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ABSTRACT |

There is a tendency of ‘power _tqr‘a,nsmi,ssio'n systéems of today to

‘cSp_e,r'ate closer and closer ‘to -thei_r__ physiéal limit. - It is not’

t

ui_lcommon that the ‘limiting factor for power transformers in the- «

s'-ys-_fems - today is the risk - 6f. voltage 'instabi"l"r't"—y-. As ._a,:"
'_”‘:c'o.nsequr-snc.:et at .least__-some, 15 .‘in'c-.i'dents of - voltage collapse._,

,_oécurreci world wide during  the. 1‘9"7‘0’sl and -1980°s [17]. In the

event of an approaching blackout, the disconnéct_ion,of loads under-

B -controlled .‘conditions aﬁd/br 'blqc-king of " the tap changers on

- transformers’ and/or routine power generation of. the generator.

" buses and switchblade reactors. or, capacitors can minimise. the

damage "susta}ined, In -the past, ‘-6perjato‘1fs maintained "reliable _

performance of the pow_er;_.rsy'_strem - using _thelr experience ,an_df :

~on—-the-spot assessment of  network conditions. However, .power .. -

networks are hbw. ﬂlar'ge, cbmpléx . and .highiy interlinked. ‘The. '
increased 'num.ber-. of pdssfble _operjating' sceﬁarfio's - éa§:11 léad ‘ to.
situations where’ the operator’'s- analyt ical Jal_a‘i-l i,ts'r- may .év_.t_-:'n? fail..
The " r.'_emedj to' such situations ;s the .éen’gralized ._corgxtr'ql ovei{_.j‘
power fesources and more dépendénce on -computer's to .assv,isﬁ.f"tﬁ'e.
oper'laimt':of 1n system moni_téx;ing', control -and _eéppbm_ic >di~sp_avtch.4
Though = .L;nderst_anding - of 7b'ulk pGWef tr'.anémiss_ioﬁﬂ s'ystem-- is

ess.entiai when. it is heavily utilized, to. ensure reliable and

- economic service. to ‘customers.. As the transmission line -become

'_ovel_f'lo,acr'led, the system operators are -faced with increasingly |

difficult reactive and vo_lt‘a_‘ge control pr'obll-ems."' Voltage related . -

(1)



;problems of the power system, if hgt_axtended to imme@iately méy
prove to be_fatal. From a securé'operationfpoint of view, the
oﬁjective of power éystéﬁ operation is to keep bﬁ; voltage
magnitudeé and angles, aﬁd the real  and reactive power flows in
lines within acceptable"limits deépiie changes in load éf‘
ayailable'resohnces. Voitége-limit-vidiafibns at the Qarious buseé _:
in éhé system have been alleviated by using the lécél-optimizatiég
téghhique. Thé'local‘optimizatioﬂ‘teéhnique is useful bedéuse féW ;
buses in the vicinity of 1imit violating bﬁses neéd ‘to :béf
_proceésed fathef >than: the _complete system. It saves lot of .-
computatiénai effort. :The controls exercised to-alleviate fhe bus .
voltage mgghitudes are (i) reéctive.pohe}‘genefation of generator
buseé‘ (ii) reactive - power _,.generatioﬁ of | éWitéhéEle»_
‘»rééctdrs/capécitor% {iii) turns raﬁio of tap changing tfanéférmér.
~and (iv) the load. Shedding.. fhe” ébdve._épntrqlsj lead to
minimization of the \rYOlf'age‘ 1imit‘--\}ioi'aition"‘a£ the buses. The' -
fpfobiem of‘a11e§iatiqh bf'§oltagéxlimi£ vfoiafion-hés'also been
l.fbfmulafed as an‘optimizatIOn probiém.'The objeqtive‘function'foj
‘be minimized_is’taken as fhe weighted sum of the squares of the
limit Qiolatioﬂ 6f bus Qoitages. The Volfageé at éll buses ' have
:~been considered- as dependeht variables with-a éonstraint‘on the’
;pper .and lower limit eXxcept the siack_ Bus voltage. The
independent variéﬁles-are generator-feactive ﬁdﬁer, genération or
ébéorptidn» of ﬁeéctive powér ifrom the ‘switéhable capacitor or
reactor, tap'chaqging_transfofﬁer~ratioiana lpéd £6'be éhédded.
) Whilétépefafinélthe transformer in the ldcal:éréa, proper care—has-
beéh taken so that i£3'éperétion does not detériorate the busw, 

voltage controlled by it. The continuous variation of transformer

(i)



tap - is a:ssp,g‘éd in the 1oéa,l_ roptimization procedure. _Th(_—:i
traﬁsfdrmer!s  are modelled by » their. pi‘fequivalent -network.
Switéhﬁble feactors.and capécitoné are'modelied as reactive poﬁer
-sohrc;es varyirig ,cﬁont_inudusly a.t ’thé .buses to which . they- _‘are
connected.

v':‘C;onventio'nally,_ ‘the 6ptima1‘ _ope'r‘atfi'on and planning of power
; system networks: ha{ié beeﬁ on economic criterion. ,Eco;homic l:o_éd
"'-disﬁépch (ELD) has .Zbee‘rwl‘_util_i_zed-_f‘or this purpose and wi".dewlyw
acgéptéd byvﬁmaét of the ‘utilitieé and implemented in~.their>
co_i_ﬁétjitel;j alded ‘_fdis‘paf.'ch _ cénté;*s__—.-- : -‘As‘"'.a_v ,dis,patching tool,. the .
ré”a.giﬁi‘ve;, generatlon r'éc;uiregnen_t and " losses in the system _zaur;e
n;in-i"mized' cdnSid_eping‘ 1t as a ﬂ..opt_imali p-owér‘ flow »prjc;blem,. whicﬂ
: ééﬁ?ﬁe adopted. by utilities_for'éﬁératdr gﬁidaﬁce to'ﬂéke off line

=
L3

df)'t-i:fnal opération deéisi’ons. In thls part the problem, | fjea:c;tive
generatlon at: generator' btllses and the, los's-efs- in the system are
minimized by taklng thg react.lw)e wgener'atlo-n at -gen-er';ator* buses and
‘the Vt:r,ansfox?me_r‘ fcép ra;c,io‘as a;i :indep_end;ent_ vgfié.-ble and the bus
-v-éi)iitagé magnifﬁde' as deperidént_ variable. |

-Incréase ‘loading of powe'r"_ tr‘ansmiséibn networ'—k- in recent
-years has~ma&e' the p_fbblém’»a's'sudéiated with \idltag_é instfa.ﬁility and
véji"tétgél-'cdllap'se mor‘:e.i:n‘lpor"'cant. A -goo;d pl_"eventiori ,aga;inst vé;’ltage‘

_collapse would requ1r'e to- deflne and - menitor. voltage collapse

o ‘pne.x1m1ty indices, "intended -to tell operators how far the. system

ii‘sffr'oln collapse. - The @ndex sugg"este_d by_ Bhanot V. ,[‘:_3] has been
}'calcula‘tedfai.; each . iteration of load flow.. The. index named as';
diagonal eleAme‘nt‘ | dependept - index-the ratio of m:'c\ximum d'iagqrial
“-;léme.nf value'to the mir}imum diagonal element of the Jacobian:

al 1_jow some obscur'e’prope_rties of- the ‘s;ystem to appear and thus act

(iii)



‘a tool ﬁo check the 111 conditioning of thé.network and proximity
' to”collapseof the system..

In the presenf'work the'proﬁlem of optimal load flo@ ﬁ.e,
minimization of feactivé generation of generation buses and the
losses in the system 'is taken first. Taking the solution of

. optimal load flow disturbance is created in the system and voltage
limit violation in the system 1is alleviated using.llocal
optimization techniques. Af‘tér' alleviating voitage limit violation
the‘ reactive fgeneratioh and losses in. the éystem are again
minimized. The voltage security index ‘'is -calculated. at each
iteration for checking secure operation of‘ thé system. The

algorithm have been tested on 24-bus and 57-bus systems.
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CHAPTER - 1

INTRODUCTION

The economic recession coupled with-ehvironmental and
ecoloéipal pressures has compéllédﬂelectric utilities all ovér the
world to serve the increasing load demand without“corresponding'
increasé in their transmission and génerétion facilitigs: Howeyer,
undér these stressedA conaitiéns the utilities are now facing the
problém of maintaining' required voltages in some parts of 'the‘
power systenl gétwork and the increased probabilityf af,ﬁvoltage-
coliapse. Systems in deveibped countries éretheavily éompeﬁsaﬁéﬂ;_
which have‘proved>to be frazile from a Noltage stabilitﬁ pbint7p£t
vieﬁ. What haé made the operator’s task difficult is the fab%
that the voltages may appear to be near normal in almost all areas
of the'poﬁer-éysteﬁ,'even near critical 1oéding.' |

This increased ioading of “power system and exploitation of
transmission systém may -overlook and jeopaPQize one of the
important aspect of power syétem,'i.é.-Schrity, As the system
load is increased and bperated with a high economic Péturn, the
loading and generating margins decrease, thereby creating a less
secure system. The Security of power systeﬁ is its ability to
withstand disturbances arising from faults and unscheduled removal

of supply, or»it is the ability to withstand the impact of sudden



‘changes due ‘to increase in lped or equipment eutage.

" The increase in demand for the real load in interconneetea
system can be,het to soﬁe_extent, but it may become difficult to
meet. t#e >iﬁcreased .reactive‘ load requiremeﬁt. Reactive 'bowef
problems arise in power systems under a variety of conditions. For -
iightly loaded«systems, too mﬁch reactive poﬁer may be injected
into the network by shunt elements resulting in overlay high‘
'volteges at the Qoltage contrdlled buses. Aiternatively under
heavy ‘lload conditions there may be insufficient injected r‘eaet.ive
power causing the voltages to drop. In some cases for heavily
loaded power eystems, partieuLarly when the system configuration
compriees,‘long: tfansmission lines, 'the voltage drop caused by
dropﬁ?ng of ~e4 generator or a transmission line can not be
recovered eQen if the static capaeitors at -the load ends are
sﬁitehed;en.AThis sort of‘abnorhal voltage drqp’is called voltage
ipe£eg;iity or voltage collapse phenemena; Sequence of events
_ vieiating.operatiﬁg consfnainfs and cohseqUently‘ forcing the loed
curtailment or syseem collaﬁee are shown in Fig.1.1. The gravity
and the.frequency-of occurrence -of this phenqmena has brompted
investigations in a new Adirection' of power system security
analysis. Instability and voltage eollapse' phepomena in
interconnected power system has been intensively'.studied b;
various investigators.

For heavily loaded systems, a system collapse following a
disturbance can often be aﬁtributed“ to 1erge reactive losses
produced in theioyerloeded system. Minimizing'the reactive losses
in the normal operated system‘can plaee the system in a better

positidn for surviving the heavy loading conditions and may reduce
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the number of shunt capac;‘itoré' required- to' prl‘é\_/ent, the'voltage*”
collapse wh‘ic-h'-_will ultimétely le.a;d to system col_la".psér.. Erio.r'-vto-
the disturbance, “all _tfanémissiéh- lines are loaded within thevir‘v
rated. capacities. Due- to- disturbance, there: will "be: 's’uddeh
incr'ease. of sefies reactive power -losses and ;‘eduction in. the l.ine’
'r'e'ceivi.n'g enci voltages. During peak l:oad perigds, - the summat ion
'of the series .redctive power IQSS'gs tﬁroughout the—network-
forms a significant part of ‘thet‘.ove'r"étlrlt system reacti\./e' power
dema;ndt ';Yhis obsérvafion suggests the_ strategy of minimization of™
the series reactive. power . losses.

Pr‘esently,‘ man& péwgrt_l_s&stemg' worldwide are undergoing . °
voitage—related - problems for more ' than one reason. A more. ‘
systemati:c abpr'oaé:h tq voltage phenoiﬁena __is currentl-y needed since
new op_er‘ationai‘ “strategies‘;"»(};li_r'.ect-'ly--_ a‘ffeétinvg the system .wide
yoltag_e profile . are taking pléc:_e;?"’lflhis si-tuation calls. f;)r}
exploring the potentzial of Qoitage";fé;tfol rﬁe’asures’.-thg-t are 'made
more - fiex’i-blé tc; react to ‘vcha’ngiryw.g) syétem" ‘co'nditions. A good -
volf.age .prof‘ilé is important for "three reasons : (i) :bett.er :
security, | (iAi).\ good quality of supply and (1'1'1‘) low. transmission -
1oss.‘ Hence bus voltages musf be maint-,'ained in a narrow -band..
around specified value .undel.*' all operating conditipns. This has-
been .réco,gnized as one of the most important operational problems.

Many bower' systerﬁé ,possess.. certain amount of reactive
power reserves, ‘which if of proper émount a,,pd -appl;led at the
appropriate time would help in achieving a better voltage_.pr'ofile,
Theoretical 'wo-f‘k ‘undeﬁly-iﬁg this .effort lis"not éimplé' as the -
comprehensive mode‘lling and’solution of operating power: sys‘tem ,

become very complex. Most ﬁtilitges_'monit’or system wide voltage



profile in the Egergy Managéﬁent=5ystemé. This informatiénj?s used
by a human opéraﬁor to -make decisions abbﬁt' setting'“référenge
points at panficular voltage control 10ca£ions or for éwitching
reactive-bbwer support. Specific voltage control tools fdr already
.épérationai Peactive‘power‘resources-¢0u1dibe equipped with more:
-flexible'microprocessor and-power electronics-based controls for
‘maintaining desired voltage profile. These toolé'ban be ‘automated
or actiVafed:manually. e ‘

For any given large utiiityvthere are multible'ébjectives to
~be achieved. In'a power system,“Securi§y1’Economic operation, and
-Reliability are typical objectives tq;;bg: éatiéfied, It may’ be
obvious that trade-off among;‘these_';bj;ctives_ are 1impossible
because of.‘their differen@iinétﬁre”"lﬁ“ other ﬁwords;: it is
.impossiile to treat fespecLiye -objgctiyés under .the i&éntical'
critefi&n. In the past, opegagéfs maintained reliable ﬁehformancé—
using experience and‘on4thé—spotfas§eésmeht of:ﬁetwork pohdifions.
. Hoﬁevér, péWer nefwofks are'noﬁkmore‘complex;fhé*increasedzhumber'
-of'poésiblé_operating:scénaries can.lead-fo_problems'beyohd the
oberatbr’s, analytical ability. ‘Most. utilities, therefbré, use.
computef—aided dispatch tbﬂ assist Athe operator iﬁ Systém
monitoripg, economic dispatch, énd voltage security assessment.

i In view.of #hé fbfegoing discussion;:ﬁbesent-diséertaﬁion,
work has been undertaken énd»aﬁtemptea Qith respect to specific
objectiveé of;_alleviation' of voltage limit violation due to
'pccﬁnrence of disturbance and minimizing the system réactive power

generation and. losses with optimal use of the available controls

SO as to save the system from collapse.
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The primary‘oﬁjeétive of Qo}tage/reactive power control is to
maintain voltages and currents within the allowablé constraints as
g 9pepa$ing condiﬁions4on'thé power system change. When the system
is subjected to severe AisturSances'ip its inputs and structuré;
véltage confrol. ;é éonsideréd to be é.’remeaial measure, which
_together_withléthep contfois on tﬂe syétem éhguld act to preserve
.syétem Engegrity and remedy the effects of a disturbapce. Many
time an experienced operatér ‘may succeséfﬁlly» éelect ~ the
appropriate §emdia1‘action, but in complex Sperating“conditionslpr
in planning studies, it is necesééry that thé3fémedia1,actiqn Ee
computed. A number of research papers_;re ayailable Whiéﬁ @irected‘
their efforts iﬁ this direction {4, 8]. In his paper [11] N.D.
Hatziaﬁgyrian prgsenﬁs-é_method for the?aéjustménf of voltage agd
réactive power control aeviceé in distriﬁu£ion(hetquks based_oh
probabilistic qostraingd load flow.

