) 1.0945 1.1000

T11(pu) 1.0900 1.0500

T12(pu) 0.9000 0.9100

T15(pu) 0.9900 0.9800

T36(pu) 0.9700 0.9500

Qc10(MVar) 19.0000 19.0000

Qc24(MVar) 4.3000 4.3000

TCSC3-4(pu) - 0.0200

Ploss(MW) 8.7256 8.7169

TotalCost($/h) 799.5762 799.3743

Totalvoltagedeviation 1.3579 1.5875

Voltagestabilityindex 0.1325 0.1287

Table 2. Result comparison for the OPF problem with TCSC

TS/SA 
(Ongsakul and Bhasaputra, 2002)

PSO 
(Puttanon, 2007) Hybrid DE-HS

Pg1(MW) 192.6018 175.9641 177.1857

Pg2(MW) 48.4147 48.95 48.7178

Pg5(MW) 19.5561 21.526 21.4255

Pg8(MW) 11.6615 22.309 20.8597

Pg11(MW) 10 12.189 11.8648

Pg13(MW) 12 12 12.0633

TCSC3-4(pu) 0.02 0.011093 0.0200

Totalcost($/h) 804.6497 802.6552 799.3743
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4.1.2. OPF Problem With SVC
Inthiscase,theoptimallocationofSVCisatloadbus21wherethereactivepowerisconsumed
higherthananyotherloadbuses.ThereactivepoweroftheSVCvariesintherange0to11.2MVAr.
TheoptimalsolutionobtainedbythehybridDE-HSfortheproblemisgiveninTable3.Thetotal
costforthecasewithSVCisslightlylowerthanthatfromthecasewithoutFACTSdevices.

Theoptimalresultfromtheproposedmethodisalsocomparedtothatfromothermethodssuchas
hybridTS/SA(OngsakulandBhasaputra,2002)andPSO(Puttanon,2007)asinTable4.Asindicated
inthetable,theproposedhybridDE-HScanobtainslightlybetterthanthatfromTS/SAandPSO.

4.1.3. OPF Problem With TCPS
For the optimal location of TCPS, the loss sensitivity index method is applied (Ongsakul and
Bhasaputra,2002).Inthiscase,theoptimallocationofTCPSisinline3-4.ThephaseofTCPSvaries
intherangefrom0to0.1rad.TheoptimalsolutionfortheOPFproblemwithandwithoutTCPSby
thehybridDE-HSisgiveninTable5.

Table 3. Optimal result for the OPF problem with SVC by the hybrid DE-HS

Without FACTS Device With SVC

Pg1(MW) 177.0158 176.5996

Pg2(MW) 48.3280 48.8110

Pg5(MW) 21.8674 21.5180

Pg8(MW) 21.6914 21.3499

Pg11(MW) 11.2231 11.7695

Pg13(MW) 12.0000 12.0000

Vg1(pu) 1.1000 1.0998

Vg2(pu) 1.0831 1.0834

Vg5(pu) 1.0466 1.0579

Vg8(pu) 1.0622 1.0655

Vg11(pu) 1.1000 1.1000

Vg13(pu) 1.0945 1.1000

T11(pu) 1.0900 1.0500

T12(pu) 0.9000 0.9100

T15(pu) 0.9900 0.9600

T36 (pu) 0.9700 0.9600

Qc10 (MVar) 19.0000 19.0000

Qc24 (MVar) 4.3000 3.7000

SVC21 (MVar) - 8.7746

Ploss(MW) 8.7256 8.6480

Totalcost($/h) 799.5762 799.2825

Totalvoltagedeviation 1.3579 1.7640

Voltagestabilityindex 0.1325 0.1285
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Table 4. Result comparison for the OPF problem with SVC

TS/SA 
(Ongsakul and Bhasaputra, 2002)

