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And Gdd said"let'there:be‘light‘ and there was light in' the
dark world.God saw that.;the light was good and he . separated the

light from darkness. But . only ‘since!: Thomas Edison mankind is

taking care of this. heavenly’ job religiously:  and. ~a vigor of —a ' -

stickler.

Any product is marked by its cost(economy),reliability,and of

course gquality. So is. with Power' System.One ‘‘of the main

responsibility of power system planner is to  design the system

with an eye on reliability and economy. Even today operator

maintain reliable performance using their past experience and on

the spot assessment of network conditions.

But today as the power network are becoming titanic and more

—
involved, the increased number of possible operating %

——————— e ",":;t:: H-\I'.l'\f.: S . e ) )
scenarios can lead to exigencies beyond the ken of  the

operator.Power system operation become nore complex under
emergency conditions due to scheduled or random events.These
conditions may be of voltage limit violations or overloading of

the circuits.

This

tudy is directed towards:alleviation of voltage ' limit

violatifnsg) the method developed” the techmigwe of . 'Local

»”

solution' using Gauss Siedel is carfied out for few buses in the

vicinity of the outage line, and a mathematical model is developed

for this selecticn of buses for local solution.



,The'solution fe obtainﬁg&;eximgrgyegtby using the Jacobian at
the base case and improving the right hand side (RHS) vector for
.outaged line admittance. This adjustment on - the . RHS is

incoréorated by = injecting the suitable power sources at the
terminal‘buses to thé outaged line, and is .called as Souroe B
Compensation. An aooeleration faotor is wused to expedite the' 
process of oonvergenee.

In the,literature available,:many'methods have been developed:
which are normallj}of the form of optimaliy load flow, u51ngf
optimization techniﬁues. All these methods are»,quite oomplicated;'
and consume more time from computational point of_view, espéciallff:-

for large systems.An emergency condltlon warrants a quCk decision

on the part of the operator without carlng much for the optlmalltyf'"

’ ey

g

of the operatlng p01nt.

Here a direct.and efficient method has been developed for

alleviation of voltage limit violation.

In this method the concept of local optlmlzatlon 1s extendedhv
and a direct method is developed to obtaln emergency adjustment toep

VAR control Varlables to alleviate: the voltage llmlt violation.

A few buses in the vicinity of the buses suffering with
voltage limit Violation are processed for the local optlmlzatlon

and ‘Conjugate Gradlent' technlque is used for optlmlzaklon.

.

educe the computatlonal effort and memory requ1rement.

This method {

fficiently, the sparsity of  matrices to

Y
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" CHAPTER I

" INTRODUCTION

1.1 OVERVIEW
A power system 1is "an’ interconnecﬁed sysﬁem composed of
generation, =’ transmissibn  and - distribuﬁioh | systems. - Thé
transmission subsystem is a highly meshed network of high -
' vblfage t':-rialnéixf.i.sfsiic'xri'‘l"i,néis''whic'_h"c:ar‘r)'z"E electric: power from Atﬁe_
‘gehéfators“:to”“the; distribution  substations. The\ distribution
subsystembreceiﬁeSjpower from a substation and distributes it‘ to
the consumefs.thrOth a radial lower - Volﬁage network.: In order
;to study intercdnnected systems, the distribution subsystem bis
treated és”'aﬁ’;éggfegaté loéd'“demand’ at - the substation. The
interconnécted geﬁération - fransmission systém' with aggregaﬁe
load demands iS"éémhoniy‘célled-é'bﬁlkfpower‘systém} | o
In steady 4"state';0peration' the power~‘genérated by the
generators and théhloadfdeméndS'of the consumerS‘must‘be balanced} J 
The syStémimustgbe bpéfated“so that there is'no overload on thg;
.equipmeht'and no abnbrmal éVOltagés"throughOut»'the'_syétems;' In
other“Wérds, "the Qperatihg’objeétive bf“‘a:-p§wer system ié‘ t;,7
éarve the load demand economically 'and: reliably,' wiﬁh' all the -
constraints satisfiédF.”“* LR .

. L e ! S . .. .
' o EAN Vo N L

The failﬁre'to”éétisfy"thé'operatihg'constraints may lead to

‘load cuftéilﬁént:?lbss‘of"lbéd)"of'éystem collépse..Fig; 1.1 shows



the major system failure sequences. .The initiating events of
system failure are the outage of a generator or a transmission
line. The system failure events. are.the; loss of load and system

collapse.

System fallure events can be roughly divided into two cases !
one due to violation of steady - state constraints (Fig. 1.2) and
the other due to violation of dynamic constraints (Fig. 1.3).

Work reported in this thesis is‘maihly;related>to the systemn
failure events due to.the wviolation of steady - state coﬁstraints.
1.2. PRESENT STATE = OF = ART

S S Crd

In planning and operation, one.is concerned with the ,abiiitf
of the: system to. serve ,load demand in  the presence of
disturbances., In the planning context .this is called reliability,
and in the operation context +this 1s called security. This

T——t———
double-line:of defense is necessary, because for planning, a nuch

——__

longer - time .period,. . a. large .number of possible operating

conditions and disturbances have to be considered; whereas for
operation only the current. situation and imminent distﬁrbances are
of concern and more information. about them is available. Howeéerﬁ
the methods' for the analysis of the reliability and security are
intimately related (18] . 1In the past operators maintained
reliable performance using their expefience and on - the - spot
assessment of system conditions. As, power system networks are now