"~ The operators and plannéfs of .large, interconnected electric
powgf éystem ére,seriousiy concerned with- the problem- of volﬁagé
insfability. Due to ‘increasiqg”'lpads and lack of trahsmissign
cépability ohé of the recent coﬁcerns £hat poWér utilities are
facing: is to- maintéin- the required system voltage stability
margin. In this paper [7] K.N. Srivastava investigates the -effect -
of generation rescheduiing An enhancing . the overail system
voltage. stability margin.-. A  new . fOPmulatibn of generation:
rescheduling in view of minimization of fhe slaék reactive power
injéction has been féuggested in . this;‘paper. In addition

: conveniional ~optimal power flow.(OPF) formulations, with their



objectives being the minimization of total generation cost and
-minimizétion‘ ofv total system transmission losses, and énother
formulation of generation rescheduling .in view‘of the maximization
of the minimum singular value of powéf flow Jacobian have been
sfudied in this paper. Ref. t2i preéents a-prototyﬁe of an expert’
system for monitoring and impro?ing.steady'stage vbltage-stabflity
in power systems.;_In the anaiysis énd evaluéﬁion of voltage
-stability, it is pecessary"td acgurately identify the étability’
margin at each léadipoint under specific system configuration‘dr
"powerl bélanée ‘cdhaition.l T. Naga [18] de&eloped static and
Simulafioﬁ-pbogrém-for vb%tagé stability %tudies of bulk power
system._ With ‘igereased :interconnéciions and 1oadings in’ the‘
~ power system 'netﬁorksi ~utilities %ade a major cﬁéllengé to
maintaih the;desi;éd~volfagé profile which is important to ensure
éystem security, quality of supply to 'cohsumers. and miﬁimizes'
transmission 1loss. The eXperiencés of major voltage collapse
‘incidents have resulted in a strong”mdtivation to alleviaﬁe 1iné
overloadiné and voltage limit violation sSo as to obtain the secure
operating -point effiéiently: |
A method based on local optimization. is developed by Ref.

[15] wheré the alleviation of’line oyer—loads,'is solved by using
the conjugate gfadient technique of Fletcher -and Reeves [S]. As
étatéd'b& Bef. [15], for large scale power system,s the real time
solution of ~the line Qvef-load“jalieviation problem’ as an
—optiﬁization proﬁlem, Qsing the P and Q poﬁer flow gquatiohs, is a
practical impéséibility. Iﬁ his paper §8] Mahdi E1l. Arini-

introduces simple, ?asf, efficient, reliable and reasonably



accurate algqrithm to alleviate line overloads by corrective
generation rescheduling and significant smaller - amougt of 1load -
sheading. Beference [16] presents an analytical basis aﬁaf
criterion for under voltagelload sheding iﬁ poﬁef systems. If the
véltgge is unstable, the proposed under voltage load sheddihg
criterion can be used'fo calculate»the amount of load which must
-bg shéd-torstabilise the-vottége-magnitude. In Ref. [10] a new
method is pfoposed to épproxima‘t;a'v a .‘_closest., ioadability Fimit
(CL@), of closést saddle néde bifuPCation point, using a paif of"
multi;le _load flow_ solution; R.S. 'Tare [12] preseﬁtgd a new
.1ook7ahead appfoach to- loadapiiity (static voltége stability.
1imii) enhanceméﬁﬁ of power systems.

Given the current opeﬁating condition (obtainéd.frqm the real
time'data), the near term load demand at. each bug.(obtained from'
short . term load forécast) and the'géneration dispatch (based on
»ecohomic‘aispatch) Réf.ﬂ[B]'presentéa‘a Lqéd margin measure (MW:

and)qr MVAR) to éccéss' the system’s ability fp withsfénd thé‘
_ forecasted loéd._and. generation; varia£ioné§ It also presented a
method to predict near-term system voltage profiles.. .

Since the introduction ofjéptimal power flow and dispatching
concepﬁ; about 35 years-ago, several feéearch efforts ‘have been
. made‘lta' improve its formulation and adopt efficient sblution
" techniques. The OPF ‘have beéﬁ applied for off=-line .planniné"
.studies as well as for closed loop dispgtching control. Howéver,

_ many implementatibn issues,speciaily fo# ité op—liﬁe.applications)
'are sti11~unresolyed§ Ref. [14] pfesented.a survey of literature
: énthighlight]some of the neW‘emefging challenges in the optimal

power flow formulatign and its implementation.. In Ref. [19} 'an



effort’ is made to f£ind the optimal load margin at the buses of the
éystem keeping power factor conétant with the objective to
uﬁbximize:the'real load at-the buses and minimize the reactive
power generation, thus satiSfying the power balance equations and
genefator‘“output without- violating the limits on ous 'Qoltage

. magnitudes.
: (1:31"EEésent'Dissertation<

In the present-dlssertafion worﬁ the problem of voltaée'liait
violation in power network is studied. An attempt_is-made»toofun
the system near to the optimal power'flow solution. Out of the two
subproblems (real and react1ve power flow) of -OPF only reactlve
power m1n1m12at1on problem is cons1dered for presetn dissertation
work The problem of- voltage limit v1olat1on in power network is
_solved ‘by using local optimization lechn1ques con51der1ng local

oontrols‘ available, load shedding _and_ distributed = power

"r.generation{ The' formulation .of both the problem i.e. alleviation

of voltage limit-violation-and_minimlzaiion of reactive generation
" and losses are taken from reference [3]. Ia the first part of the
disseftation reactiye generation at generator bosés and’thé'losses
-ini - the system are minimized. After this,voltage violation are
cfeated in the system by cohéidering contingency in the system.:
Then these v1olat1ons are alleviated by using local- opt1m1zat1on
techniques. After allev1at1ng voltage. v1olat10ns in the system
reaotive generatiOn aod losses of the system’are again minimized

to run the system near. to the optimal power flow solution.. Voltage.



security index suggested by reference [31, namea- as Diagonal
Element .Dependent Index which is the ratio‘of maximum diagonol
element of power flow Jacobian to the minimgm diagonol element of
the same, 1is calculated at each iteratioﬁ of load flow for
‘checking severe operation of the system and to recognise -ill
conditioning of thé network. The complete algorithem have been
sucessfully tested on 24 bus and 57 bus IEEE tést system. The data

for these systems are given in Appendix—C.
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CHAPTER - 2,

© MINIMIZATION OF REACTIVE GENERATION AND LOSSES IN THE SYSTEM

2.1 Introduction
| Reactive - power/voltage .control in a power system reéeived
Vmubh attentioé iﬁ.reqént yéars. In £he li#eréture, the reactive
bewer/voltage control pboblém' in the transmission and'.
subtransmissipnisystem is usual}J\cpﬁducted“usihg optimal.é;wef
flow prpgram;Contfol ‘variables ,SuCh as generator voitages,
transformér fgps,lreadtors,_reactiQe géneration qf generatofs must
be opfimized; in order to minimize bus' voltage variations iand
transmission losses. ' |
Conventionally, the optimal operation and planning of.power
system networks ‘have been on ecénomic criéenion. Eponbyi% load
dispatch_‘(ELﬁ) has' been - utiliied-‘for' this purpose aﬁau“wideiy
accépted b& . most of the utilifies and impleméﬁted~‘iﬁ;‘their
computér aided dispatch centres. However,‘thé growingfcbnceéh; tq:
'maintain system secufity; power quaiity and‘clean enviroﬁméhﬁ hayé'
forced to consider‘néQ objecfivés in the optimal opeﬁétidn 6f -
power systém such as improveﬁent of system _voltage  ﬁrbfiie;
minimum emissibn dispatch and security constrained'diépat¢h  The
6ptima1 power flow has found to major applications. )
i) Aé a tool for taking pl%nning :decisioﬁs suéﬁ :as ~unit
éommitment, generation expansion planniﬁg and 1reactive power
planning in the system:

ii)” As a powef dispatching tool forming part of energy management

11



‘_vsystéhJ"

As a dispatching tool, the OPF hés been mostly adopted by
utilitiés;for opefatér'guidance to take off-line optimal operating
déc}éianéiﬂHowever, despite number of research efforts in this
areé,_it has found 1imit¢d épplication in élosea looé dispatching

'COntrql. Some of the reasons aré the time extenéive‘natﬁre of

vexisting mbdels makiég Eﬁém uﬁSuitable fof oﬁ—iiﬁe appli&ations
. aﬁd inaﬁilipy to cﬁnsider many physiéal Systém constraints and
_impleméntation‘gspects. | |

Récehfly, most of the po'-werv"_‘litilitive's‘, world wide, are -
underéoing a ;ajqblbestruétﬁrihg; The defegﬁlétion pf electricity -
has.1intfoduéedA~neﬁ‘~6peﬁf market priqing‘ stpﬁéture _forcing fhe
optimal opefation phi}oéophy 'of generatién gnd tfanémiésion

network to change.

’6PF Fgfﬁﬁlation
{ih¥genepai, the opt{mal power flbwicgﬁ:Be formulated as a
honli;éarf optiﬁizatiop* prdblem lﬁsea to minimize objécfive
' fuan{bhsfs].
Min £ D..... (2.1.1)
:_subjééf;to systém'equality‘conétraihté (ﬁéually-fhe perr balance
eqﬁéﬁions)

h(x W =0 e (2012)

and set of inequality constraints

g (x, W) =0 : L. (2.1.3)
where, X is the éef of state variaﬁles, U the control variables.

T 12



- The conventional OPF‘iSuSOIVed for given measured or forecasted
values of the disturbance variables, which ar usualluty the system
real .and reactive“power loads and these.-yalues are  assumed
constant during. the optimization; The OPF 'resu1ts provide the N
optiﬁum'settiﬁgs of the control variables. Based on the decoupliné_L;
of real ana reactive_poﬁer'coptrols; ﬁhe OPF can be classified‘.:
‘Tnto;twoubroad categories. | |

i) Active ,powef (P) optimizafion subproblem.

ii) Reactive power (Q) optimization subproblem.

Spme éf tl‘Alei. objéctiv‘es, ‘control variables aﬁd constraint_é_
used in-thesextwq subpfoblems are listed in Table (2.1);AEotﬁu.
these decoupled subproblems can be solved simultaneously [S]xaé
OVCouﬁled OPF problem or can be solved,separately-or sequentially as
‘decoupled problems »[13]7 Coupled or full OPF simultaneously
determines scheduiing'of all active and reactive power cbntrols to
E ﬁinimize a global objective.vThis'may be required in some abnormal
‘operétions or heavily stressed scenario whefe'crésswcéupling of
' fhe two types of controls can noﬁ be ignéred. HowéQefL for normal

operating conditions, it has__.’be-‘ezxw. shown [1], through extensive
-testing, that'fhe decoupled formﬁlations produce solutions éhat
arelcloée to tﬁe full OP? solutions. The decoupled appfo;Ch offers

the advantages 6f computational efficiency.
2.2 Problem Statement
For the present dissertation work the optimal power flowqﬁ.

-ppéblem ’is formulated considering only reactive power  (Q)]:$

13
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optimization .problem.. In this problem reéctiye generation at
éenerator bqses.and‘the losses in the sysfem are minimized by
.taging -the reactive generation at generator buses and the
transformer top ratio as independent variables and thé bus voltage
magnitudes as dependent variables.

'Thé modei}ing of the power ~system comﬁonents s briéfiy

discussed in, the next section.

2.3 Modelling~ofiCombonéﬁts“
The ﬁf?hcipall¢6ﬁponents of the powér transmission system 
'aré:trgnsmissiodllinés;iéﬁ—lbéd tap changing transférﬁefs, shﬁnt‘
éapacitors‘or/igaﬁqtoﬁéLépd thelloéd.bThe tréhsmiséipn lines and
- the tpansformers:are répreéented by'tﬁeir pi—eqpivalent net&qu.
Changing a‘trénéformef taﬁ'basicaliy redistributes reactive bowef-
flo; and 'cﬁ;ﬁges the voltage. 'profile thfoughout the systeh.'
Switthable caﬁaéitors;b? indUctdfs are used to suppiy'thé reactive
powef or absorb .the Aexcessive 'reactiQé  power for> checking - the
volfaée~variaﬁidpsvin excess of #he'permissible valueg.‘The-lgaa 
is feprgsented as: a lumped load’at thg respectivé buses. Dqtéiled

representation of these components is given in Appeﬁdix—A.

“274—Problem Formulation
The formulation of problem is taken from »reférence [3). The
objective function for minimizing the reactive genefafion and

losses in the Systemlis.given as,
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_ _ 2
X [(QGS ,QLS QS(V,GQ]

NGB

Minimize G(X,U) = z W ..(QG.)2 + W
- gi i fqgs
i=1

_ ~ 2 2
W) ) [( gij).[(v.1 V)T VLV ey - e ) ] J

N NB :
) ' 2 \2
+ W . - V.. -
) ) [bij [(Vi Vit Vv ey —ey) ] ]
i= J=i+1 :
NB NB .
2 2 2
+ - - -
Wee b | ) [bi . [[z.vi.vj /T ].cOse_.1 [vi /TS } vJ]]]
i=1L j=i+1 ;
... (2.4.1)
Where
-Qéfvye) = VS. z Vj.(gsj. SlneSj - _bsj' Cosesj)
J=1
... (2.4.2)
v . .th

QGi = Reactive generation at i generator bus.
QGS = Reactive generation at the slack bus.
QLS = Reactive load at slack bus.
QS(V,G) = Net reactive power injection of all the lines

connected at slack bus.

ng = Weight factor at ith generator bus

WS = Welight factor associated with slack bus power
Wx = Weight factor associate@ with reactive loss

W = Weight factor assoc;ated with real loss

NGB = Number of generator buses
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The third, fourth and fifth terms 1in équation (2.4.1)
represent the real power loss, reactive power loss and the loss in
the line having transformer respectively. The objective function

of equation (2.4.1) is subjected to the following constraints.