PSO 
(Puttanon, 2007) Hybrid DE-HS

Pg1(MW) 192.5895 176.1519 176.5996

Pg2(MW) 48.412 49.197 48.8110

Pg5(MW) 19.5554 21.533 21.5180

Pg8(MW) 11.6559 24.031 21.3499

Pg11(MW) 10 10 11.7695

Pg13(MW) 12 12 12.0000

SVC21(MVar) 11.196 6.4178 8.7746

Totalcost($/h) 804.5763 802.6454 799.2825

Table 5. Optimal result for the OPF problem with TCPS by the hybrid DE-HS

Without FACTS Devices With TCPS Devices

Pg1(MW) 177.0158 177.4251

Pg2(MW) 48.3280 48.6722

Pg5(MW) 21.8674 21.3368

Pg8(MW) 21.6914 20.6788

Pg11(MW) 11.2231 11.9211

Pg13(MW) 12.0000 12.0004

Vg1(pu) 1.1000 1.0998

Vg2(pu) 1.0831 1.0836

Vg5(pu) 1.0466 1.0546

Vg8(pu) 1.0622 1.0684

Vg11(pu) 1.1000 1.1000

Vg13 (pu) 1.0945 1.0991

Vg13(pu) 1.0945 1.0991

T11(pu) 1.0900 1.0500

T12(pu) 0.9000 0.9000

T15(pu) 0.9900 0.9700

T36(pu) 0.9700 0.9500

Qc10(MVar) 19.0000 19.0000

Qc24(MVar) 4.3000 4.2000

TCPS3-4(rad) - 0.1000

Ploss(MW) 8.7256 8.6344

Totalcost($/h) 799.5762 799.0130

Totalvoltagedeviation 1.3579 1.6984

Voltagestabilityindex 0.1325 0.1275
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TheobtainedoptimalresultbytheproposedDE-HSforthiscasehasbeencomparedtothat
fromhybridTS/SA(OngsakulandBhasaputra,2002)andPSO(Puttanon,2007)asgiveninTable
6.Asobserved,thetotalcostfromtheproposedhybridDE-HSisslightlybetterthanthatfromthe
othermethods.

4.1.4. OPF Problem With TCSC, SVC, and TCPS
FordeterminingtheoptimallocationofdifferentFACTSdevicesinthiscase,thelosssensitivity
indexmethodisapplied(OngsakulandBhasaputra,2002).Asaresult,oneSVCisinstalledatbus
21,oneTCSCinstalledinline4-5,andoneinstalledatline8-9.TheoptimalsolutionfortheOPF
problemwithmultipleFACTSdevicesandwithoutFACTSdeviceshasbeengiveninTable7.From
thetable,thetotalcostfromthecasewithFACTSdevicesisslightlylowerthanthatfromthecase
withoutFACTSdevicesabout0.06%.

4.2. Case Study 2
Inthiscasestudy,theoptimallocationofTCSCisdeterminedusingmax-flowmin-cutalgorithm
(Duong,Gang,andTruong,2013)andtheOPFproblemwithTCSCfortheIEEE-30bussystem
(AlsacStott,1974;Zimmerman,Murillo-Sánchez,andThomas,2011)issolvedbythehybridDE-
HSalgorithm.Thequadraticfuelcostfunctionisusedastheobjectivefunctionfortwooperating
conditions including the normal case and emergency case N-1. In this case, some problems are
consideredasfollows:

• OPFproblemwithoutTCSCwithouttransmissionlimits,calledOPF-1;
• OPFproblemwithoutTCSCwithtransmissionlimits,calledOPF-2;
• OPFproblemwithTCSCandtransmissionlimits,calledOPF-3.

Theprobleminthiscaseisperformedinthefollowingsteps:

Step 1: Determine the overload line from the OPF solution without TCSC neglecting the
transmissionlimits.

Step 2:Determineagroupoflinesneartheoverloadline.
Step 3:Determineacertaingroupoflinesbymin-cutbasedonthemax-flowmin-cutalgorithm

(Duong,Gang,andTruong,2013).

Table 6. Result comparison for the OPF problem with TCPS

TS/SA 
(Ongsakul and Bhasaputra, 2002)

PSO 
(Puttanon, 2007) Hybrid DE-HS

Pg1(MW) 192.5743 176.055 177.4251

Pg2(MW) 48.4088 49.267 48.6722

Pg5(MW) 19.5545 21.599 21.3368

Pg8(MW) 11.6491 21.569 20.6788

Pg11(MW) 10 12.429 11.9211

Pg13(MW) 12 12 12.0004

TCPS3-4(rad) 0.0594 0.06212 0.1000

Totalcost($/h) 804.4862 802.519 799.0130
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Step 4:FromthelineslistgiveninSteps2and3,thelinesappearinthebothlistsareselectedto
placeTCSC.

Step 5:UsethehybridDE-HStosolvetheOPFproblemwiththelocationofTCSCdetermined
inStep4.

Step 6:Storeandcompareresults.