.large and more complex, the. increased number of possible operating
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scenarios can lead to problems beyond the operator's . analytical
ability.’ Power ' system operation becomeés more éomplex under .
émergency conditions due”tb'the”obcurrence of 'schéduled or random

events. ot een T

The continuing iﬁteréonnection of bulk'pc.;wer‘systen‘\,.i bfgqght
about by economic and environment pressures‘ has led to and
increasiﬁgly coﬁplex system-that,may operate even closer .to its
limits of stability. Alfhougﬁ this .work._mginly relates to the

system failure due to violation -of steady state constraints,

]
! Yt Lo

.howeyer;igilgiimééfati;éj,to:,add some prefatory about Dynamic
criterion. |
-

In theiTipapér Chiang et-al [2] put it this way, one 'tjpé df
system instability which occurs'when the system is heavily Ioaded
-1s voltage coilapse. This event 1is characterized by a slow
variation in the system operating point due to increase in loads,'
“in ‘such 3“waY'that=the vbltage magnitude gradually decreasesfuntil
a sharp adcelerated chahge:océdré;

cot

It is 'interesting to kiow that prior to the sharp éhange in

—

voltage magnitude, bus “angle ‘'and ’fféquenCy remains  fairly

constant, a condition observed in several collapses.During a

L.

collapse, Voltage COhtfolling E‘-de'vnicies such as ~tap  changing
transformer, may not be activated if the voltage magnitude prior
to'undergoing the sharp change lie'ih a ' permissible range’ and,
after the change occurs, the ' ‘fast 'féﬁé"bf ‘change trips under

volcage relays, before the transformer can ' respond to it.



Furthermore, control center operator .observes none of the
classical advance warning signals since the bus angle, frequency
and voltage magnitudes may remain normal until  large changes in

-the system state cause protective equipment to bégin dismantle the
. —

-

network.

1.2.1 Bifurcation :

Consider the following system model,
i . “X.:4F(x’k) "'l'....-.—...;......;(rl"li-‘)v'
i where- ;x':'statelvector (&,06,v) - ! SRR

A : parameter vector that includes both real real
»and reactive power demand ‘at each local bus.

The parameter at (1.1) are subject to variation and as a
resulpvqhangés may. occur. in, the the .qualitative structure of
solution static eq. associated with (1.1 ), i.e. F(x,») = 0 for .

B Tt 4

certain’ values of A.
L TR TN _ _ o

.\Bifu;cation theqryd$s,;cpngerned with branching of static

solution of (1.1), and in pafticula:, it is  interested in how

solutioné x(\) branéh as A varies. These changes,; when they occur,

are c§l}§d  Bifurcation , and . the . parameter valués at which a.

B%furcatiqn:occgrs“argvgglﬁad bifurcation values. .

R TR RN IR S~ i, U AR T )

. The result of changes shownabove ; .clearly depict a slowly
ipqrﬁgsingl;egqtingwpoweg,d@mand may,,cause ra. voltage collapse.
This contrasts with the conjegture that it 1is.  protection éystém'

that causes the abrupt change in trajectory.

10
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Maa.aaﬁ-:Overview<ofiVolﬂageﬁCOLlapse;criieria':

. , . . .
AT YA ARSI ERER R AR R SRR O ST T i

As shown in fig.(1.%), the methods_can be divlded ipgofélpher
steady stata {static) or dynamic methods.The steady state method
lyglyﬁthat av§gea§¥hsEatgfqu%lﬁljsugq as power flow model ) or a
linear dynamlq Qo?elwgabqgtngha“thaustgady5,stapa‘ q?e;athnl “has

been use, while the dynamic methods imglgl the wuse of model

'characterized.by‘nonlinear‘difﬁergnqial‘*§§§$?€%;$§i nd algebraic
YRR ’, o, [ B v (AR ! ‘ i e

"‘ng,uag‘}toinsf‘!z ) R i T BT .’(w)» Py R

i) P SRS R T T O b, RN |

1.2.3 Cas;aded Valtage Collﬁpae.:-.

vobibee Ik 5 (S coy g bty Ci
r »'2" _.’i-f 'l’flflﬁ!i. Lot ;32_.‘: L ,, CrE L
In qqdeyltq mipimize.the area,ofwblackout caused by the the
R e R N N AT e A . . e
vol;age,collapse, it is neceasarywtoihalt the process of voltage
L. I ST e P P A R AT T N A : -0

cgllapge.

t?)ll: l-'x\lfli'.- -‘ t [ oy ! ? H Y vy e

regard is published by ‘Yasugi

Sekinew&WHlﬁqshiLOhtﬁpklfmfhlﬁl; They ignore t;anslent,mgbgnomena

augto

of generator as they state it to be negllglble. Only the tran51ent

SN

phenomenon of loads are considered.

i t x‘ o]
. ! T i
The essence of thelr {s as follows, ‘
A N 4 o B R AR I ..J et ool R Lo bt HEE T
A T R e B P S T O IR B S NN

1. Uneven laadlng of parallel connected induction ﬁator loadé

j,!'(small capac1ty, more loa@)tweakengbgha)vgltage stabilityi

2, If nodes located far fron a power source have a heavier loads,
voltage collapse occurs.

. 'The' dynamic' méchanism of GElﬁagelésllaﬁéé sfaffs locally “from

vulnerable points of power system and voltagé'célla§5e 'spreads

11



gradually from one node to other. The final area of 'blackoqﬁ
caused'by the voltage collapse 1s dependent upon the power

. ' e,
system.