.gq (X, UL = 0] ...(2.4.3)

U™t < oy o= ™ 4 ..(2.4.48)

Where

X = Dependent variable or the State vector consisting of the
voltage magnitudes

U = Independent variables or the vector of the Control variables

aQailable to the operator consisting of generator reactive

generation and the turns ratio of the transformer.

Equation (2.4.3) represents the usual load flow equation
and equation (2.4.4) represents the limitations on the control

variables.

2.5 STEP-WISE SOLUTION PROCEDURE

The flow chart for the step-wise solution procedure for
solving this problem 1is shown in figure (2.1) e§a1uatioh of the
partial derivatives'of the objective functions given by equation
the(2.4.1) and equality constraints given by equation (2.4.3)
'w.p.t the 'dependent and independent variables are given in
Appendix D.The description of the software package ‘MINIMIZE’ is

given in Appendix-E.
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Fig.2.1. Continued
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CHAPTER-3

. ALLEVIATION OF VOLTAGE LIMIT, \_/IOLAT_!ON' USING LOCAL OPTIMIZATION

3.1 INTRODUCTION.

Todéy;s elgcthié.deef systems are highly inieféonﬁecféa.l
As Jthése s;steﬁs’ éontinue ‘ﬁo‘~gfo;; tﬁe p;qbiem of ,ﬁaintéiﬁing
voltége‘vtoleréncés hat‘ ?arious iocatipné'“in the fréﬁémiséion
neiﬂénk_becoﬁeé ¢6mp1éxl If thé»ééﬁeration fécilities‘afe adjacént
to loéd centefs, the real and"réacfive power ‘can be‘suppliéd'by‘
the . generating. ﬁnits. ,Ho&ever, ih mépy éaseé thé ‘génefafi;n
facilities afé 1oca£ed at long diéﬁancés from the_léads, and wifﬂ
this cgmeg the need>for COﬁpenéatian.of voitage drop aloﬁg Ehe
trahsmis§ioé‘iine and for provisién'of véltage-suppoft at:thé load

- areas for:both normal and abnormal conditions.

':_“Aéfihgléapzbetﬁeén thé generation and loaakin the power
-Systemriﬁcrgaséé; Tﬁ méy Séqéhé diffiéuit to opefaté %ﬁé powef
éysteﬁl in }éecuﬁe. méde, letage security of large modern power
sysfems whf?hgére ih#érconnected is,becéming an ipcreaéihg concern
to 56thiéyétéﬁ o§éfa£6rs and planners. Theré are two contribufing
fact&bs fpfl;hié trend.'First,'as power., syéféms are being 6peréted
cLésefyﬁglf%Eir iimits,.voitégq control prébleﬁs'are becoming of .
reIevahce. éeéond;:analytiéai'fools té deal with voltage sécuriﬁy

are not as wellAdeveléped. :
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Primarily there are three reasons foryyoontrol of
voltages, (i) to prevent damage'to components of power system (li)
to prevent damage or malfunctioningfof oonsumer gooés-an&'{iii) to
reduoe system losses. Most controllstrategies for voltage control
under difficult onerating conditions are a combination‘”of
prevent1ve act1ons planned for offAl1ne and operator decision.
Though a rapld predlctlve capablllty for voltage 11m1t ana1y51s is
d1fflcu1t to achieve due to the hlghly nonllnear nature of the_
problem and .oomputatlonal ~oomplex1ty, the subJect of on-line
voltage‘securlty analy51s ls gaining attention..There are three
bas1c elements of on—11ne secur1ty analys1s and-control namely‘
Mon1tor1ng, Assessment and Control. On-line tunlng‘of power system
.»enhances its »security from _the point of view 'of:.orominent..
contingenCies, and results in”eoonomio_operatlon‘by co—ordinatipé :
.1he' correctiye oontrol”lactions Lconsisting— of a&jﬁéiﬁént .of_

‘transformer-tap settingsf switching of capacitors'or;feactors,

generat1on reschedullng, adJustment of angles of phase sh1fter,

reconflguratlon of System and -if necessary 1oad shedd1ng

lThere 'are numerous automatic control withinf a .power
system Some regulate the voltage level through react1vevpower
output of the rotating unIts or stat1c voltage compensators ,Other
!.controls'ma1nta1n'the.ba1ance between the generator real’power
outputs and'the system load As long as a co- ordlnated funotlonlng
. of. theseA automatlc controls prevail, a, power ‘system can be

operated effectively. A loss of co—ordlnation_among these controls

mayllead to a system-collapse. To be effective, the system should

19



- maintain a continuing bélance between the supply and .demand of
both_real and'reactivé power. The emphasis- these days is to - make
thie controls  and the resources more adaptive to unexpected
situations. It is believed that more adaptive "voltage control

. design couldw improve the voltagg profile as the operating
conditions change, and slow d&wn»a rather expensive trend towards
implementing exeéssive amounts of reactive power support on the

system.

TheApPimary objective of voltage/reaétive power control
is toA maintain yoltageé and currents Qithin. the allowabie
constraints as qperatingﬂconditions on the power system change.
Uhdér nofmal operafing conditions,»vbltage control is expected to
improve the system wid§ voltage'pfofi1e_so-that energy - cost is
hinimfzed; When the system is subjected to severe disturbggpes in
input variables and/ob_étructure, vqltage control is coﬁside;ed to
be a remedial measure, which ﬁogéther with other contpql;fop_}he_
system should act to preserve syétem integfity and;pgmédf-the;
effects of a disturbqnce. Many timgs an exper;enced operafor hay
suécessfully select the ‘approéfiate remedial action,. B#F in-
complex operating conditions or in planning studies,t it is

necéssary that the remedial action . be computed.

The experiences of major .voltage cdllapse incidenfs have
resulted in strong motivation to alleviate line overloading énd
volfage.iimit violation so as to obtain the secure'opefatiqg point
efficiently. Alleviation of  voltage limit violation at certain

critical buses is a serious problem in the interconnected power
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systém when a heavily loaded line is tripped or éome of the lines
carfy powef in excess of their capability. In- this Chapter an
attompf is made to alleviate the voltage limit violationéVUnder
.heavy-Loading conditions using the concept of local opfimization.

USing this technique, the alleviation of voltage limit v1olat1ons'
are corrected by coordlnatlng controls at’ the local level durlng _
any severe.disturbance to avoid the disintegration of the powér

system.

3.2 ALLEVIATION OF VOLTAGE LIMIT VIOLATION USING LOCAL
OPTIMIZATION AS AN INDEPENDENT PROBLEM

3.2.1 Problem formulation

" The problem oonlleviationgof voltage .1imit Qiolation {s
formulated as an optimiiation problom [3]. Tho objective-fuhctﬁon
to be minimized is taken as the weighted sum of the squares. for
"the?iimit violation of bus voliages: Tw0~séts‘of variables are
oefihea;.The first set consists -of the dependent variabies (x),
répré;énting;voltéges at all the Buoes except slack bus with a
,coostraint on tpe upper and iooér limit. The other seé_is of the
:inoepeodént variables (U), which controls £hé generaﬁor reactive
powér,' generétion or absorption of reactive power from the
switchablé capacitor/reactor, tap-changing oronsformers.ratio and |

the. load shedding.

The obJjective. fﬁnction, f(X,U) to be 'minimized is

expressed as,
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2

Minimize f(X,U) = Y. (AV)i ...(3.2.1)
ie LV
Where
f(X,U) = Scalar objective function to be minimized
LV = ©Set of buses at which voltage limits are violated

v, - v?ax' if v, > V?ax
in ~ o ...(3.2.2)
vy ey, < Vv
1 l.‘ 1 1

is magnitudé of voltage limit violatiom.

The objective function (3.2.1) 1is subjected to the

following constraints -

(1) - glx,u) =0 - ...(3.2.3)
(i1) XM= x = X .. (3.2.4)
(1i1) u™P =y = " . _ ...(3.2.8)
Where
g(X,U) = Set of equality constraints
X = State vector (dependent variable) of the power
system consisting of bus voltages for all buses
except the slack bus
) ¢
U = Vector of control variables (independent) available

to the operator consisting of :



(a) Reactive power generation of generator buses.

(b} 'Reactive power generation of switchable reactors

or capacitors.
(¢c) Transformer ratio of tap changing transformers.

(d) Load shedding -at the load buses.

Less sensitive controls ‘are neglected to 1limit the
corrective actions. As far as possible, load shedding is avoided
and the other three controls are used for providing the necessary

corrective action.

Equation (3:2.3) represents the reactive power balance. -
Equations (3.2.4) and (3.2.5) represent the system operating
conétraints, i.e. minimum and maximum values of bus voltages ana
the limits on the control variables respectively. Two independent
variables representing the generator reactive power and the
transformer tap ratio, separéted from the set of independenp
variables U are given as,

min max

ci = % * Y%

Q

TR™P < TR, = TR™X
1 1 1

Where
. . .th
uQGi = Reactive power generation of the i generator
L . .th .
TRi = Transformer ratic of the i~ tap-changing transformer
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While calculating the objective function," - two‘x'térms
corresponding to the violation of reactive power generation of the
generator and the transformer tap limit with proper weightagefare also

added.
3.2.1.1 Local Optimization

The objective ‘function given as fhe weighted sum of
squares of the voltage limit violation is minimized using the
local optimization method . In this method, few. buses in. the
vicinity- of tﬁe buses..havihé voltage 1limit v%dlations--are
processed for local optimization; irréspecfive of- the gizefof tﬁé
system ﬁhder siudy. Local optimiiatiop method is useful becépse
H_few buses in .the vicinity of 1imit violated buses are .ﬁéA:be
processed and térmihal buses -are also handled withbut_'ényq
difficulty. The buses for local optimizatidn aré selected‘oqiihe
" basis of prespecifiéd step- length, i.e. N step iength means EﬁSes.
up to' N lines away” from the términaL buseé é£ which 1iﬁi£é.ére
yiolated. In.our case a step iéﬁgth.of 1 or 2 has WOrkediwélli
This has drastically reduceq the compiexity of the problem as few
buses‘in the -vicinity of limit violating buses are sufficient for

providing the necessary control action.

The alleviation of limit violation of voltage' .is
minimized using the Conjugate Gradient Technique, which is simple,
efficient, robust and'béquires less storage space..'The method is.

efficient and robust in comparison with the existing methods, as
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the new secure operating point is obtained with minimum control

-actions.
'3;2;4,2' Transformer'and-Switchable_Reacior/Capacitor Modeiling

While operating the transformers in the local Varea;
proper .care 1is taken so that voltééé profile éf any' bus is n@t
qeﬁerioraﬁed. The transformér may be fixéd—fap or tap-changing
t&pé{ Iﬁ.the ldbai bptimization proéedure,'; vefy smali step size
is assumed for transformer_ﬁaps,-éo»that coﬁtinuoué vaﬁiation in
the transformer ratios is allowad.(In the global solution, the tap
-_poéitidn is adjusted'to-the nearéét av;ilablg discrete value. The

transformers are modelled by their pi—equivalent network.

. Switchable reactors and cgpacitors are normally used to
-aﬁéprb'the excessive reaéﬁive power, or supply reactive power to
iéinpa;n‘the syéteﬁ'vdltaée profile. They are mode}led as reactive
?poﬁérysoufcés~varyiné contiﬁuously at the buses to whigh they ére
."coﬁﬁe¢£ed. In the élobal éolutipn,ithe»reactivé power supplied is
~rounded dff to the nearest.permiséibleidiscrete value. Switchable
-shﬁnt:capacitors/reactoré ét'thg load buses are represented by'
suécep£anpe B.1 calculaﬁed a£ the voltage in the base case load

flow:
3.2.2 SOLUTTON PROCEDURE

The complete .solution procedure for this problem is take from’

reference [3]. Only some important points-are presénted,here. The
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reactive power baiance for the ith bus is expressed as,

8 = Uz~ ;" =0
Where
_ . . . . .th
g = Equality constraint equation corresponding to i bus
. .th
QLi = Reactive load at i bus
' . e .th .
Qi = Net reactive power injection at i” bus, i.e. (QGi -Q.)

Li

[ Z (gij'Sin(ei - ej) - bij'COS(ei - G‘J.)).V‘j .\:'.1
jeA(i)

0Q
I

2 :
. [(Bi).Vi] - [ ) (g; ;-Sin(6; - 8)
JeA(i)

- bij.Cos(Bi - ej)). vj .v.l + (QGi -~ QLi) =0
Or,
2
g = | B ¢ Z R 0 Yy
JeA(i)
~ Z (g ;-Sine; - 8,) - b, ..Cos(o; -~ 0)).V, |.V,
JjeA(i)
+ (Qy; - Q) =0, i = 1, NLO .- ...(3.2.8)
Where
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B, = Susceptance of shunt capacitor/reactor at the ith load bus.

bij = SpSceptanée of line betweén buses i and j.
gy = Conductance of line betWeén buses i and Jj.
NLO = Nuﬁber of buses processed for local optimization.

) Eqdation;(S.Z;S) can be{written in a simple quadratic form as,

where constants AA, BB and CC of the eduation (5.7) aré'given below.

S Z P43 - ' . ...(3.28)
' JjeA(i)
BB = - z V4. {8; 5-Sin(6; -18.) - b, .Cos(e; - 6
JeA(i) . ’ -
s ...(3.2.9)
cc = [Q.Gif - QLi] - ...(3.2.10)
The solution of'equation (3.2.7) can be written as,
BB + v (BB)? - 4.MA.CC . :
V. = . - ' o ... (3.2.11)

! 2.AA

' The negative sign of the square root satisfies the

system operating constraints.
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In local optimization procedure, equation (3.2.11) has
been used for calculation of the objective function and its
derivatives. The calculation procedure of the solution assumes

following assumptions :

(i) V. = V = 1.0
(ii) Cos(.ei - GJ) = 1.0

(1ii) g.. Sin(e;, - 68.) < b, .
- iJ 1 J ij
(iv) In the local optimization iterations, bus voltage angles

are constant.

These approximations in the calculation of derivatives
work very wéll. No éonvergencé probiem was observed when testing

the method with 24 and 57 bus IEEE test systens.