4.2.1. OPF Problem in Normal Operating Condition
Byusingthemax-flowmin-cutalgorithm(Duong,Gang,andTruong,2013),theoptimallocations
ofTCSCaredeterminedinlines8-28and10-22.TheoptimalsolutionfortheOPFproblemsbythe
hybridDE-HSisgiveninTable8.Inthethreecases,theOPF-1problemhasthelowesttotalcost
withoverloadedtransmissionlinesandthehighesttotalcostiscorrespondingtotheOPF-2problem
withnotransmissionlinesoverloadedwhiletheOPF-3problemcanobtainlowtotalcostsatisfying
transmissionlimits.Therefore,theTCSCplacementisagoodsolutiontoeliminatetheoverloadin

Table 7. Optimal result for the OPF problem with multiple FACTS devices by the hybrid DE-HS

Without FACTS Devices Multiple FACTS Devices

Pg1(MW) 177.0158 177.1514

Pg2(MW) 48.3280 48.7117

Pg5(MW) 21.8674 21.2736

Pg8(MW) 21.6914 20.9976

Pg11(MW) 11.2231 11.9064

Pg13(MW) 12.0000 12.0000

Vg1(pu) 1.1000 1.1000

Vg2(pu) 1.0831 1.0858

Vg5(pu) 1.0466 1.0572

Vg8(pu) 1.0622 1.0670

Vg11(pu) 1.1000 1.0999

Vg13(pu) 1.0945 1.1000

T11(pu) 1.0900 1.0200

T12(pu) 0.9000 0.9800

T15(pu) 0.9900 0.9700

T36(pu) 0.9700 0.9500

Qc10(MVar) 19.0000 19.0000

Qc24(MVar) 4.3000 4.3000

SVC(MVar) - 11.1994

TCSC(pu) - 0.0200

TCPS(rad) - 0.1000

Powerloss(MW) 8.7256 8.6406

Totalcost($/h) 799.5762 799.0988

Totalvoltagedeviation 1.3579 1.7875

Voltagestabilityindex 0.1325 0.1268
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transmissionlines.Thepowerflowsolutionsintransmissionlinesforthethreecasesaredepicted
inFigures2-4.Asshowninthefigures,theOPF-1resultsinlines6-8and21-22overloadedwhile
therearenotransmissionlinesoverloadedforbothOPF-2andOPF-3problems.

TheoptimalsolutionfortheOPF-3problemobtainedbythehybridDE-HSmethodhasbeen
comparedtothatfromatwo-stagemethodin(Duong,Gang,andTruong,2013)asinTable9.As
observedfromtheresults,thetotalcostsobtainedbythetwomethodsarenearlythesame.

4.2.2. OPF Problem in Emergency Operating Condition
Ascalculatedfromthecaseofnormaloperatingcondition,theoverloadintransmissionlinescan
beeliminatedbyplacingTCSC.Forthecaseofemergencyoperatingcondition,anoutagelineis
consideredandthedifferenceintotalcostsforthecaseswithTCSC.Ascalculated,whenoneoflines
2-4,2-6,4-6,15-18,and23-24isoutage,lines6-8and21-22willbeoverloaded.Theoverloadis
eliminatedasTCSCareinstalledinlines8-28and10-22.Table10showstheresultcomparisonfor
thecaseswithTCSCinstalledinlines8-28and10-22andwithoutFACTSdevicesforthementioned
outagelines.Asobservedfromthetable,thetotalcostsavingsfromtheTCSCinstallationarefrom
5.83%to14.41%comparedtothecasewithoutFACTSdevices.Therefore,theplacementofFACTS
deviceshasledtomanybenefitssuchasoverloadreductionintransmissionlinesandtotalcostsaving
fortransmissionlineoutage.

4.3. Case Study 3
In thiscasestudy, theotherobjectivefunctionssuchas totalofactivepower loss function, total
ofvoltagedeviationfunction,andvoltagestabilityindeximprovementhavebeenconsidered.The

Table 8. Optimal solution for OPF problem of the three cases by the hybrid DE-HS

Generators OPF-1 OPF-2 OPF-3

Pg1(MW)
Pg2(MW)
Pg22(MW)
Pg23(MW)
Pg27(MW)
Pg13(MW)
Totalcost($/h)
TCSC8-28
TCSC10-22

46.1623
80.0000
50.0000
16.2808
0.0000
0.0000
1700.0729
-
-

22.9432
80.0000
35.3390
40.8224
13.3500
0.0000
1795.1791
-
-

45.9355
80.0000
50.0000
16.5270
0.0000
0.0000
1700.4088
56.4256%
46.2261%

Table 9. Result comparison for the OPF-3 problem

Generators Two-Stage Method 
(Duong, Gang, and Truong, 2013) Hybrid DE-HS

Pg1(MW)
Pg2(MW)
Pg22(MW)
Pg23(MW)
Pg27(MW)
Pg13(MW)
Totalcost($/h)
TCSC
TCSC

46.2600
80.0000
50.0000
16.2200
0.0000
0.0000
1700.42
60%(line8-28)
46.66%(line10-22)