It is time now we move ﬁo.steady state area. Much work has

been done in it since its inception, to mention a few,

Tn one goéd Qofk"pfeéentéd by. 'Marijé' Tlic' & 'William

Stobart' of M.I.T. [13] , have presented an algorithm for véry"

effective monitoring and conﬁfol of system wide ‘Contfol. In
addition to its appliéébility to;lérée‘dgtéges and independence on
power system size, it has a nature of a rule based algorithm. They
have defined a QeCtor 'D'}:Which takes the brunt of all changes in
the network and its'computétioh:reQUifeé "no inversion. After a
fault a shortage 1n reactive power is recognizedv‘tﬁru‘ the 'D'
vecieor and the algorithm makes use of the numerical’sfstem data to
éuggest action,

Chéﬁg,Marké'and Kenkoto. [1] presented an algorithm for real
time application , thé aldorithm pre éssigns priority‘sequence to
the control objective. The prioritiés:are,

l.'Voltageilimit violation.

2. Minimize those violation that can't béﬂeliminated.

3. Minimize system active transmission losses.

Provisions have been made to allow the selection of  control

variables and to limit their movement for the following reasons ;

1. To avoid perturbing the power system greatly from the . -

current state.

12



2. To provide a . . for .. corrective .rescheduling under

contingencies.

v i

3. To achieve the fast solution time required for the real time

]

Iabpiicétion;

However it may result in a suboptimal solution,'but since the

o o o : Vo ‘, D o : : ' .‘ ,
program is executed periodically as a part of real time sequence
of programs, over a time the state of system will move towards the

oéﬁi&al point;
'ICi}otti'et. ;1;-[151'hé;é deQélbﬁéa.a:program called CAPCON ih’
SEADA mode iﬁ whiéh évefy‘ls hindfésrséADA provides'data to CAPCON
whﬁchﬁdécideslwheﬁhgrwthe Caéacitor-banks on low side bus Qf the
transformer which was scénned for,véhodld be on ér off line, based
.on VAR and voltage needé. It.is a real time practical system - and

is working in Virginia Power and has resulted in more efficiency
P P S . ;
and cost saving.

[ [ P o I [N LR ) . . R . S

“{‘Déeb‘;t;“él. [16}‘In &héig pépéf héve preéenééd a mathematical
ff;mewgrk' fé} éégimiz;tioh ;érobleh,.wﬁichﬁhis :éécomposed inté
se&éfél éﬁbpfobiéms-‘corféﬁébnding :tq' Spééifié%“éreéS' in powér
§Yéteﬁsl.fhe udéééﬁébsitignz‘is‘:éuégegfedk for Réééﬁi?e poweru
opﬁiﬁiiatién'beé;ﬁéé:in mést lafgé éoWér éyétem the%Réactive powef

devices aré remotely located and' they pdsses 'localized control
. C . L A £ 1 A P T : . .
characteristics. The Dantzigwolfe decomposition method is used to

solve this problem.

13



i.3 LINE 'AND TRANSFORMER‘OUTAGE'SIMULATION

.In the.'present._pfact;ce, after. selection | of critical
contingencies full_AC load flow is performed to evaluate the..
effects of each critical contingency. For the présent da&v large -
agd,cpmplex.power systen, the_g;itical cont}ngenciq \areyery large
in number and to perférm the full AC load flow for éll of theﬁ
demands large compdtatipnal burgen as ngtwork]. configuration.
changes with the outage of a transmission line. Although a large
number of methods for line outage simulation have'héen“reported in
};tgpaturg; since qut of tbeT given the - approximate solution a
fg%l.Aé load floyliskﬁo berperformgd for the -exact _sdlution. Ip
the following paragréphsla_pfief agcount‘of‘sfate - of - art in_tf

line outage simulation is given.

Baughman et al -[12] used the concepﬁ of DC  load flow for"-
contingencf evaluatibh. fhough, this method is fast and simple but 5
it is inaccurate as only real power flows are coﬁsidered. Denial
et al [3] developed thelmethpd‘fpr‘line outage simulétion in which
they used thg regl pOwer injeqtions_at theltérminal buses .of, the
outaged linef Tﬁis methbd is a;so ;néccurate as only vreal powers
are injected..stagg‘and Phadkg modified‘.thg Jacopiaﬁ matrix of-
power flow}eq#ation and used the:bus power mismatéhes to %imulate
the line outages.  But, 'thi;H method 1s not J'eomputationa]1y

efficient as it requires the same computational " efforts as the

constant Jacobian N-R load flow a?proach.

14



Peternoson et: al [18] developed:an iterative linear AC :power
flow technique-fornfastyapproximate Qutage studies. In this méthod
line outage is simulated using matrix inverse lemma., It ‘has over
all good performance kut it reguires the processiné of the 'basié
state data prior to outage:simulation.iEach simulation. takes. time
equivalent to about«one;f:half:theytime.for_ﬁ N =R -load flow

iteration. .- - o .

Many compensation methodé ] have been developed for the line
éutage simulation. In these methods matrix iﬁverse lemma 1is ﬁéed
to modify ﬁhe sensitivity matrix and hence refacﬁorization of
Jacob ian is»not regquired. Single element outages are simulated

efficiently‘by these methods, but their accuracy is very poor.

Sachdev and 1Ibrahim [15] have developed a fast  and
approximate techniqﬁe for liné and transformer outage: In this
paper they develdped a novel mathematical model for line ,outaée
simulation whicﬁ restores the system configuratioh to the'
preoutaged étafe by injectiﬁg suitable power SOurces_ at “the
terminal buses of thé outaged line i.e; séurée compensaﬁioh‘
technique. There after large number of methods have been reported
for line outage simulation using the source compensation technique
of [15] along with different load flow techniques and different

methods for estimation of émount of source compensation. In these.

methods -

For calculating the amount of source compensation, element of

the sensitivity matrix of the columns corresponding to the

15



terminal buées of the outaged line are used. This does not
gi&e the accurate fesults if the changes due to line outage
are large. |

i
It 1s assumed ‘that after line outage load and generationf:
remains unchangéd. This may nét‘be true in case of isolatioﬁ
of any of the,bu?es due to liﬁe outage, which §s most likely

in case of radial and multiple line outages.