The partial derivatives of objective function  and
equality constraints given by equations (3.2.1) gnd (3.2.3) w.r.t.
the dependent (X) and independent (U) variables in local
optimization procedure are given 1in Appendix-D from eduation

(D.8.) to (D.34).

3.2.3 Step Wise Solution

The complete flow chart for step wise sdlution is shown

in'figure (3.1). The detailed description of the software packagé
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' ALLEVIATION' is shown in Appendix - F.

3.3 VOLTAGE SECURITY INDEX

The study of voltaéé'instébility has become.an important aréa'
of research in;the fiel§ of power system enéinéering. The hain
”thrust of rgsearch has been to arr;ve,aﬁ an accurate and réliablé
ihdicator of'thé“proxiﬁity of a‘éysfem'to_collapse. Such an iﬁdéx
bwould be useful to utilities in pﬁeratiné their systems with
‘maximpm economy and'réiiaﬁilfty. For on line applicétions, there is
a negd for tools whiéh can qdickf& Eden?ify pﬁtentialiy dangefous
condition and'provide‘the Opgratbr with' guidance to steer the
-system away from voiéage coliapSe. >Many- investigators have
proposed tth@sé of indiégs to\ésﬂimate How.far a;givgn operating

condit}sn'is from the Sﬁability liﬁit. These meaéﬁres of indices,

"iﬁ'order to be useful, éhould-havg-certain qualities, hamely:f

i)- The inAECés shbu}d ‘be roughiy a _linear funciion; of thei'
contfollablg, parametehé iespecially as - stability boundaries
arelapproacﬁed. » |

i;). Thefelshqu1é~bq corf??tiye mé?sures that can.be derived from

- the ip&icés. ' |
iii) Thg measure should be robust to mpdelhuncertainties.

iv) They should be computationally efficient and easy to understand.

Three voltage seCunity‘indices_have suggested by Bhanot V.
[3] namely diagonal element dependent index (Id), maximum row sum
dependent- index (Ir)‘ and Euclidean norm. dependent index (Ié)

based' on. power flow Jacobian matrix and its inverse at the
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'PERFORM BASE-CASE LOAD FLOW SOLUTION
SETP,_ =1 -
- ¥
- CALCULATE VOLTAGE SECURITY INDEX

. STOP

CHECK FOR VOLTAGE, REACTIVE GENERATION
AND TRANSFORMER TAP LIMIT VIOLATIONS

STOP

IDENTlFY_THE LIMIT VIOLATING BUSES AND THE
CONTROLS AVAILABLE IN LOCAL AREA

N ’/

CALCULATE THE OBJECTIVE FUNCTION USING EQUATION (3.2.1)
SET ITERATION COUNT i =1

Fig.3.1. Flow chart for Alleviation of Limit Violations of voltage,
Reactive Generation and Transformer Tap Ratio.
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Fig.-3.1. continued......

CALCULATE CONJUGATE SEARCH DIRECTIONS

v
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Y
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Y
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—{1+ 1+ 1

CONVERGENCE REACHED

ADJUST TRANSFORMER TAP AND SWITCHABLE

| REACTIVE SOURCES TO NEAREST DISCRETE VALUE

N

PERFORM LOAD FLOW

3

®_<___. INCREMENT P
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solution point. Out of thesetAdiégqnal element dependent index
.,(Id) is most easy to calculate. For my dissertation work I used it

as a voltage security index.
3.3.1 Diagonal Element Dependent Index (1)

fﬁis-indeg.(la) is most easy to:éalculaﬁe,and'is given by the
ratio of‘the,maximumutptminimum-yaluerof the Jacobian diagonal
éleménts. As the éxtreme ibading conditions-are approaching or any-
distﬁrbance occur ip thé systém, a sudden increase in thg‘value of
this‘ﬁndex occurs, acting as an alarm fof tﬂe system operator to-
avoid the .voltage collapse. Béydpd the collapse - point ‘hQ

. convergence is possible. This index is calculated as

1 = | Meximum diagonal- element value of Jacobian |
d | Minimum diagonal element -value of Jacobian ‘|

This index is a pre indicétog-bf théxﬁealth-of the system,
the cémputation df Id'which isjfﬁé Simplest;and the. fastest, may
- +be. used for on _1ine_’voltagé“'§écuring _éssessment. A sample
_calculation. of -the-diagonal elgméng qéﬁendéﬁi index. Ié
in Appendix-B..

3.4 ALLEVIATION OF VOLTAGE LIMIT VIOLATION PROBLEM COMBINED |

WITH MINIMIZATION OF REACTIVE GENERATION AND LOSSES PROBLEM '

For the present dissertation work problem of minimization ef
reactive generation of generator buses (minimization sub routine)

and alleviation of voltage limit - vioiation (alleviation

32
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subroutine) are conne@ted wifﬁ;%ollowiﬁg objeétives:i

i) To operate the syéfé&&és<éiése as possible to optimai power
flow solution and to‘éuidé operator to .take offline obefaiing
decisions.

ii) To recover the normal’pberatihg conditions i;el'sécure”énd
‘stable operation of the system:foligwing é-ﬁéjbr or iittle
éontingency by alleviating: véltagg ilimit'-viblati6n‘ at théi
. disturbed buses. -‘-Al‘so a'gai‘n-'t—o ;s:pefate ‘the system near to

thimal-power-fiow solution,

‘ ‘With—*tﬁese objecgives, fipstiy ‘the;-réactive generatibh- of
geherator bQSeé and lpSées;in thélsystem are minimiz¢d'totopera£e
the system .bloSe to - optimal ﬁower flow"soluﬁioﬁ[ 'Then a
disturbanceAis created ;n éhei?ystem.(such aslanyfléaded‘line iﬁ“
thé systgm ;s reméved) ﬁaﬁéj“Qﬁéérve on which buses vol£agé ’
1imit/reactive_poweﬁ:genéfa£?o£tlimits are violated ana on'whiCh
" transformer taps 1%mi§s aré‘Vinétéd in the system: Then these

viélatién are removed by 1oba1;optimization techﬂique. Then after
alleviating voltage_limit/reéctiQé powér generation violation ‘an
attempt is made to fﬁh theisystém.again cioselto optimal load flow
solution. |
'Flow'cﬁartyof the compiete'gléorithm is shown in Fig.‘(3.2)h
The: solution pﬁécedure-is eiﬁiéineévin4£ﬁe following section.
"3.4.1 Stepwise Solution
Step - 1:‘
Minimize the object{&e function éonéisting of reactive

generation. df  the generator buses and losses in the system
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following the steps as described in section (2.5).
Step - 2:

| If the function is not minimized go to step 1.
Step - 3:

"Calculate voltaée seéurity ‘index and create the contingency
in the system.
Step - 4:

Alleviate the voltage limit violation/generators. reactive
generation violation and tran;formers‘taﬁ ratio violation due to
the creation of contipgency, following the "steps described in.
.secfion (3.2.3). | )

, Step - 5:

Calculate voltage security index.
Step - 6:

Minimize the. objective function consisting of reactive
generation ‘of the generator buses and losses in the system
following the steps as described in section (2.5).

Step - 7:
-If the function is not minimized go to step 6.
Step - 8: |

Calculate voltage security index and stop.
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A

MINIMIZE THE OBJECTIVE FUNCTION OF REACTIVE |
GENERATION OF GENERATOR BUSES & LOSSES OF THE |
SYSTEM ACCORDING TO STEPS EXPLAINED IN SECTION 2.5.

IS OBJECTIVE
FUNCTION
MINIMIZED

> Yes

No

" CALCULATE VOLTAGE SECURITY INDEX -

¥

CREATE THE CONTINGENCY IN THE SYSTEM

p

£

N

ALLEVIATE THE VOLTAGE LIMIT/REACTIVE GENERATION/
TRANSEORM TAP RATIO VIOLATIONS USING LOCAL OPTIMIZATION-
FOLLOWING THE STEPS EXPLAINED IN SECTION (3.2.3) -

S ANY LIMIT
VIOLATED

No

Yes

CALCULATE VOLTAGE SECURITY INDEX

&

MINIMIZE THE OBJECTIVE FUNCTION OF REACTIVE
GENERATION OF GENERATOR BUSES & LOSSES OF THE
.SYSTEM ACCORDING TO STEPS EXPLAINED IN THE SECTION 2.5

[sToPle CALCULATE VOLTAGE

SECURITY INDEX

Yes

IS OBJECTIVE
FUNCTION
INIMIZED

No

Fig. 3.2. Flow Chart for alieﬂliaﬁon of voltage limit.violations combined with
minimization of reactivé:generation and losses
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CHAPTER - 4

RESULTS AND DISCUSSION

4.1 'RESULTS~6F ALLEVIATION OF VOLTAGE LIMIT VIOLATION
To_demonstrate thé'robustnesses of the method as described-in
r‘section (5.2) laé-ge voltage violations are induced by creating the
critical contingeﬁcy on 24 bus IEEE (RTS) and 57 bus IEEE systems.
The results of the proposed> met hod fqr alieviafiop; of‘ voltage
limit violation as applied to two different .teét sysfems afe
presented‘iﬁ this-section.‘The new secure 6perating points after
an outage has occured is efficiently obtained under steady state
conditions. The i;our"di-f-fer'»ent cgs-es of the ;cwo test Asysl:temé show ~
in fiéure 64.1 to 4.4) are as follows.

* 24 Bus IEEE test system: Line No. 26 removed (Fig. 4.1)

*%

' 57 Bus IEEE test system: Line No. 10 removed (Fig. 4.2)
*%% 57 Bus IEEE test system: Line No. 32 removed (Fig. 4.3)

**%** B7 Bus IEEE test system: Line No. 33 removed (Fig. 4.4)

4.1.1 24 Bus IEEE System

In the case of424 bus system line number 10 is femoveat 24
Bus system with line 10 removed is shown in Fig. (4.1), the area.
processed for local optimization is ﬁarked. in the figure. The
buses at . which Vbltége limits are. violated are: diso marked in"
figure. The results for alleviation of voltage limit viola£ion in

this™ case are presented in table 4.1. In this case generator
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FIG (4.1) 24 - BUS IEEE TEST SYSTEM :Line No. 26 Removed

* _: Buses at Which Voltage Limits Are Violated
| wses-swe= : Area Processed For Local Optimization 7
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FIG (4.2) 57 - BUS IEEE TEST SYSTEM :Line No. 10 Removed

- ma—o

. Buses at Which Voltage Limits Are Violated

: APeafProcesSed For Local Optimization
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reactive power is adjusted at bus number 22 and 23. At last load

shedding is done at bus number 1 and 6.

4.1.2 57 Bus IEEE System
' Three critical cases of line outage are considered in this

case. The results are présented in tables( 4.2 to 4.4).

Case A:

Line- number 10 ‘is removed. The method successfully éorrects
the voltage profile af three busgs ﬁsing controls:of‘generator
reactive power and transformér tap and-at last load shedding is
" done. Twenty three buses are coﬁsidered in the local area to
obtain the new secure state with minimum.deviatioﬁﬂfrom the pre
adjusted state as given in table (4.2);

Outage of line.number 32 and 33 are taken care of in the same
manner under cases B and C depicted’in table (4.3) and (4.4)

respectively.

4.2 RESU;TS FOR ALLEVIATION OF VOLTAGE LIMIT VIOLATION COMBINED
WITH MINIMfZATION OF REACTIVﬁ ,GENERATION. AND LOSSES OF fHE
SYSTEM

The operating state of a power system will undergo changes
due to various contingencies and disturbéhces on the system. The
emergency state may occur as result of a sudden increase in system
demand, the unexpected outage of a generating unit or a
transmission line, or a failure in any of the system components.

If the system survives the outage or disturbance, it will operate

48



in a new steady state;-in thch‘oﬁe_or more transmission linés may
_be qverloaded and/or Ydlfage-cénsﬁfaints‘at some buses may ‘be
violated.

The main objective . of powgrhsystem operation is to attain
securiﬁy' and economy. Since éécurity and economy are ﬁormally ,
~ conflicting rgqﬁirements,. System security means the availability
and qualify of supply whiéh‘is neCeSsary for system operation. The
final .aiﬁ of ,[economy is the "~ security function of thé
utility—company,‘The‘energy management system is to operaté the
systeh at minimum losées,' with the guéraﬁteed-_aileviatioh of
emergenéy conditions. |

.:Ip the present diésertatioﬁv work» an attempt is made to
. aIIeQiaée'Qoltage violation in the system and operate the system.
optimally, considering' the Yoltage security - éf the system. To
demonstrate the work fﬁe voltage violations are created by
cbnsidering the contingency in:the»System. This gives the changed
system configu;ation and voltage limits are violated at some buses
‘which are-corrected using local.primization'techniﬁuesi

" The algorithms are teétéd‘on‘two typeé of system.

(4.2.1) 24 Bus IEEE. test s&éte_m.

(4.2.2)57 bus IEEE test system.

4.2.1 24 Bus IEEE Tes£ Systeﬁ‘

In the first part réactive;generatipn at the genera}or buses
and-the .losses in the system are minimized. By doing,so’value,of
miniﬁization function‘decfeéses from 3,92418to,3.33790.’Bpt by
~optimally operating the system the voliage securi£y of the system

~is deteriorated, because the value of voltage security index named
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_as leagonal element. dependent -1ndex 1noreeses fnom >925:i92 to
‘83@9.20;‘The~comp1ete resultis fon 24 ous system are shown in table-
(4.5). | |

Now 'for_ creating1; voltége vloIations in . the - syStem,
. oontlngency' is' cfeated,lby Outing line 26. .from the system; On
creatlng the contingency the value -of voltage security index is
’1ncreased to 32359. 9.wh1ch 1nd1cates the i1l cond1t10n1ng of the‘
network. Due to contrngency voltage llmrts are'v1olated at buses 1
and lB.-The nesults for'alleviation of7voltage'limit vlolations
'are shown in.table (4. 1) ‘and descrlbed in Sectlon (4 1.1).

X After allev1at1ng the voltage 11m1t v1olat10ns by locally.

- adjusting the 1ndependent variable as descr1bed in chapter 3, the-4
voltage securlty of the system_also lmproves.

" Because -of " the .contingency. tne ?optlmal_ ngpatiaﬁ' of Athe
'system may be distunoed. Thus"ageinlneective generetiongand tne
losses of the system are minimized. By coincidence, in this
particular case ;e"found.that atvthis stage -base case ' load flow

solution is'the-optimal load flowﬂsolutlonl

- 4.2.2 57 Bus IEEE System. -

Inthe cése’ of 57" bus’ System agaih to. operate the system
3optlmallv, reactive generation"andr 1osses” of tne: system'”ane
minimized. lhe nininization‘functhn decreases_fnom 7.83532 to
7.58309.: The optimal solution}-of the system 1improves ‘the  ill
: conditioning end'voltage‘Security of.the_system as the value*of '
voltage security inaex‘ impPOVes from 397.944  to 64.9815. The
results for 57 bus IEEExsystem,is‘given in table,(4.5).