45.9355
80.0000
50.0000
16.5270
0.0000
0.0000
1700.4088
56.4256%(line8-28)
46.2261%(line10-22)
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Figure 2. Power flow in transmission lines for the OPF-1 problem

Figure 3. Power flow in transmission lines for the OPF-2 problem
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proposedmethodhasbeenalsotestedontheIEEE30-bussystem(AlsacStott,1974;Zimmerman,
Murillo-Sánchez,andThomas,2011)forthecaseswithandwithoutFACTSdevicewhereTCSC
isconsidered.

4.3.1. OPF Problem With the Objective Function of Total Power Loss
Inthiscase,TCSCisinstalledinlines8-28and10-22usingthemax-flowmin-cutalgorithm.The
optimalresultsfromtheproposedhybridDE-HSmethodforthetestsystemwithandwithoutTCSC
aregivenTable11.Astheresult,thepowerlossinthesystemwithTCSCisreducedabout11.92%
comparedtothecasewithoutTCSC.Theconvergencecharacteristicforpowerlossobjectivefunction
withandwithoutTCSCisgivenFigure5.

Figure 4. Power flow in transmission lines for the OPF-3 problem

Table 10. Solution for OPF-3 with TCSC and outage lines

Outage Lines 2-4 23-24 4-6 15-18 2-6

With TCSC:
TCSC10-22
TCSC8-28
Totalcost

45.064%
55.0543%
1707.9501

58.9342%
67.0822%
1702.6463

58,5373%
52,6972%
1703.2668

54.084%
63.2006%
1701.5198

56.8439%
51.6477%
1709.4763

Without FACTS devices:
Overloadedlines
Totalcost($/h)

6-8,21-22
1995.5612

6-8,21-22
1937.3675

6-8,21-22
1808.8607

6-8,21-22
1941.0185

6-8,21-22
1912.3473

Savings% 14.41% 12.13% 5.83% 12.33% 10.6%



International Journal of Operations Research and Information Systems
Volume 11 • Issue 3 • July-September 2020

59

4.3.2. OPF Problem With the Objective Function of Total Voltage Deviations
TCSCisalsoinstalledinlines8-28and10-22usingthemax-flowmin-cutalgorithmforthiscase.
TheoptimalsolutionsfromtheproposedhybridDE-HSmethodforthetestsystemwithandwithout
TCSCaregivenTable12.Asobservedfromthetable,thetotalvoltagedeviationinthesystemwith
TCSCisreducedabout4.068%comparedtothecasewithoutTCSC.Figure6showstheconvergence
characteristicoftotalvoltagedeviationsobjectivefunctionwithandwithoutTCSC.

4.3.3. OPF Problem With the Objective Function of Voltage Stability Index
ForthecasewithFACTSdevice,TCSCisalsoinstalledinlines8-28and10-22usingthemax-flow
min-cutalgorithm.TheoptimalsolutionsfromtheproposedhybridDE-HSmethodforthetestsystem
withandwithoutTCSCaregivenTable13.Asseenfromthetable,themaximumvoltagestability
indexforthesystemwithTCSCisreducedabout5.455%comparedtothecasewithoutTCSC.In
Figure7,theConvergencecharacteristicforimprovevoltagestabilityobjectivefunctionwithoutand
withTCSCisdepicted.

5. CONCLUSION

Inthispaper,theproposedhybridDE-HSmethodhasbeeneffectivelyimplementedforsolvingOPF
problemwithFACTSdevices.TheconsideredOPFproblemsinthispaperhasdifferentobjectives
suchastotalcost,powerloss,totalvoltagedeviation,andvoltagestabilityindexwithdifferentFACTS
devicessuchasSVC,TCSC,andTCPSsatisfyingmanyconstraintsincludingpowerbalance,real