16



1.4 AUTHOR’S CGTRIBUTION

The objective of this study s  to develop efficient and
reliable algorithm for identification of system  emergency
conditions due to violation of steady state Voltage constraint,

i.e., the voltage limit violations and alleviation of such

emergencies in Power System operations.

The author's contribution in this area of work is summarized

as follows

~ The' concept of Local Sélution in the wvicinity of the
Outaged line hés been usedtejbuses for Local Solution are selected
on the basis of level éf distufhance.'fhe constraints over the
controls are introduced. Thus +the controls suggested for_ the

alleviation of voltage limit violation are more realistic.

- Based on the sensitivity analysis , less sensitive controls

are ignored . SO the number of adjustments are reduced.

- Multivariable optimization used for solving local voltage
alleviation problem gives the best possible control combination in

the vicinity of the voltage problem.
~ Base case Jacobian has been used for the simulation of line

outages and no refactorization is required and hence the method 1is

efficient.

17



LIME , TRANSFORNER CUTAGE SIMULATIOM AND LOCAL“S(}LUTION

2.1 . INTRODUCTICN.

A power system conti: ouély experiencésv changes in its
operating staté. these changes can either be due to Aoadv demand
variations, | planhed rescasduling ,Iof  powelr ._generation)
disconne ctlng lines anﬁ,.tfans;o&msrs for maintenance 'or as a
consequence of system faults. The effecp_of'these.diéturbances is
investigated both during veten planning and operation., Quite
often a *aultf elemant 1s avtomatically dJsconnccted from the
systenm, by“ the proiective r, devices, ftherefore, .the‘ stem
con nguratlon ch wges. 1T 18 regu LxCd to know wheuamz (o: not} the

modified system would be.stzble, from steady state considerations.

Also,; before the lines an& repairs, it 1s essential to ensuré.that

M
0
pars

the modified system wou ls b tabie. In addition, 1line outage
studies are a desirablie part.of a . comprehensive system security

monitoring process. , o

The effect of load changes and generation rescheduling can be
easil} evaluated bui, the, outage simulation of a line  or

3 1

transformer is mo& > complex pecause, these contingencies change the

system configurationn,one of the obvious, solutions is the use of

e AT
4 VA, T A £

well known load flow techrnigu though high, spead computers and
fast AC load flow solution technigues are available,the analysis
of hundreds or even thousands of system outages has become very

tedious and uneconomical. In order to overcome the computational
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burden involved in éontingenCy analysis, considerable effort has
been devoted to deveiqp fast and. approximate solution techniquesi
Normally, a sacrifiqé_in accuracy for speed has become a basic
feature of all the_de?éloped methods and hence, full AC load fiow

is required for the exact solution.

"~ Initial approééh for the line outaée simulation was the ﬁse
of DC load flow . Tﬁiﬁ ig the simplaskt and Lastest melhod, bul Lﬂn
most inaccurate,aS‘only real power flows are considered. Sanme ;5-
the case with the method suggested by Denial and Chen [31, which;
uses the injection of real power at the terminal buses of the
outaged line, Stagé and Phadke [3] modified the Jacobiah matrix of
the Newton - Raphsohi(N - R) load flow technique and used the bué
power mismatches té'éimulate the line outage. This method réguires_
the same computational effort as the constant Jacobian N - R loaa

flow approach.

" In this chapter, an' efficient ahd accﬁrate method is
developed for line;outagé sinmulation which is ;frée from abOVE.
deficiencies . In this method first the local solugion using Gauss .
- Seidel technique 1is carried out for few selected buses in tHéi
vicinity of the outaged line; The buses for local solution are
selected on the'baéis of the effect of  line outage on the bus,'
voltages. The solution so ' obtained 1is impro&éd by performing
global solution uSihg“the'Jadobian at the base and " adjusting the’
right hand side vector for the outaged line adnittance. Thié
adjustnent in the right hand side vector is incorporated B&l

injecting the suitable power sources at the busesl to which the
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outaged line was connected. The method is very efficient as the
Jacobian at the base case ha$ been used for all the outages and no
refactorization is carried out for determining the solution for

various line outages.
2.2 Local Solution 2=

Outage of line in any network causes large disturbance in bus
voltages and in line flows in the vicinity. As we move aﬁay from
the terminal buses of the outaggd line thevdisturbances‘wane away .
If a locgl solutionnig carfied out. for all the buses which have a
percept able and significant effect due to the line outage, a
fairly accurate accurate of final outage stéady} state operating'

condition can be accrued.

S
) .

»decide -for the buses >to be

1

It is very imperative to
considered for the local solution. A mathematical model has been
developed to determine the length of local area for the local

solution. ,

Complex power injected into bus 'm' is equal to net power

flow in the elements connected to the bus,
o . N A . ' y e o, ’ ‘ [ .

. ‘ ‘ ] ) . " Tk e . . , ) :
. ke Am L L

‘assuming Gk be constant and. equal to (1.0 + 3 0.0),

— * , .
aS = AV LY | el (2.2)
ke Amn o
. | | * —
AV = AS /¥ X ' ceea(2.3)
m mo A mk : ,
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For a change in voltage Vm by AVm  from (2.3), ASm 1s
calculatgd . This value represents the level of disturbance on
this bus due to AVm. Particular level of disturbance 1is used. to
decide the area for local solution. This is achieved by specifying
the value of ASm from which AVm 1is calculated and us&d‘las
terminating criterion for further inclusion of buses for lécal
solution. It is observed that 0.2 is suitable value of |ASm|from

the point of view of speed and acéuracy.