‘Voltage vlolétions are cfeaﬁég. in ‘the system by outing
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heavily loaded lines from the system. For this purpose three cases

of 57 busrsystéms are tested in the present dissertation Qork;

. Case A:  Line 10 removed from 57 bus system.
Case B: Line 32 removed from.57 bus system,
Case C: Line 33 removed from 57 bus system.

CasejA: Line 10 Rémovedffrgﬁ 57 Bus System
_'ﬁue to~§qting line 10 from  the system VOltége.limits aré

'violateq_ at  buses no. 24, 27 and 650. -Alieviatiqn of ‘thése

yiolations'areidéédriﬁé@jip sectibn.4.1.é and.resuitsﬂare showﬁ.in'
: tabie (4.2). ;Dﬁe to -qﬁhfﬁngencyz fhe value of voltage security

index increaée:frqm'84f9éiéiéo 256.777.

N After aiiéviaginé:~f#é' Qi;lations at buses the Qoltage
’s@m%rity irl_dex_co}ne_ tea value 2.42882 'i.nd’icat‘ti’ng the " secure
| operation of thé system;j

- Due to contingéncy,loptimall perfqrmancé of the system is
»éepepionated so again mihimizing the reactiVe‘ generation and_
lossés of the-System; tﬁe.minimization functioﬂ minimized from

5.52416 to 5.31277. But due to\optimal opéfation the security of

the systeﬁ is‘ﬂeteriorgted_as,yoltage seéurity index ipcreaéeé

from 2.42882 to 16.9844.

kCaséfB: Line 32:Removed‘from 57 Bus System
In this case, due to contingéncy VoltageAlimits are violated -
at buses 18, .19, 23, 24, 27 and 28. Table (4.13) shows the results

for alleviation of voltage limit violations.
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Dueeto.contingeney; the‘system‘goesrto highly ineecure opefe£ion
as the value of voltage securlty-lndex 1ncreased to a very high
value,AfPom 64 9815 to. 4795 73. After allev1at1ng. :the effeqt of"
this COntingency the voltage secgrity'indexrdecreeseeite 1217.785.
Agaiﬁ optimizing the | reactive hgenerationv-ane_jieeses of the
system, function value deceéses frem 8.29383 to é;8904..1n this
lcase~eptimel.solutioﬁ'aséureé more secure operatien ef the system,

as voltage security index decreases from 1217.75 to 478.168.

Case C- LineASBAﬁemovedifrom 57 Bus System

In‘this*caselcontingency ereates Voltage' vioIetions at -buses
17,v18,.19, 20, 26, 27 and 28. Resh}ts.fof elleviatioﬁ of these -
vielations areA shown in table (4.4) apd~ discussed in section
(4.1.2). | |

In this case centiﬂgency ma@e the voltege security inde# to
rise from 84_9815-to.1377.89{ indicating the detefioretion of the
stability of the system. Alleviating the 1imit;§iola§ieﬁs; veitage
seeurity index improves from 1377e89 to 117iéé7-jnéicating thaﬁ
the -system’s distance fpom.coliepse or instabililyicondition is
1ncreased Due to conélngency the optimal operatlon of the system
is Aeter1orated In this case reactlve power generailen and - losses._
function is mlnlmlzed from 5 83064 to 5.38474. | Ipt thisAjeaSe"
optimal soluelon also 1mproves the yoltage profllehéia.stag%iity
ef~the~systemf_as the Qalue ofi&oltaée eecqrity inde%J%eedecre;sed,.

from 117.627 to 61.6264.
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CHAPTER - 5

CONCLUSIONS AND RECOMMENDATIONS -

5.1 - CONCLUSIONS

The main concern of electric utilities these days is to run-

their system as Aefficigntly' as - possible, - keébing “in view the

maximum possible utilization of,the'éxisting sétup aélwqil as to

maintain the secure operation of ‘the. power system. Thi§ chaptePA

conqlﬁdeé the work done on few apsects of gthégialleViggiqn‘ of
voltage limit“violatiop’iﬁ bowep.ﬂetworké. Mgihkéoﬁéiu§{5ns.h§ve
beenrdescriﬁed béiow;1:t  | |

| Re;Ctive;igeneraiiony gf Ageﬁerator buses ‘éﬁdﬂ lossés. pf the

system ares minimized'tq seléét“optimally,out'of the available

‘generating sources'f%o ‘operate, to meet the expected load and

_provide a.specified margin of operating reserve over a specified

peniod of time. By doing this,. it is observed that normally:the.-

‘profiiezof_thé‘system‘from the Qiew-péint~of.v91tage security
. improves. Aft?r preating-bohtingendy,iﬁ.the.-system and removing
~the voltage limiﬂ_violations at the buses locally, this optimal

power flow solution i.e. minimization of reactive generation and

" losses again provide the sqlutioh WHich has- better system voltage;'

,secﬁpity" and improves the system voltage profile.

Optimal power flow is recognized as ~ an .important tool

utilized -in power 'system planning and its_opiimaf»éperatibn in-

closed loop dispatching control mode. In the . first part of the.
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’dissertqtioh, problem is'taken asiopﬁimal power flow problem out
- of . the two subproblg'ms of OPF described in section (2.1), only
'reactive\powef (Q) optimization gubproblemvis considered in'the
presenf dissertation work. In this problem reactive generation-at
-genération buses and the losses_infthe system are minimized’by
taking the 'fééqtgye generation at generator rbuSeS»vand' £he
transformer tapibatio asjindependeﬁt variabiés and the bﬁs volﬁage
magnitgde as Aepéndeht variables. Voltage security:index named as
»diagénal eleméﬁt  dependent Inde% (Id) whiéh is thev ratio ;f
maxiﬁuﬁ diagoﬁéi elemenf‘of bower fIOW“Jacobian to’the minimuﬁ
d-i,agori:a:l . ele.n_l_en\'{;~ of” p.owé‘r flow .iacobian is calcul‘aiged at each
Eten%tion'ofgioadﬁflow;.; |
. fé4 and é?:£gs system are céﬂsidered'to.test thé.algofithﬁ.
For the 24_bu§;system we obtainéd“the optimal power flow solution
‘at the éost 6f-§ysfém security: In this case aftér‘optimization,
value of voltage security index increases which indicates the ill
- épnditioning 6f the network from “the ‘view point  off_vo1tage
collapse. In the case of257-bus system optimal power‘flow-solutibn
improves the stability of the system. |
In the second part of thé-'diSSértation,- alleviatién of
-voltaée limit violatiohs:are corrécfed by'coérdinating controls at
the. "local leVell‘during: any seévere disturbance to - avoid the
disihﬁégratién. of the power sysfémﬂ By using the dp?imization
ﬂ method; ‘the objective -function given as the ‘weighted 'sum of
squares of (the ‘vélﬁage limit violation is minimized. ig this
method, fek»buseé in the vicinity of the buses having voltage
1im1£ violaﬁib%s‘ are processed for local optimization,

irrespective of the size of the systenm under study. In this,
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_ voltage -secﬁr‘ity A.index“is' also calculated Jjust after creating
con-t;ingéncy in the. system and after al‘Ié-viating, the limit_>
violations at the-buses. ‘

The algorithm gives satisfaét‘ory results when tested on 24
bus IEEE (RTS) and 57 bus IEEE systems under severe and extreme
-loadi".ng“ éonditions. - The new secure operating ' points »af'ter‘ 'an'
outage" hgs\‘ .occurred - is ef‘ficiently obiaiped ;mderr steady” state
conditions.- The method may prove- - to be suitable for on -line
applicafiéhs becaﬁsg}pf its éfficiendy and reliability.

.Af.t'e‘r- ‘obt,ain_i_ng ‘a .ne,w secure oper‘afi'n,g peint, after an
conti'ng!aﬁc.y,'has Apcc,-:urre_d the optimal ;power' lflrow 'oper'a{:ion of thfe‘
system ‘;nay:"bie _Adet;‘d{ria;ted. For. 'oblt.aining‘. OPF . solution we again
minimiz;ad: réactive generation at gener'atér busés-af}d losées in the
system, and also calcul;exted'vlt)itagé security indeﬁ pre and ‘past
optimizati;on; After "_aileviating the vio_la'tion‘at buses this OPF
"-solutioh can be ‘obt-ained on line or-off line, when ever the
operator will find-the time. |

For all the -cases tested except one case of 57 bus- system the'
neﬁ optimal power' flow solution improves the ill co-ndit.ioning of‘
the network énd presents a better system voltage profile.-

5.2 RECOMMENDATIONS FOR FUTURE WORK
Suggeétioné for future work-is summarized below;
* -Power system networks afe large and complex. Thé complexity
‘and computational. dif‘f‘icullt.y associated with analyzing with a
_sinélé {1érge -network has led to the development of .deéompgsitio‘n'
metihod;s;: in which -the power netﬁork is divided into number of

areas. Computation time and memory required -is reduced
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éubstantially by deCdmposing theljapge network matrices and it
gives better flexibility in stud&ing the power networks in parts
rathef thaﬁ as whole.‘The algorithms fér.élleviation of VOltagé
.limit violation may be modified using the concept of network
decomposition -along with the local optimization techpiqueﬁ
* vjVoltage collapse aﬁalysis inVoiveS bbth sﬁatic éngvdynamié
factors. From a system qperator’s view point a stfeSség (heaviiy.
loaded) system has to be cérefully mohitor#d and adéiuate control
action taken when the operating point apprdaches the limif of
véltage stability. In the day-to-day operaﬁion énd'ncontrol of
power systems these diQisions require very‘fést éompufations‘in
the energy control centér. Since coﬁvenfionali oﬁﬁimization
teghniqﬁes for voltage stability improvment are com;utationally
ihtenéive, tﬁere is a need for é héuristic approach_ﬁgiqh cén makeﬂ
decisions very fﬁst with- a minimun of nuﬁeriéal ‘EOmputation.
Expert system§ can be used as a decision'éupport system tool fér
-online application in.energy control ceﬁters.
* In the present work optima1 bower flow-is solved ‘separately
as decoupled problem considering only reactive power'optimizatibn
subproblem. The OPF problem cédn be sélved simultanebusly or
coupled prqblemS‘cbnsidéring goth active power and reactive power

’

optimization subproblem.
* The study of voltage'instability-haslbécome an important area’
of Tesearch in the field of power system engineering. The main
thrqst of research has been to arrive at a accuraté_apd reliablé
indicatof'of the proximity of a system to voltage:cpliépse. Such_

an. index would be useful to utilities in operating their systems

with maximum economy and reliébility. Artificial neural networks
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(-ANNs)} can be used for securing as;essment dﬁe to its ability to
achieve complicated input output- mappings through =a 1learning
process, without, explicit programming. Once an ANN has been
trained, it can classify new data much faster than woulci be

poséible by solving the model analytically.
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.~ APPENDIX-A

- POWER SYSTEM REPRESENTATION -

Basicaliifbgwér systeﬁ_qopsists of thfée_prinéipal
components- Géﬁérating ' stationétj JTrgnsmission 'linesﬂ  énd
Distribution‘syéﬁems. Théfcpnnepting lihk’betﬁeeh the generators”‘
and the-distributiqn sysfem are thansmissioﬂ lines. A~éimple two
bus system in Fig A.1 explains the.basic featurés df power sysﬁem
operation. Each busAis‘pe;ng_fed ffom the ggneratorsSéi andi
’(SGJ,'inté the buses i and j,respectivei&. Léa&é tépped.fggm,éaqht_
bus,érg:SDi aﬁd Spj. Fig.A.2 showg‘the-equivéieét-cifcufﬁ.of thg
two _bus éyéteﬁ: The - traﬁémisSibn 1ine- is represented by a
Fpi;gquivalent-@bael. o

| .Thé-'transfdfmer ‘fap *réppésentatié;x:anaznitsi eéuivalént
ciréuiﬁ is described -in Fig. A.q.llf the tfanéformeflfatio is

S from bus i-to bus j, then transformer admittance Vi is

" replaced_by (y.i/a..)a a shunt -admittance of -{ L ;]l. 1 -1-
1J- 1J° _ . : a aij .

i
- 1 ‘ _ _
1 Yy is added at bus i and.a shunt admittance of | | 1 - i_

Y. . _is. added éttbus_jtf¥l

Switch@bieaéapacitor;baﬁks are répreséhte&iin the power
R TIR ”‘1}:g;;'*" _ oy T T b L
system 'by.replac1§g;‘Bii by _(Bii;- pci)f;where i is the bus

at which thé.capabi@or "bank is connécted;=and3(b../2) is

—* - b .|, where b_, is the admittance of . the

 replaced by |, 5

capacitor bank at bus 1. |
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Gj g GJ

lSGFP»G[—HQGi | lSGJ'=PGJ+jQGJ
| e——t Vi | — 7
v oo \

SDj=PDy+JQD; SDy=PDj+jQDy

FIG. A1 TWO BUS SYSTEM

\SGj .. ‘ SGj

- '_‘Zse
1 4 o i L4
SD ‘ SD
| Yeh - Zill }
12 - 2

L ‘ .
— —
— -

FIG. A.2 EQUIVALENT CIRCUIT

63



Yijs 9i)
A

2 g

—

:i/a”'(i/o”-l)y”

—t('|—1/0|1)y”

——

-

FIG.A.3 TRANSFORMER REPRESENTATION
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APPENDIX-B

SAMPLE CALCULATION OF INDICES

A -sample calculation of the voltage security index is
giveﬂ below:

Let

-1 2 3
A = 2 0.1 1
4 -3 2

Diagonal Element Dependent Index (I,), which is the .

d
ratio of absolute value of the maximum diagonal element value to

the absolute value of the minimum diagonal element value is found

as,

| 2]

0.1
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APPENDIX-C

TEST SYSTEM DATA

In this Appendix single line diagrams (Fig. C.1 to C.2)
and Test system data ( Table C.1 (a,b,c & d) through Table C.2 -

(a,b,c & d) ) for the following system are given.

* 24-Bus IEEE Reliability Test System (RTS)

¥% - 57-Bus IEEE Test Systenm

The data are presented in the following manner.