Table 11. Optimal solutions for the OPF problem with power loss objective

Min Max OPF Without TCSC OPF With TCSC

Pg1(MW) 0 80 4.6660 6.4604

Pg2(MW) 0 80 52.0293 55.2318

Pg22(MW) 0 50 30.9772 41.0052

Pg23(MW) 0 55 46.0319 31.5136

Pg27(MW) 0 30 17.4071 16.6726

Pg13(MW) 0 40 40.0000 40.0000

Vg1(pu) 0.95 1.05 1.0246 1.0384

Vg2(pu) 0.95 1.1 1.0275 1.0376

Vg22(pu) 0.95 1.1 1.0318 1.0431

Vg23(pu) 0.95 1.1 1.0688 1.0595

Vg27(pu) 0.95 1.1 1.0434 1.0517

Vg13(pu) 0.95 1.1 1.0868 1.0872

Qc5(MVar) 0 0.19 0.1300 0.0000

Qc24(MVar) 0 0.04 0.0000 0.0000

TCSC10-22
TCSC8-28

49.2986%
30.0116%

Ploss(MW) 1.9115 1.6836

Totalvoltagedeviation 0.5647 0.7075

Maxvoltagestabilityindex 0.0508 0.0484
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Figure 5. Convergence characteristic for power loss objective function with and without TCSC

Table 12. Optimal solutions for the OPF problem with total voltage deviations objective

Min Max OPF Without TCSC OPF With TCSC

Pg1(MW) 0 80 28.5836 4.5594

Pg2(MW) 0 80 23.8752 80.0000

Pg22(MW) 0 50 20.9317 32.1518

Pg23(MW) 0 55 54.8132 45.2793

Pg27(MW) 0 30 23.7686 0.0000

Pg13(MW) 0 40 40.0000 29.8897

Vg1(pu) 0.95 1.05 1.0092 1.0147

Vg2(pu) 0.95 1.1 1.0164 1.0274

Vg5(pu) 0.95 1.1 1.0173 1.0119

Vg8(pu) 0.95 1.1 1.0294 1.0273

Vg11(pu) 0.95 1.1 1.0087 1.0125

Vg13(pu) 0.95 1.1 1.0419 1.0323

Qc5(MVar) 0 0.19 0.0600 0.0000

Qc24(MVar) 0 0.04 0.0000 0.0000

TCSC10-22
TCSC8-28

49.2804%
45.3948%

Totalvoltagedeviation 0.1404 0.1347

Ploss(MW) 2.7723 2.6802

Maxvoltagestabilityindex 0.0528 0.0507
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Figure 6. Convergence characteristic of total voltage deviations objective function with and without TCSC

Table 13. Optimal solutions for the OPF problem with voltage stability index objective

Min Max OPF Without TCSC OPF With TCSC

Pg1(MW) 0 80 31.3932 9.4410

Pg2(MW) 0 80 24.1217 49.5887

Pg22(MW) 0 50 20.2875 20.5716

Pg23(MW) 0 55 54.6227 52.0600

Pg27(MW) 0 30 23.3771 21.0005

Pg13(MW) 0 40 37.8841 38.9752

Vg1(pu) 0.95 1.05 1.0499 1.0500

Vg2(pu) 0.95 1.1 1.0532 1.0597

Vg5(pu) 0.95 1.1 1.0506 1.0555

Vg8(pu) 0.95 1.1 1.0633 1.0556

Vg11(pu) 0.95 1.1 1.0511 1.0701

Vg13(pu) 0.95 1.1 1.0786 1.0661

Qc5(MVar) 0 0.19 0.1600 0.0300

Qc24(MVar) 0 0.04 0.0100 0.0000

TCSC10-22
TCSC8-28

49.9667%
50.0000%

Maxvoltagestabilityindex 0.0490 0.0463

Totalcost($/h) 2264.5334 2162.0270

Ploss(MW) 2.4863 2.4371

Voltagestabilityindex 0.8650 0.9378
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andreactivepowerlimitsofgenerators,voltagemagnitudelimitsatbuses,shuntcapacitorlimits,
transformertaplimits,powerflowlimitsintransmissionlines,andparameterlimitsofFACTSdevices.
ThehybridDE-HSisanalgorithmemploystheadvantagesofDEandHStoenhanceitssearchability.
Therefore,theproposedmethodcandealwithlarge-scaleandcomplexoptimizationproblemssuch
astheOPFproblemwithFACTSdevicesinthispaper.Theproposedmethodhasbeentestedon
theIEEE30-bussystemfordifferentstudycases.Theobtainedresulthasverifiedthattheproposed
methodcanproperlydealwiththecomplexproblemandobtainbetteroptimalsolutionthanother
methodssolvingthesamecasesoftheproblem.Therefore,theproposedhybridDE-HSmethodcan
beafavorablemethodforsolvingthecomplexOPFproblemwithFACTSdevices.
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