An optimumn length of lodal.area is also keyond which buseé_
. A

need not to be considered. It 1s concluded that . enlargement of.

'local area beyond three steps does paylit back.

So the final $éheme is like that, it starts-.with the the
terminal buses of the outagea line. In the sucgessive iterations
of Gauss-Siedel méthod fdf soivingilocal area selected so fér,
change in the bus véitagéé from the base case vﬁlues are compared
with the limits are.detérhiheq.above. If the c¢hange in bus voltagé_
ig greater thaﬁ the limits, the local area iy é*tended,to'exteﬁded
all the buses conqected to i1t, and again Lthe process 1s repeated
till all the buses are ihciuded'fdr local solution causing changé
in bus voltage greater than the limit determined (2.3), with a
limit of three_Step length for enlarging local area. After local
solutioﬁ 1s completed, the amount of source compensation is
calculated at the terminal bus using (2.4) & (2;5),

4P
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Outaged System State




ES
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HATCH LOCRLLY THE LOAD & GEN, AT ISOLATED BUSES

PERFORI LOCAL S0L. & set i = 4

Ho

ADJUST THE ISCLATED BUS VOL. AS GIVEN IN SEC.

CALCULATE THE AHOUMT OF SOURCE COMPENSATION

_MODIFY SOURCE COMPENSATION USING ACC., FACTOR




ApIm+ jAQIm - PIm *3 9 - Vm

Special.care haé to be taken when “simﬁlating radial lines,
Oﬁtage.of radial line 1solates one terminal.bﬁs and as such local
solution doesn't provide correct Solution. So the cure is to make
the power injection for the isolated bus as zero and to isolated
bus voltage equal to other terminal bus voltage of isolated line

after local solution is obtained.

2.3 SOLUTION ALGORITHM

The self explanatory flow chart of the method developed 1is
shown as Fig. 2.3. Detailed step wise procedure onr' line outage

simulation is explained as under

Step 1 Perfrom the load flow solution using specified-loads and
generations. Retain the base case Jacobian. B
Step 2. Identify the terminal buses of the lines to be outaged.

Treat isolated buses, if any preseﬁt due to outaged

line.
Step 3. Perfrom the local solution-using Gauss-Seidel technique.
Step 4. Adjusted the isclated bus voltages, if any and modify

the source compensation amount.
Step 5. Carry out one itéfation of global solution with the base

case Jacobian, and bus power injections for outage

simulation. . . !



Step 6. Check for convergence. Tf solution 1is obtained go to
Step 7, otHerﬁise set 1 = 1 +1, and go to Step 4.

an efficient and éﬁégrate method is used for simulation of
line outage simulationn:inﬁroducing local solution concept.Buses
for local solution argtproperly‘selected based on Lthe level of
disturbance. This computational efforts depends on the level of
disturbance due to the line oﬁtage.' Solution of line outage
gsimulation to a prespééified accuracy is obtained by using the
base case Jacobian and no refactorization is required.’Accﬁracy of
the solution is so high that the need of full AC loaa‘ flow is
eliminated. This métﬁod will find extensive abplication in
planning, operationéi“ planning, security and'  feliability

calculations.
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Chapter IIIX

ALLEVIATION OF VOLTAGE LIMIT VIOLATIONS
3.1 INTRODUCTION AND STATE OF ART

Emergency state may develop . in a power system resulting in

loss of line or a transformer, this may cause over-voltages or

L

under—voltagés. the system operator must take appropriate actions

quickly to alleviate these problems.
A . K
Loose coupling exists between the magnitude-and:angle of the
bus yoltage and is precisely that was used in the past to develop
control methods have been ,develdped for preventive/corrective
control cémputations for active and reactive éower éonstraints.
Réacﬁive power flow subproblem has been egtensively investigated

for voltage and reactive power constraints [4,5,7,8,11;16].

Some éapers have been reported ih literature where~in
algorithms for corrective control computétions have been developed
for alleviation of voltage limit violations [7,11,16]. o

Mamndur [11] developed a direct method for = emergency
adjustments to VAR 'control variables to.alleviate' voltage - limits
(ovef and under limits)- as well as generator VAR limitsv , that
are violated. The method minimizeslthe overall céntfol actionsgfto

| - | =
be performed by the system operator. The method has made use of

Linear Programming to minimise the control variables.Formulation

of Jacobian matrix and it's factorization in each iteration is



required. Hence, the computation time for large systems will ' be
very large and therefore this method becomes unsuitable for

emergency operation of large systems.

Lachs has covered aimost every area of reactive power and
voltage control in system emergencies. But majority of work
reported is in form of preventive controli.e., scheduling of
reactive power, generatér bus voltages, transformer taps. etc. to
optimize the system péfformance However they employ different
optimization techniques. these methods are complex and require
significant computational efforts to find the required adjustments
be ﬁade in the control variables. As they  attempted to minimize
real power losses, the VAR control adjustments determined by thesé
nmethods are not the easiest to perform during- emergency

situations.

A Real time corrective process was reported Dby Zﬁang et al
{121 , they have alsordeveloped a direct method for reél time
corrective power control that attempts to keep within permissible
limits the bus voltages and branch reactive power flows. They
have used a dual relaxation LP technique to minimize the
adjustments to the control variables. They have .developed the

incremental reactive current models for reactive control devices.