~Bus data
—-Constraints onibus variables
-Line data

~Transformer data

In bus data, bus type 1 indicates a load bus, bus type 2
a/generator bus and bus type 3 the reference bus. In the line
data, line type 1 indicates an ordinary line, line type 2 a tie

line and line type 3 a transformer line.
In the transformer data, transformer type 1 indicates

the fixed tap transformer and tnansformér type 2 indicates the

tap changing transformer.
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FIG (C.1) 24- BUS 1EEE TEST SYSTEM
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. TABLE - C.1(a)
24 BUS SYSTEM : BUS DATA

BUS | BUS | BUS VOLTAGE GENERATION LOAD . REACTOR/
No. | Type} . — — CAPACITOR
Magnitude) ‘Angle |Active |Reactive| Active |Reactive|SUSCEPT"
- (P.U.) |Radians| (MW) (MVAR) | (MW) (MVAR) | (P.U.)
1. 2 3 4 5 6 7 8 . 9.
1 0 | 0.9696 |-0.1622| 0.000| 0.000| 180.000{ 37.000 | 0.000
-2 O | 0.9628 |-0,1999| 0.000| 0.000{ 74.000| 15.000 | 0.000
3 0 | 0.9834 [-0.1993| 0.000 0.000|- 71.000( 14.000 | 0.000"
4 0 | 0.9786 |-0.2484] 0.000 0.000| 13B8.000| 28.000 |-0.958"
5 0 | 0.9613" |-0.1783| 0.000 0.000| 171.000| 35.000 | 0.000 °
8 0 | 0.9878- ({-0.1681| 0.000{ 0.000| 175.000| 36.000 | 0.000
7 - O | 0.9948 |-0.1979] 0.000 0.000| 185.000| 40.000 | 0.000
.8 0 | 0.9884 |-0.0793| 0.000 0.000 0.000| 0.000 | 0.000
19 0 | 0.9861 |-0.0753| 0,000 0.000 0.000| 0.000 | 0.000
10 0 | 1.0009 | 0.1521| 0.000 0.000| 0.000| 0.000 | 0.000
11 0 | 0.9928 | 0.0073| 0.000{ 0.000| 181.000{ 37.000 | 0.000
12| 0| 0.9982 .|-0.0087| 0.000| 0.000| 128.000| 26.000 | 0.000
.13 O | 0.9584 | 0.0004| "0.000 0.000 0.000| ©0.000 { 0.000
14 2 | 14.0240 |- 0.2983|300.000| -60.000 0.000| 0.000 | 0.000
15 2 | 1.0000 0. 1987 |400.000| -50.000 0.000| 0.000 | 0.000.
16 2 | 1.0000° | 0.1803(400.000| 117.000| 333.000| 68.000 | 0.000°
17 | 27| 1.0000 .| 0.08650{155.000| 80.000| 100.000| 20.000 | 0.000
18 | ~ 2 | 1.0000 0.0806/215.000| 110.000| 317.000| 64.000 | 0.000
19 2 | 1.0000 |-0.0457| 0.000{ -50.000| 194.000| 39.000 |-0.000
120 =2 | 1.0000 [-0.0046|591.000{ 121.600; 265.000| 54.000 | 0.000°
21 2 | 1.0000 |-0.0713(300.000| 39.600| 125.000( 25.000 .| 0.000.
22 2 | 1.0000 |-0.1442]|182.000] =-0.700{ 97.000}| 20.000 | 0.000
.23 2 | 1.0000 [-0.1434{192.000 4.480| 108.000| 22.000 | 0.000°
24 2 | 1.0000 | 0.0000|145.690( -49.338 0.000| 0.000 | 0.000
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.24 BUS SYSTEM

TABLE C.1(b)

CONSTRAINTS ON BUS'VAR;ABLES

‘BUS

-BUS VOLTAGE

ACTIVE GENERATION REACTIVE GENERATION
No. (P.U.) ' {(MW) ' (MVAR)
MINIMUM MAXIMUM MINIMUM MAXIMUM MINIMUM . MAXIMUM
1 2 3 4 6 7.

1 0.900, 1.0850 0.000 0.000 0. 000 .0.000. |~
2 0.900 1.050 0..000 0. 000 0.000 0.000 {°
3 0.800 | 1.050 - 0.000 0.000 0. 000 0.000
| 4 0.800 1.050 0. 000 ‘0. 000 "0.000 0.000 |.
} 5 0.800 1.050 0.000°| = 0.000 0. 000 0.000 |
6 0.900 1.050 ° 0.000 0. 000 0.000 0.000

| 7 0.900 | 1.050 0. 000 0.000 - 0.000 0. 000
8 0.900 1.050 ~ 0.000° 0.000 0.000 0.000,
9- 0.900 1.050 0. 000 0.000 0.000 0.000 |~

. 10 0. 800 1.050 0.00C |- 0.000 0.000 0.000 |
Tr -0.900_ | 1.050 0.000 . 0.000 ° .0.000 0.000"
12 0.900 | 1.050 0.000 . 0. 000 0.000 0.000
13 0.900 1.050 0.000 0.000 0.000 " 0.000 -
14 0.800 | 1.030 '0.000° | 300.000 -60. 000 96.000
15 0..900 1.050 0.000 | 400.000 -50.000 | 200.000
16 0.900 1.050 0:000 | 400.000 -50.000 | 200.000, "
A7, 0.800 | 1.050 0.000 | 155.000 -50.000 | 80.000
18 0.900 | 1.050 0.000. | 245.000 -50.000 | 110.000
19 0. 900 1.080.. 0.000 |~ '0.000 -200.000 | . 50.000 |.

.20 0.900 1.080 ‘0,000 | 591.000 0.000 | 240.000 -
21 0.900 1.050 0.000 | 300.000 0.000 | 180.000

1 22 0.800 1.050 0.000 | 192.000 -50. 000 80. 000
23 0. 950 1.050 0.000 | 192.000 —50. 000 80. 000
24 —~B+-900 1.050 0.000--| 151.400 -125.000 | 310.000
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TABLE - C.1(c)
24 BUS SYSTEM : LINE DATA

@

(LINE|LINE|FROM|TO LINE IMPEDANCE HALF LINE [(LINE RATING
No. |Type|BUS |BUS - — CHARGING ‘ '
- RESISTANCE |REACTANCE | SUSCEPTANCE
(P.U.) (P.U.) (P.U.) (MW)
1 2 |3 |4 B B 7 8
| 1 1 23 | 22 0.0026 0.0139 0.2306 173.7000
2 1 23 | 1 0.0546 .0.2112 0. 0286 180. 0000
3 1 23 | 3 0.0218 0.0845 0.0114 187.2000
4 {1 222 0.0328 -0. 1287 0.0171 187.2000 . |
5 |1 |22 4 0.0497 0.1920 070260 187.2000
6 1 1 6 0.0497 . 0.1920 '0.0260 187.2000
7T 41 1 13 0..0023 0.0839 0. 0000 459. 0000
|8 1 2 | 6 . 0.0268- 0.1037 0.0141 187.2000
.9 |1 3.1 7 0.0228 0.0883 0.0119 187.2000
1011 |4 |7 0.0138 0. 0805 1.2295 173.7000
11 | 1 21 | 5 0.0158 0.0614 0.0083 187.2000 |
12 |1 5 |6 0.0427 0. 1651 10.0220 187. 2000
13 | 1 5 |7 0.0427 - 0.1651 0.0220 187.2000
14 | 3 6 | 8 0.0023 0.0839 0.0000 459. 0000
153 |6 |9 0.0023 0.0839 0. 0000 459. 0000
16 {3 |7 |8 0.0023 0.0839 "0.0000 459.0000
1713 |7 |9 0.0023 0.0839 0.0000 458. 0000.
18 |1 |8 | 20 10.0081 . 0.0476 0.0499. 540. 0000
19 | 1 8 19 0.0054 0.0418 0.0439 540. 0000
20 {1+ |9 | 20 0.00661 0.0406 0.0499 '540. 0000
211 |9 |24 '0.0124 0. 0966 0.1015 540. 0000
22 |1 |20 | 24 0.0111 . 0.08865 0.0809 540.0000
23 | 1 |19 | 17 0.0050 0.0389 0.0409 '540. 0000
24 |1 18 | 17 0.0022 0.0173 0.0182 540. 0000
25 |1 18 | 15 0.0032 0.0245 0.1030 1080. 0000
26 | 1 18 | 15 0.0087 | 0.0518 0.0546 540.0000 .
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TABLE - C.1(d)

' 24 BUS SYSTEM : TRANSFORMER DATA

TRANSFORMER

No.| Type| TTAP| TIMP |TLTPTR | TRATIO | TMAXR | TMINR | TSTER |
1 2| 3 1 5 5 7 . 8 g

1 2| 1 |13 7 1.05000 | 1.10000 | 0.85000 { 0.01250]
2 2| 6 | 8 14 1.00000 | 1.10000° | ©.85000 [~0.012507
3 2| 6 9 15 1.00000 | 1.10000 | 0.85000 | 0.01250]
2 2| 7 | 8 16 1.00000 | 1.10000 | 0.85000 | 0.01250

B 2 7 9 17 1.00000 - 1. 10000 0. 85000- 0.01250
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. TABLE - C.2(a)

57 BUS SYSTEM : BUS DATA
BUS| BUS BUS VOLTAGE . ~ GENERATION LOAD ° REACTOR/
{No. | Type p——r— ' - — ‘ ——————|CAPACITOR
| ~ .| MAGNITUDE| ANGLE |ACTIVE -|REACTIVE |ACTIVE |REACTIVE |SUSCEPT. -
o (P.U.) - |(Radian)| (MW) | (MVAR) | (MW) | (MVAR) | (P.U.)
1 |2 3 4 5 | 8 7 8 g
11 0 0.9799 -0.1261| 0.000 0.-000 0.000 | - 0.000 0.000 .
2°]0 0.9762 -0.1474} 0.000 | - 0.000 [13.000 | 4.000 0.000
3 {o 0.9853 =6.1307| 0.000 0.000° | 0.000.| - 0.000 0:000
e e 0.9825 -0.2031| 0.000 | 0.000 5.000 | ~2.000 0.000
] sf o 0.9719 | -0.1799| 0.000 | '0.000° | 0.000 | 0.000 |. 0.000
6 | 0O 0.9800 .| -0.1728| 0.000 { 0.000 [18.000 | 2.300 0.000
17 | o 0.9708 -| ~0.1646( 0.000 | "0.000 - |10.500 5.300 | 0.000
8 0 | 079854 -0.1263| 0.000 | 0.000 |22.000 5.000 { 0.000
-9} 0 ] .1.0133- | -0.1559| 0.000 |- 0.000 [43.000 | 3.000 0. 000
10 [0 4 ‘1.0174 -0.08438{ 0.000 0.000 [42.000 | -8.000 -] 0.000
11 | 0 |;0.9301 -0.3035| 0.000° | 0.000 |27.200 | 9.800 | 0.100 °
12 | © .,0.9106- | -0.3048| 0.000 | 0.000 3.300 0.800 [ 0.000
13 | 0 | 0.9116 :| -0.2907( 0:000-| 0.000 2.300 | .1.000 ‘| 0.000
14—~-0- 0.9600 - | -0.2494| 0.000 | '0.000 - | 0.000 { .0.000 0.000
{15 1 0 |- 0.90368 |--0.2433|°0.000 | .0.000 0.000 0.000 0.000 {
16 | O 0.8012 . |+=-0.2442| 0.000, | 0.000 6.300 | 2.100 0.000 °
{17} 0- { 0,8770. |--0.2431| 0.000 | ©0.000 | 0.000 0.000 0.000
18 | O | 0.7794_ | -0.4448| 0.000 |  0.000 6.300 | 3.200 | 0.059
119 | 0 - .0.8733 ' |--0.2379| 0.000 | 0.000 0.000 .| 0.000-| 0.000
20 |~0 |  0.8899 " | -0.2084| 0.000°{ 0.000 9.300 | 0.500 | -0.000
21 | 0 | '0.9034 " | -0.1885| 0.000 0.000 4.800 | 2:300 0.000
22 {0 [.0.9164 -0.1740( .0.000 0.000 (17.000 | - 2.600 0.000
23 | 0 | .0.7603 -0.4538| 0.000 |~ 0.000 3.600 1.800. | = 0.000
24 | 0 | -0.7408 -0.4571| 0.000 | .0.000 5. 800 2.900 | 0.000-
{28 -] 0 "|.. 0.7807 -0.4134| 0.000 0.000 1.600 0.800.| 0.000
126.| 6 | 0.7779 | --0.4144} 0.000 | 0.000 3.800 | . 1.900 0. 000
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Table C.2(a) Contd.

150

BUS| BUS BUS VOLTAGE  GENERATION ‘LOAD REACTOR/
No..[Type ——— —— S _ : , CAPACITOR{
i ' MAGNITUDE| ANGLE |ACTIVE |REACTIVE ‘|ACTIVE |REACTIVE|SUSCEPT. .|
(P.U.) |(Radian)| (MW) | -(MVAR) | (MW) (MVAR) | (P.U.) |
1 b2 3 4 5 6 7- 8 - I Y
127 | 0 | 0.848B1 -0.2783| 0.000 | 0.000 .| 0.000. 0.000 0.000 | .
28 | O 0.8574 -0.2714| 0.000 0.000 6.-000 3.000 0.000-" .|
29 1 0™ 0.8708 - | -0.2645| 0.000 0.000 0.000 /| 0.000 0.000 |
30 | O 0.8808 [.-0.2590| 0.000 0.000 | 0.000 0.000 0.000" -
31 | O 0.9093 -0.2401| 0.000 :| 0.000  |14.000 | 7.000 | 0.000:"
32 | 0O 0.8793 '-0.2600| 0.000 ‘0. 000 0.000 0..000 0.000.
133 1 0 0.8698 ~0.2658| 0.000.| 0.000 0. 000 0.000 -| 0.000
{34 | o 0.9200 -0.2657| 0.000. | 0.000 6.300 3.000 0.000.
135 {0 0.8789 -0.2938| 0.000 | 0.000 7.100 4,000 0. 000
36 | 0 '0.9504 . | -0.2048|.0.000 0.000 2.000 | . 1.000 | 0.000
37 (0O 0.9239 -0.2229(. 0.000 0.000 |12.000 1.800 0.000
{38 1 0 0.9670 . | -0.1729|.0.000 | 0.000 0.000 0.000 0.000°
3% | 0. | o0.9521 -0.2016| 0.000 0.000° | 0.000 | 0.000 0. 000
40.| O 0.9263 -0.2318| 0.000 0.000 |28.700 | 11.800 0.000
41 |0 0.9212 -0.2348| 0.000 0.000 0.000 0.000 0.000
|42 | 0 | 0.89279 ~-0.2378| 0.000 0,000 [18.000 | 8.500.| 0.000 -
143 | 0-- | ~0.9208 -0.2474| 0.000 0.000 |21.000 | 10.500 0.000
44 | 0 | 0.9656. | -0:2277( 0.000 |- 0.000 |[18.000 5.300 .| 0.000
~.la5 | 0O .0.8859 .| -0.2091| 0.000 | 0.000 4.900 | 2.200 0.000.
{46 [ .0 -| '0.8768 -0.2244| 0.000 0.000 |20.300 | 10.500 |- 0.063-
47 | ‘0 |- .0.9111 -0.2137| 0.000 0.000 | 4.100 1.400 0.000
48-1 0 |-:0.9551 -0.1953| 0.000 0.000 |.6.800 3.400 0.000
49 | O 0.8668 - | -0.3017| 0.000 0.000 7.600 2.200 0.000
0 0.8573 -0.3130| 0.000 | 0.000 | 6.700 2.000 0.°000
151 |2 1.0100 | -0.0207| 0.000. | 0.000 3.000 | 88.000 0.000
462 |'2 | 1.0150 | -0.1845|310.000|128.500 |377.000| 24.000 -0:000 1"
53 ( 2 0.9800 -0.1688( 0.000{ 2.200 {121.000| 26.000 0.000
54 | 2 1.0050 -0.0780(450.000| 62.100 - {150.000| 22.000° { 0.000
55 |2 '0.9800 -0.1497| 0.000| 0.800 75.000| 2.000 0.000
56 | 2 0.9850 | -0.1042| 40.000| -1.000 - | ‘41.000| 21.000 | 0.000
157 12 F 1.0400 0.0000 |480.931|131.722 55.000| 17.000 0.000" " |.
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TABLE - C.2(b) ~ .