In continuaton with Real time work Chang,Marks and Kenkoto.
[1) presented an algorithm for real time applicétiOn , the
algorithm pre assigns priority sequence to the control objective.

The priorities are,Voltage limit violation, minimize those
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violation that cagft be eliminatéd and minimize system active
transmission losses.Provisions have been made to allow the
selection of control variables and to limit their_ ﬁovement for
the following reasons ; o
1. To avoid pérturbing the power rsystém :greatly from the
curreng state.
2. To provide a leeway for corrective rescheduling dnder
contingencies. |
3. To achieve the fast éolution time requifed for the real time
~application.

However 1t may result in a suboptimal solution, but since the‘
program 1s executed periodically as a part of real time sequence
of programs, over a time the state of sygﬁem will move'ﬁowards the
optimal point.

Girotti et. al. [17] have developed é program'calledVCAPCON ind
SCADA mode in which every 15 minutes SCADA provides data to CAPCON
which decides whether the Capacitor banks on low side bus of the
transformer which was scanned for, should bé on orvoff line, based

on VAR and voltage needs.

Kirschen et al [7] modified thé LP based optimal power flow,
which allows the rescheduling of active power controls to correct

the voltage magnitude constraints violations.

In this chapter, a direct method is developed for alleviation
of voltage limit violations. The vothage profiles ‘are corrected
locally and the accent is on efficient controls ,rather that

overall optimal operation .concept of local optimization has
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been used to develop the method for alleviation of voltage limit
violations [6]1. The objective function to be minimized is formed
as a square ofllihib_yiolations. Conjugate;gradientitechniqug have
been\used for local Qgtimization. In ordéf to limit the corrective
actions.The controls whiéh are less sensitive with respect to
current contingency are.  ignored and this reduces .the overall
control adjustments. A limit is also set on controltVariables. To
minimise the computatioﬁal time Dbase case Jacobian -is used for
global solution. To po%er sources without modifying base case
Jacobian, source compenéation technique have been employed to
model them as equivélent reactive power riﬁjections at

corresponding buses.

3.2 TAP CHANGING TRANSFORMER AND SWITCHABLE REACTIVE SOURCE
MODELLING. '

3.2.1 TAP CHANGING TRANSFORMER

Most commonly used control device for contrélling voltage
profile 1s the tap changing transformers. Change iﬁfitap position
modifies the transformers ratio and hence correspdhdihg elements
- of Jacobian aré to Ee modified., Modification Qf, éiements of
Jacobian reguires Jarée}cémputational burden. 1In thiéi section é
simple model is developed for tap changing transfofhér, based on
the concept of souréé compensation. It provides the proper
adjustments in right haﬁd side vector to incorporate 'the. changes

in transformer admittance.

B
. &
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In local optimization - procedure very small step size is
assumed for transformer taps, so that continuous ‘variation in
transformer ratio is allowed. In global solution, tap position is

adjusted tddfhe~héXt'évéilable discrete value.

In global solution, the change 1n tap position (transformer
ratio), for the transformer between the buses i & J, is simulated"
by way of source compensation, so that base case Jacobian can be

used. Fig. 3.1 illustrates the same. Reactive power flows through

the transformer, corresponding to the base case tap position (sz)
and the new tap position as calculated after local optimization
(Tij) are calculated using equation (3.1) through (3.4).
o 2 02 0
0%, = ~(G.. V.v., T9., Sine.. + B. (VS 70, - V.V.TY. Cose..)]
ij i3 13 i3 ij T T N By 13713 ij
(3.1)
0° = -(G.. V.. T°, Siné.. - B,.(V% - V.U.T*. cose..)]
ji ij 31 ti3 tvij i3 joitig o ij
.I.l(3'2)
. 2 .2
Q.. = -[G.. V.V. T.. Sin®. . + B. (VI " T,., - V.V_,T,., Cose, )]
Ji ij i3 Tid ij ij i i3 i 3713 ij
000.(3.3)
Q.. = [G.. V.V, T.. Siné,. - B,.(V> - V,V.T,. Cose, )]
ji s TS R W Oy i3 13 9 S S ij
vl (304)
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Amount of source compensalbion AQ and AQIj is calculated using

I
equation (3.5) and (3.6)

E O .
AQ . = 045 - 095 SERRLERIN
8Qpy = jS‘— jS ce...(3.6)
3.2

. 2 SWITCHABLE REACTIVE POWER SOURCE

Switchable reactors and capacitors are rormally used to
absorb the excessiveireactive poWer or supply the . reactive power
to maintain the system voltage profile. They are modelled as

reactive power sources at the buses, where they are connected.

In local optimizaf vcedure, switchable reactive sources

are assumed as varying /inucusly. In. global solution, the

reactive power sources is rpunded off to the nearest permissible

discrete value.

Since the voltage profiles are controlled locally, efficient
control are important than overall optimal .operation during
emergencies, hence cbncept f local optimization 1s wused to
develop an algorithm to alleviate voltage limit violation. The
objective function is taken to be mininmized, hence selected as
square of limit violaﬁibn. Conjugate gradient technigque 1s used

for locally optimizihg.
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Amount of source compensatlon AQ and AQIj 'is calculated wusing

equatlon (3 5) and (3 6)

3.2.2 . | SWITCHABLE REACTIVE-POWER SOURCE

.

sl . fuo bt oo - yooo

{Switchable.reaétorst=and: capacitors are normally used to
absorb the exceséive t@ac ive power/ or supply the reactive .power
to maintain the sYstem ‘voitage//bnofile. They _a;ev modélled as
‘reactive power sounces at theituses, where they are 29 nected.

| ‘ fif{‘:‘! Ce P

N . »
[ I - . . . rs

. S .
In local optlmlastlon procedure, sw1tchable/react1ve sources
are assumed as varyiﬁg/(COntinuoﬁslyu In global solution, the

reactive power sources is rounded off to tne nearest permissible
o ' Vs ' '

discrete value. \
. 1 5 .. N

s
o ’
s

’

#

Lot Fs

I \ R o
Since the-voltage profx%es'are/controlled locally, efficient

. , \ 4
T oo Y
control are important- than

oyerall' optimal operation during
emergencies, hence concept of local optimization 1is used to

develop an algorlthm to allev1ate\ voltage limit violation. The-

g

/
objective function is taken to be\\mlnlmlzed v hence selected as
. l'~/n% L .

square of llmlt v1olatlon. Conjugate gradlent technlque 1s used

o .

for locally optimiztngﬁ
/s

actions, less sensitive

controls are neglected To 1mprove the computational efficiency
, 3 N . L

the base case Jacobian is used for global solution. To incorporate

the changes in transformer and switchable reactive power sources
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without modlfylng the base case jacobian the source compensation.
B . i b ' A
echnlque is cmployed to model them as equlvalent reactive power

injections at corresponding buses.
3.3 Problem formulation :

The objective 1is :taken ias fan 'optimizing' problem. - The
objective function -i1s the sum of square of voltage  limit
violations, of course to take care of both the upper and the lower

limit violations, - e ’

minimize, f£(X,0) =} (A% —a(3.8)
- _1va _
v, ~ v, % gpy, oy MaX
where AV, = oot St ~—=-(3.9)
v, -y, ™M ey oy, ™D
T SRR § 1 1
subject to  g(X,0) = 0 ~===(3.10)
¥MN < x g xMax ——==(3.11)
™M™ (3.12)

- where, X : state vector (dependent variable), consisting.
of , ‘

a) Bus ﬁblﬂagé'for load (P-Q).buées,

b) Reactivé‘poWér generation for generator buses
I ' ‘

v o vector of control (independent) variables

“available to the operator,'or the control gystem and consisting
of,

]

a) Bus voltage of generator bus

b) Reactive power generation of switchable reactor.

/capa01tor banks

L
1

c) Transformer ratio of tap changing transformers.
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3.4 Selution Method :

LI, |

Reactive power balance at bus 'i' is expressed

as ,
co.2 : ] e i ERES
g.=(B - LB Jv+.0 ¢ G sin(e® - ) +. B cosfe - e )V.]Vv,
i 1 Zend 13 1 jeai i) 1 j 17 A 373 A
+ (QGi - QLi) =0 ---(3.13)
1 =1 ..NLO
Or r 2 .
g, = AB. V,° + BB. V, + CC =0 —--==(3.14)
where AA = B, - T ;. ~=-=(3.13)
i. .1
J=A1
BB = T (G.. sin(&, -~ ®,) + B.,, cos(e, - &,) —----- (3.16)
i 1] J 1) ]
= - Q_.)y e 2
ccC _,(QGi QLi) (3.17)
for which,
v, = (-8B - (BB® - 4 An.cO)M?)/(2.80)  ----(3.18)

This equation (3.18) is wused to derive the objective

function for local optimization.

[ |

expanding 'g', i.e., eq. (3.10) for small variation in
AX at point (UO,XO),

8g/ax (08X + ag/auj 0 = 0 : —===(3.10)

AX = - [ (ag/ex) L. 8g/60 1 a0 ——==(3.20)

the quantity 1inside the bracket is known as the

Sensitivity Matrix.

The TLagrangian function of the optimization problem,

considering only equality constraints is,

LIX,UN) = £(X, 07 + A% gx,u) e (3.21)
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where A 1s selected Such that,

atsax’ « 2 egix’ =0 - (3.22)
i.e. NP2 - af/aXb<[ag/ax01“l ————— (3.23)
expanding Lagréﬁgian function, .eq.(3.2l) for small
variation AU and AX at p&int (UO, XG),
AL .. = (af/auo + b 69/6ﬁ0) AU + (8f/aXO + kt#ég/axo] AX --(3.24)

U1
substituting the value of b from (3.23) into (3.24),

AL.. = 8L/8U = 6f/6U0  0 1

U1 - 6f/6x

[(dg/8X )~ 8g/du] '---(3.25)

3.5 STEPWISE ALGORITHM
Flow chart for the_solﬁtion method for the solution method

alleviation of voltage limit violations is given in fig. 23.2. The

complete stepwise solution procedure is explained ag under

Step 1 Perform ﬁqe base case load flow.

Step 2 : Check fof voltage limit violations. If at no  bus
voltage limit is violated or P_ > P1°" stop.

Step 3 : Determinewﬁhe number of buses to be processed for
local optimization, depending on the prespecified
siép lengt5 and identify the selt of _control buses
/variable avéilable in the control area.

Step 4 : Calculate the objective func¢tion wusing present
operating‘@oint values of variables and 'équationg
(3.14) and’ (3.15). Set iteration count i = 1.

Step 5 : Calculate M using equation (3.22) and calculate

8qg/80 using equations (B-25), (B-27) and (B-28).
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Step

Step

Step

Step

tmax

Step

Step

6
7
8
9
0
10
- min mi
J sl

constraints are

Calculate the sensitivity matrix Calculate the_ALU

using equation (3.24). Ignore the less sensitive

controls.