57 BUS SYSTEM : CONSTRAINTS ON BUS VARIABLES

BUS | .BUS VOLTAGE |ACTIVE GENERATION|REACTIVE GENERATION
No. (P.U.) (M) ’ (MVAR) ‘
MINIMUM |MAXIMUM |MINIMUM| MAXIMUM |MINIMUM| MAXIMUM
11 2 3 4 5 6 7
1 0.900 "1.100 | 0.000 0. 000 0.000 -| 0.000
2- -0.800 1.100 | 0.000 | 0.000 0.000 { ©0.000
13 0.900 1.100 | 0.000 | ©0.000 | 0.000 0.000°
4 ~0.800 1.100 | 0.000 0.°000 0.000 0. 000
5 - 0.800 . 1.100 | 0.000 | 0.000 0.000 9. 000
|8 0.800 1.100 | 0.000 0.000 0.000 0.000
7.7 0.800 .1.100 { 0.000 0.000 | 0.000 0.000
18 0.800 .1.100 | 0.000 0.000 0. 000 0. 000
19- |+ -0.8900 1.160 | 0.000 0.060 | .0.000 0.000
100 0.900 1.100 | 0.000 0.000 0.000 0.000°
11 0.900 1.100 | '0.000 0. 000 0.000 0.000
12 0.900 "1.100 | 0.000 0.000 0.000 0..000
13 | '0.900 ‘1,100 | 0.000 0.000 0.000 | 0.000
14 0.800 -71.100 | 0.000 | 0.000 0.000 | 0.000.
15 0.900 1.100 | 0.000 0.000 .| 0.000 | ©0.000
18 0.900 . 1.100 | 0.000 .| 0.000 0.000 0.000
17| 0.900 ~1.100 | 0.000 | 0.000 | 0..060 [ 0.000
18 0.800 "~ 1.100 | ©.000 0.000 0.000 0.000
{19--| -0:900 1.100 | 0.000 0.000 0. 000 0.000
20 0.900 1.100 | 0.000 0.000 0.000 | 0.000
21 | 0.800 1.100 | 0.000 0.000 - | 0.000 0.000
22 | .0.900. 1.100 | 0.000 0.000 0.000 0..000
123 | 0.900 1.100 | ‘0.000 0.000 | 0.000 0.000
24 0.900 1.100 | 0.000 0.000 0.000 0.000
25 0.900 1.100 | 0.000 | 0.000 0.000 0.000
26 -0.900 1.100 | 0.000 0.000 0.000 0.000
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TABLE C.2. (b) CONTD....

BUS| = BUS VOLTAGE ACTIVE GENERATION|REACTIVE GENERATION
No. |- - (P.U) _ (MW) 1  (MVAR)
MINIMUM |MAXIMUM {MINIMUM| MAXIMUM |MINIMUM | MAXIMUM
1 2 3 4 5 6 7
27 0.900- ©:1.100 | 0.000 | "0.000 0.000| 0.000
28 | - 0.800 1.100 | 0.000 | 0.000 0.000| -0.000
129 | 0.900 1.100 | 0.000 0.000 :0.000| 0.000
130 | 0.900 1.100 | 0.000 [ 0.000 0.000| 0.000
{31 0. 900 .1:100 | 0.000 0.000 0.000| 9.000
32 0.900 1,100 | 0.000 | 0.000 0.000| 0.000°
133 | 0.900 ".1.100 | "0.000 0.000 . .0.000| -0.000
134 | 0.900 1.'100 -|.-0.000 0.000 0.000| 0.000
35 [ 0.800 *1.100 | 0.000 0. 000 0.000| . 0.000
36 | 0.900 “1.100 | 0.000 | 0.000 0:000| "0.000
37 0.800 1.100 |-0.000 | 0.000 ~ 0.0001 0.000
38 0.900 - 1,100 | 0.000 0.000 0.000( -0.000
. |39 1 -0.900. ~1.100 - | -0.000 0.000 "0.000| 0.000
“{40- ¢ 0.900 .-1.100 | 0.000 | 0.000 0.000| ©0.000 -
41 | 0.900 .-1.100° | 0.000 | .0.000 0.000| ©.000.
42 0.900 | 1.100 | 0.000 .[ 0.000 0.000| 0.000
{43 1 o.800 ©1.100 | 0.000 | '©.000 - 0.000| 0.000
44 | "0.900 '1.100°| 0.000.| .0.000 0.000| 0.000
45 0.800 1.100 | 0.000 0.000 0.000( 0.000
|46_.| 0.900 1.100 | 0.000..|. 0.000 0.000( - 0.00C
147 | 0.800 1.100 | 0.000 . 0.000 0.000( 0.000
148 0.3900 1.100 | 0.000 |. 0.000 "0.000| 0.000
49 0:900 1.100 | 0.000 0.000 0.000| 0.000
50 0.800 1.100 |.0.000 0.000 0.000| 0.000
151 0: 800 ©1.100 | 0.000-| 0.000 -17.000| 50.000
52 0.900 1.100 | 0.000 |387.500 -50.000, | 155. 000
53 | ~0.800 1,100 | 0.000 0.000° | .=3.000| 8.000
154 | 0.900 '1.100 | 0.000 [562.500 |-140.000(200.000
55 0.'900 . 1.100 | 0.000 0.000 -8.000| 25.000
56 0.900 1.100 { 0.000 .|' 50.000 -10.000} 60.000°
57 0.900 1.100 | 0.060 |600.000 |-500.000 |500.000.
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TABLE - C.2 (c)

- 657-BUS SYSTEM :

LINE DATA

LIRELIRE | FROM | TO LINE IMPEDANCE | [ HALF [LINE - [ LINE RATING
NO. |TYPE | BUS BuUs | _| CHARGING : '
.. ' RESISTANCE| HEACTANCE | SUSCEPTANCE
] (r.u.) o). (e (MW)
n 2 3 4 5 6 7. 8
1 1 - 57 51. 0.0083 | 0.0280 ' 0.0645 150.-0000 -
2 ! 51 ] sB- 0.0298 | 0,0850 0.0409 130. 0000
s S 56 1 0.0112 | 0.0366 0.0190 _75.0000
2. 1 1. 2 0.0625 | 0.1320 0.0129 25,0000
5 1 1 55 0.0430 | 0.1480 0.0174 25,0000
i 1 55 | .3 0.0200 | 0.1020 0.0138. 25.0000
7| 55 | 54 0.0339 -| 0.1730 0.0235 - 50,0000
) | 54 53 " 0.0099 | 0.0505 0.0274- . 230, 0000
0 | 537 Q- 0.03G9 | .0.1679 ' 0.0220 25,0000
o | v 53 5 .0.0250 | 0,0048 0.0108" "25,.0000
1 1 53 52 - 0.0648 *| 0.2950 0.03886. - 25. 0000
12 ! 53 6 0.0481. | 0.1580 0.0203- ~25.0000
13 ) G 7 - 0.0132 | '0.0434 0:0055 .. | *"-25.0000
14 ! G B 0.0269 | 0.0869 0.0115 62,5000 °|.
15 ! 57 8 0.017¢ | 0.0910 ~0.0494 | 200.0000
| 16 1 57 g '0.0454 | 0.2060 0.0273. 100..0000
17 [ 57 1a 0.0238 | 0.1000 0.0140" 125. 0000
1| NG 8. | - o.oe2 | o.0530 0.0272 -50. 0000
19 ! 2] 55 0.0302 | 0.0641 0.0062. 25,0000
20 1 3| 54 0.0139 | 0.0712 0.0097 100.0000
21 1 4 52 0.0277 | 0.1262 © 0.0164 25.0000
122 ! 5 G 0.0223 | 0.0732 0. 0094 25. 0000
{29 ! 52 6 0:0178 | 0.0580 010302 25.0000
24 ! 52 9 0.0180 | 0.0813 0.0108 50.0000
25 . (1 52 | 10 0.0397 | 0.1700 0.0238 - 62. 5000
26 | 7 a 0.0171 0.0547 (0.0074 100. 0000
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‘Table - C.2 (¢) contd ...

LINE(LINE |FROM * |TO = | - LINE IMPEDANCE “HALF- LINE [.LINE RATING
‘NO. |TYPE '|BUS .= [BUS |—now—" - : CHARGING - . = -
o - " | RESISTANCE | REACTANCE | SUSCEPTANCE - o
. opau)’ (.U )| (rou) L (M)
1 |2 L3 4 '8 6. -\ 7 8.
27 1 -1t 12 | 70.4610 | 0.6850 . 0.0000 - 25,0000
| 28 1 12 . | 13 0.2830 " | 0.4340" 0. 0000 " 25.0000
29 1 14 - | 15 0.0736 | 0.1170 0.0000 ~ 25.0000
20 |1 15 is 0.0088 . | 0.0152 - 0.0000 25.0000
31 1 16 17 0.1660 |'0.2560 | 0.0042 - -25., 0000
| 32 1 19 20 .| © 0.1650 '| 0.2540: ‘| . 0.0000 25.0000
33 1 20 - | 21 0.0618 [-0.0954 ‘[ 0.0000 25.0000
34 [ 1. 21 . | 22 -0.0418 | 0.0587 0.0000 25.0000
35 1. 18 23 0.1350 | 0.2020 ' "0.0000 ~ 25.0000
36 |1 23 24 0.3260 | 00,4970 0.0000 - 25.0000
ftar |1 24 | 25 -0.5070 . |.0,7550 . .- 0.0000 - 25.0000
138 1 25 .26 0.0392° '{ 0.0360 - | : 0.0000. . *25. 0000
39 17, |27 28 0.0520 |-0,0780°.- [, 0.0016. - - ~25.0000
0 | 28- |29 0.0430 | 0.0537: | 0.0008. +. 25.0000
11 1 29 |30 0.0290 | 0.0366 0.0000 25,0000
a2 |1 a0 |'or 0.065! .| 0.100%9 _-F 0.0010 30. 0000
43 ! 30 . 32 0.0239 - | 0.0379. |~ 0.0000 25.0000
a4 1 20 | 33 (,0300 :|°0.0466 - |- 0.0000 25.0000
|45 |1 - 15 31 0.0192 | 0.0285 -0.0000 25.0000
a1 24 35 0.2070 _|0.3520 -0,0000 |  25.0000
a7 |1 - 34 36 © 0.0000 |0.4120 .-0. 0000 25.0000
a8 |1 |31 37 ©0,0288 |0.0585 - 0,0010 . ~ 50.0000
.49 1. 39 40 |  0.0230 |0.0680 0.0016 - 62.5000
50 1 40 .41 . 0.0182 | 0.0233 0. 0000 25.0000
51 1 41 42 ' 0.0834 | 0.1290 0.0024 25.0000.
52 1 42 43 ‘0.0801 | 0.1280 0.0000 25.0000
53 - {1 43 | 44 0.1386 |0.2200 0.0000 - |- -25.0000
54 |1 22 45 | 0.1442 |0.1870 . 0.0000 = . 25.0000
55 |1 . as | 46 '0.0762. | 0.0984 0.0000 - 25,0000
- 56 1 46 |47 | 0.1878 |0.2320 ‘0, 0000 . +7,25.0000
57 1 a7 | 48’ 0.1732. -] 0.2265 - 0.0000 - .| - 25.0000
58 i - 37 . | o8 0.0624 | 0.1242° - 0,0020 - 62. 5000
59 - |1 2 |49 34 | .~0.5530 |0.5190 0.0000. - 25.0000
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TABLE - C.2(d) _
57 BUS SYSTEM : TRANSFORMER DATA

TRANSFORMER

No. | Type| TTAP{ TIMP |TLTPIR TRATIO |- TMAXR TMINR TSTEP
2| 3 4 5 6 | 7 8 9

11 2| 1 | 11 64 1.01800 | 1.10000 | 0.80000 | 0.01000
2 2| 3 |22 | 65 1,08700 | 1.10000 | 0.80000 | 0.01000
3 2|53 |48 | 66 1.01000 | 1.10000 | 0.80000 | 0.01000
4 2| 4 | 44 . 67 1.00500 | 1.10000 | 0.80000 | 0.01000
5 2| 5 |32 .| 68 1.01500 | 1.10000 | 0.80000 | 0.01000
B 2| 5 | 36 69 1,00800 | 1.10000 | 0.90000 | 0.10000
7 2| & | 42 70 1.01000 | 1.10000 | 0.80000 | 0.01000
'8 2| 7 | 39 71 . | 1.00200 | 1.10000 | 0.90000 | 0.01000
9 2| 8 | a8 72 1.00350 | 1.10000 | 0.90000 | 0.01000
10 2 | 13 | 14 73 1.01300 | 1.10000 | 0.80000 | 0.01000
11 2 |17 |18, | 74 1.03000 | 1.10000 | 0.90000 | 0.01000
12 2 |17 | 19 75 1.00430 | 1..10000 | 0.90000 | 0.01000
13 2 | 25 | 27 76 0.99500 | 1.10000 | 0.90000 | 0.©1000
14| =213 |8 | 77 | 0.92900 | 1.10000 | 0.80000 | 0.01000
15 2 | 33 | 49 78 0.99800 | 1.10000 | 0.90000 | 0.01000
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APPENDIX-D

CALGULATION OF PARTIAL DERIVATIVES

D.1 CALCULATION Of PARTIAL DERIVATIVES FOR PROBLEM OF

REACTIVE GEHNERATION AND LOSSES MINIMIZATION

.The partial derivative of the objective» function _aé
given by equation (2.4.1) w.r.t. the dependent variable i.e bus -

voltage magnitude is :

aG . o . - .
—_— = 0+ 2. W .[ QG_ - QL_ - Q_(V,8) ]
avl g S . S S S .

NB _
[ (-1) Z, Vo leg .Slnesj - by .;osesj) ]'

J=i+1
NB NB ! )
, a2
) [ DT VAR AR AR 0% ] |
B e | - | |
| NB  NB o '
._ N o,
) [ ) [bij’[z' (Vi = Vg # Vs 8y — 8y ] ] ]
=1 =il '
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..(D.1)

The partial derivat;Ves of the objective function .as

given by equation (2.4.1) w.r.t the independent variables i.e the

genepator reactive generation and the off nominal transformer tap

ratio are :

aG

806,

ac .NB NB Vi.VJ
3T = W Z E ,_2'[ T2
1y i=1{ j=i+1l . 1]

:Coée

1J

\Y

= 2 W06 ¥ ws.g.[ QG - QL - QS(V,Q) ]

2

R

T

3

i
iJ

...(D.2) -

Tﬁe partial derivative. of the equality constraint as

giﬁen'by equation (2.4.3)vw.r.t. the independent variables i.e.,

genefator reactive generation and the transformer ratio are,

for load buses
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...(D.4)



For line having transformer,

ng \Y \'j V'
NB —2 = Z g... -2 .Sing, . + b 2 LA J
Ay 1J 1 1J
Vv, = . s T
1 J=1 ij ij ij
J#1
.Cos8, . ]
i

for i = Tap side bus

...(D.7)
NB .
ag -V ) v
— 9= Z g. .. - .Sine. .+ b, . —J .Cose, . + V2. (1 - 1)
. 1 , iJ iJ S N R :
av. L T. . . - T. . Y T, .
i J=1 . g - AR Y . .1

for i = Impedance side bus

..ﬂ(D.7a)‘ ‘

D.2 CALCULATION OF PARTIAL DERIVATLVES FOR THE PROBLEM OF
ALLEY}ATION _dFvVOLTAGE LIMIT VIOLATION - | -
,<~‘Eqﬁations”fpr calculéting thé partia1 dgrivéﬁﬁves of the"

objectivg fugction and equality cohstraipt.gs giQQn é& equati§§s

(?.2.15 and (3.2.3)' with 'reSpect- to the iﬁdependénf (U) and

dependent‘ (X) variab}és respectively in local optimization

procedure are given belaw.

Equality constraints as given by equation (3.2.3) are

“written here fdr ith bus as equation (D.8).
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g, (X0 = 0 L .08

;The  partial derivatives. of quéiity constraints with

‘Tespect to the~independent varidbles’ané,”f“

Bgi

= 1.00 . | . .(D.9)
80G - . ,

dg. . : ,
_— = 1.0 . " ' ... (D.10)
BQLi ~ . : : ,

14

. 1 ; -
[ 1 S { g: ..Sin(6.-6.) - b, .. cOs(e.—e.)}v. V.

- R R iJ SHR S S RS U A A 1 I A
ag. 'k _ Rk "

TR, " | _ _ : [{g_ .-Sin(6.-8.) — b, ..Cos‘(e_—e.).}v..]v-..
- . A 2 1 e SRt T R i3 . 1.3 J 1

for i = TIMPk

for i = TTAPk

k =1,...NTR - ... (D.11)

dg,

= 1.0 - T . ...(D.12)
8QR’ ' o S .

The partidl derivatiyésﬂaf objec£ive function with

respect to the independent variabies are,

QG, and Vv, > y™&X
1 1 1

.

H

c
Il

- eV

au ¥ T C_ an : min
-] -) i ‘& <
k 2. (Avi). [( ) 6Uk_ } o, AF U QG,-and V. V.l

... (D.13)
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:»1ﬂ

: 2.4V, . — __ if U = QG, and V, > V"
af 1_‘/__2 - —=, ok 1 1 1
- ) BB® ~'4.KA.CC
U |- 2.av.. - : , if U = 0QC. and V. < V™I
i 5" : = - k i 1 i
_ v BB® - 4.AA.CC
L‘ ‘ k=1,....,NC and i € LV -
’ ...(D.14)
av,
» 2.(AV,). | if U =TR_  and V, > V™%
af WAV BT ’ K Kk i i
au . avi . ’ .min
ko[ 2.0av). |- i if U_=TR_and v, <V
1 J '
. ...(D.15)

k="1,..., NTR and i is the terminal bus of kth-transformer.

av,

Where _5T%; is obtained. by differeﬁtiating equétion (3.2:11)
av, - 3 BB ‘8 .V BEP= a.mA.cC
e LAy
A oTR_‘2.aaJ | BTR  2.AA
S ' I ... (D. 16)
8BB BAA
3 BB 1 AR 8TR, BB'aTRk |
‘ [ _ ] ==k 5 ... (D.17)
TR, ' 2.AA° 2 AR
5 - VB8 - 4.arcC
BTR, 2.AA
8 RIS AR
1T AA'aTRk_[/(BBz — 4.AA.CC ]-. [V(BB? —'4.AA.CC‘]'3TRk
2 VG -

85



... (D.18).

Where
a > 1 dBB . 3AA-
_— [\/BB - 4.AA.CC] = | BB.—— - 2.CC. —]
TRy - ' v BB® - 4.ah.cC oTH ITRy
.(D.19)
8BB 1 :
_ = - -g.. .Sin(B8,-6,) - b,, .Cos(6,-68.)|.V. ...(D.20)
.aTRk , TRIZ( 81 1 g i i7g J
7 bi' .
' “ e -2, g ., if i is tap side bus
dAA B TRk )
: = ’ . ... (D.21)
BTR.k : 0. ‘ , '1f 1 is impedance side bus
af av,
m—- - Z-Avi-TQL_.- . ) P (D.ZZ)
i i _
at BVi
a——QRti— = Z.Avi.TQﬁ; .(D.23)

The partial derivatives of equality constraints with

respect- to the dependent variables are,

ag.
1 A ’ ) . _
T = 2- [B +Z b }.v,l + [z [g,lj .sin(e, ej)

i
J 4 : “jeA(i)

- bij .Cos(ei—ej)].vi], ... (D.24)

i=1,...,NLO
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dg.
i_ . ~ _ ) ‘
i=1,...,NLO
1#]j

In the desired final solution, it may be assumed that,

Cos(6.-6.) = 1.0 and
1 ]

gij .Sln(ei—ej) = bij

The equation (D.24)and (D.25) are reduced to (D.26)

" and (D.27) respectively.

If X, =V
i
agl
X, ZJ{Bi + b, ] ; i=1,...,NLO ...(D.28)
i jeacyy M
If X, =V,
J
agi :
aigf = - bij‘ , i=1,...,NLO; j = ?,...,NLO, i# ] ...(D.27)

If line i-j is the transformer line of kth transformer
With-off nominal tap ratio TRk and the buses i and J are tap side
and impedance side buses respectively, the variable TRk appears

in the equality constraint equation (D.8). The contribution of
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TRk‘ in constants BB and AA is given by equations (D.27) and

(D.28) given below.

(D.28)

bus -

. _ o |f. . _ _ : " -
BB = BB + [[gij - Sin(e, ej)/TRk] [bij - Cos(8, ej)/TRk]]'Vj
o bi. ‘
AR° + 22 , if 1 is the tap side bus
2 ‘
, TRy, .
' ‘AAT + bij , if i is the impedance side

Where AAO and BB0 are the contribution of al

elements except -transformer.

(D.29)

1 the

The -partial derivatives of obJjective function with
respect to the dependent variables are,
If X, = V;
. - L,
af
o 2.(AVi) ...(D.30)
1.‘
‘ BVi : : max
,2.(AV.).[- _.'} L if X.=V,and V, > V,
ar i aXj J J J J
3X. av, o | in
J 2. (av,). ] , if X.=V,and V., < V"
-1 8x., J J J J.
J
J=1,...,NLO ; j =1
...{D.31)
-1
av. 1 9BB 1 5 » oBB
'—525 = (-) [ +- [}/BB - 4.AA.CC]. 2.BB. ——
J 2.AA axj 2 axj
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...(D.32)

-Where
9BB | , , .
*52;_ = gy - sln(ei—ej) - bij . COS(ei—QJ)‘ ...(D.33)
Lol
-|=—— | -| 8, -Sin(8,-8.)- b, ..Cos(B.—B.)].PF
SEALL) AA ij 13 iJ i3] .
af J#i : if X, =V, and V, > V.
= » ‘ J J J J
o)
N7 |- | 85 s .Sin(e,-08.) - b, .os(@.-08.) .PP
ghacy LURE 7L B T T Ry
J#i '

if X. =V, and V, < VB
g i3

...(D.34)

; g -1
and PP = 1 + BB. {?/BBZ - 4.AA.CC }
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APPENDIX-E

SOFTWARE DESCRIPTION

G.1 MINIMIZE

"The overall organization of the software package is depicted
in. Fig. G.1. Brief description of the different abbreviated

programs is given below.
DATA : Reads the data of the systenm.

LINK : Scans the network and stores the information

about nétwork topology.

YBUS : Determines and stores the elements of Y-matrix.

NETINJ : Determines net power injections.
- ISSLEJ " : _Prepares the data as required by SSLERN.
_SSLERN: s Solves a system of gparse linear equations

based on Zollenkopf's algorithm. It calls SQRDN,

REDURN, DATARN and DATBRN.

. SQRDN : Simﬁlates and orders coefficient matrix for
. Gauss elimination.
REDURN : Performs the reduction of coefficient matrix.
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DATARN

DATBRN

SOLVRN

CALPQR

. MISMAT

UPDBVA

UPDBVM

LINFLW

LINFEL

REACTV

-SLACK.

BQGOPT

INDEX

‘Calculates elements of arrays to be used in

LU decomposition.

Reorders elements of each column if necessary,

and calculates elements row-wise.

Solves linear equations by a sequence of

matrix multiplications.

Calculates real and reactive power at a giveh bus.
Calculates the power mismatches at buses.

Update yoltage angles of buses.

Update voltgge magnitgdes of buses.

Calculates the line flow.

Calculates the power distributions { MW, MVAR, MVA)
from .each bus to the buses connected to it, using

subroutine LINFLW.
Calculates reactive power generation.

Calculates slack bus power.

Minimizes the objectivbe function consisting of

reactive generation and losses.

Calculates the voltage security index.
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——————> DATA

———————> LINK

L YBUS

L NETINJ

- ISSLE ., SQRDN
———— SSLERN ———1—— REDURN

———— 3 CALPQR l— > DATARN

——————— MISMAT ———> DATBRN

————> UPDBVA —————— SOLVRN

. _ s UPDBVM ——— 5 SOLVRN

LINFEL ———— LINFLW

N
N

WRIDN-
————> REACTV ———— LINFLW
—————> SLACK ——— > LINFLW

> BQOGPT

F——) INDEX

Fig. E.1 Overall Organization of the Software Package MINIMIZE.
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G.2 ALLEVIATION

This software package called ‘ALLEVIATION’ implements

the local optimization technique for alleviating the weak
regions. The overall organization of the software package is
depicted in Fig. G.2. Brief description of the different

abbreviated programs ‘is given below.
DATA : Reads the data of the system.

LINK : Scans the network and stores the information

. about network topology.

~ YBUS Tz Détermiﬁes and stores the elements of Y-matrix.
CALBZI  ': Modifies the Y-bus diagonal elements for inductors/
. capacitors. |
NETINJ : Determines net power injections. : -
RXRTIO : Determines the ratio of line resistance to reactance.
 ISSLE : Prepares the data as required by SSLERN.
SSLERN : Solves a system” of sparse linear equations
based on Zollenkopfs algorithm. It calls SQRDN,
REDURN, DATARN and DATBRN.
SQRDN :  Simulates and orders coefficient matrix for
Gauss elimination.
REDURN 't Performs the reduction of coefficient matrix.
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DATARN

DATBRN ~

SOLVRN"

CALPQR

MISMAT

UPDBVA -

“UPDBVM

BVCAL - |
LINFLYW

LINFEL

DEVOLT

_ SLACK

REACTV

VQGMIN

1)

. .0

Calculates elements of arrays to' be wused in

LU decomposition.

‘Reorders elements of each column if necessary,

and calculates elements row-wise.

Solves linear = equations by a . sequence . of ~

matrix multiplications.

Calculates real and reactive power ata given bus.

Calculates the power mismatches at?bus¢s.>

~Update_901tage angles of:buses.‘.““’?

Update voltage magnitudeé of’ buseséﬁﬁﬁz

CQTCulaﬂég bus voltages. ; A

Célcﬁlates the ling Tlow.

Calculates the power distributions ( MW, MVAR, MVA)

frbﬁ>each bus to the buses connected to it, using

- subroutine LINFLW.

Checks the voltage limit violation.

Calculates slack bus power.

~Calculates reactive power generation.

Minimizes the objective function * consisting of
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voltage limit violations.

VQFUN : Calculates.the function value.

LOCAV . ‘Identifies the voltage limit violating buses in -local
area. S ' f

~DGDXSf : Calculates the derivative of equality cdnstraint

w.r.t dependent variébles.

~ MATIN : - Calculates the matrix inverse.

DFDXS . Calculates the defivatives of objective- function

Ww.r.t dependent variables.

- ~—--DEDUS . Calculates thé~derivatiyes of objective " function

w.r.t -independent variables.

DGDUS ~: Calculates the derivatives of equality cohstraintf

w.r.t independént variables.

MATMUL ¢ Performs matrix muitiplication.
DETTRA . Determines the transformer tap limit violation.
INDEX i:‘;Calculates the Vpltage security index. i
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—— 5 DATA
> LINK
> YBUS

————— CALBZI

5 NETINJ
> RXRTIO
5 ISSLE ——— SORDN
> SSLERN > > - REDURN
WRALEV N > CALPQR {——— DATARN .
' > MISMAT L, DATERN
————— UPDBVA : —> SOLVRN .
L uPDBWM - ——— SOLVRN
> BVCAL, INDEX _
b— > LINFEL > LINFLW
. DEVOLT h
- DETTRA o
> REACTV > LINFLW

., SLACK > LINFLW.
5 VQGMIN ’ -
——————> VQFUN
- ———— LOCAV
5 DGDXS
> MATIN
————> DFDGX
L, pepwx
5 DFDXS

‘————> MATMUL

Fig. E.2 Overall Organization of the Software Packége ‘ALLEVIATION’-.
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