Calculate ‘the conjugate search direction 8 = -AlL

u’-

Calcuiate the projection of the" gradient on the

bounds of independent variables such that

Calculate maximum'step Jength £™** such that

if Umax - U. =0 and s. > O
J j ~ J
ifu, -0 20and s, <0
J J J

Sj' other wise

. . .max -
Calculate maximum step length t < t° sucah that

" . . L
n T 3 min 3 3
o TTAT| st o] 7T
S 3 s
y i

Where xl+l = x*+AX and AX 1s calculated, such that

tst ana vttt = gliav.

{1

satisfied and U

Elements of AU which are less then prespecified values make

them equal to zero.

exercised.

11

12

permissible values.

system.

Constraints over control variables are
Check for convergence. If (f(Xl+l Ul+l)£Tol or
(f(xttt ot e ex? ') 15Tol, 09  to step  16.

Otherwise i <--- i + 1 and goto step 7.

Modify the discrete variables to nearest

perform the load flow for the complete

P =P

5 . *1 go to step 2
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pxecution of Step 7 through Step 14 constitutes one iteration
of local optimization, and execution of Stéps 2 through Step 16

constitutes one pass of alleviation of voltage limit violations.
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Flow Cliart of the Alleviation Technique : Flg 3.2
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5 CHAPTER IV

RESULTS AND CONCLUSION.

4.1 RESULTS

Voltage limit violation resulting due to contingencies (line
outage/transformeroutage) in the 14 bus, 24 bus, 26 bus, 57 bus,
model are studied and successfully alleviated, and a new secure

k)

" point is obtained. The system data is referred to [61].

For global sqlution a step size of 10 MVAR (0.1 pu) for
switchable capacitor/reéctor is assumed.ﬁ

From the study of table [5.1] it is observed-that the for all
cases of voltage limit violation, the new and secure operating
point is- obtained in one pass only. For most of the cases the
solution 1is obﬁained in within three iteraﬁion ‘of local
optimization. an expiaination of the Tresults presented 1in the

table [5.1] is givem below.
CASE STUDY
1. Line 3 outaged in the 24 bus system @

- Reactive source installed and their respective capacities,

1.. 0.444 3. 0.124 5. 0.8972 7. 0.4321
9. 0.0099 14. -0.134 16. 0.284
- Load Flow - no limit violation detected

s
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- Local Solution - Iteration Bus no.

1 23,3 terminal buses

2 23,3,22,7

3 23,3,22,7,4,2,9,8,5

4 23,3,22,7,4,2,9,8,5,6,24,
20,19

The of the Local‘Area'from the terminal buses and with an
accent on the level of disturbance is demostrated. in the figure

(4.1) iteration of the local solution.

- Voltage violation after local solution

3 1.1041
7 1.1302
4 1.1626
- Outage Simulation : Total iteration = 2

Power in Reconnected line 3 after local solution with 14 bus

is (188.77034, -154.0252), (-175.985, 198.497)

- Alleviation of Voltage limit Violation - Tolerance 1limit on
voltage mismatch = 0.001

Control Area

1. Bug 3 3,7,9,8,5,4
2. Bus 4 4,7,22,9,8,5,3,2,23
3. PBus 7 : 7,9,8,5,4,3,24,20,6,19,21,22

Total control buses : (3,7,9,8,5,22,20,21)

The control area for voltage violation in buses 3,4,7 1is



demostrated in figure (4.2).
Full iteration of optimization program = 2

Control MVA (4U)

1. 10.000 2. 10.000 3. 10.000 4. 10.000
5. ©9.720 6. 10.000 7. 10.000 8.  34.250
0.  0.967 10. 10.000 11. 10.000 12.  10.000
13. 10.000 14. -13.400 15. 16.680 16.  28.400

From the result removal of 3rd

line_‘in' 24 bﬁs system,
resulted in voltage limit violation at thrée- buses, viz. 3,4,7.
The same has been corrected by 3 iteration of Local optimization
for which eight buses were considered, using a two step limit from
the affected bué formula..For the post adjustment local flow few
iteration were requifed and less sensitive controls is Ifor
capacitor/inductor less than 0.01 pu are neglectéa. This reéulted
in minimum controls without damaging the efficiency. The controls
at bus no. 5 th being most sensitive and with the highest
sensitivity of 0.5879 tributed 89.7 MVA which is_wéll within the
supplying limits set ,and bus 8 is next most sensitive and. it

contributed 34.25 M.V.A. .

3. Line 5 outaged in the 24 bus sysﬁem :
Similar results are reported on outage of line 5 th , 24 bus

system where an area of 15 buses was selected for local solution

th th

which resulted in a violation at 4 and 7 bus. The control

buses for the violated buses were 7 in nunber and the solution was

obtained in one iteration of local optimization.
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- Reactive source installed and their respective capacities,

1. 0.444 8. 0.3425 5. 0.8972 7. 0.4321

9. 0.0099 14. -0.134 16. 0.284 1&%. 0.168

- Local Flow - no limit violation detected

- Local Solution - JTteration Bus no.
1 24.4 terminal buses
2 24,4,2,23,7
3 24,4,,7,4,2,9,8,5
4 22,4,23,7,9,8,5,24,20,6,19
21 |

- Voltage violation after local solution

7 1.2082
4 1.1199

- Outage Simulation : Total iteration = 2

Power in Reconnécted line 5 after local solution with 12
buses (74.48 ,-123.901), (-64.734,148.778)

- Alleviation of Voltage limit Vieolation - Tolerance limit on
voltage mismatch = 0.001
Control] Area

1. Bus 4 4,7,9,8,5,3

3. Bus 7 7,9,8,5,4,3,24,20,6,19,21,23

Total control buses : (4,7,9,8,5,20,23)



Full iteration of optimization program = 2

Control MVA (AU)

5. 60.000 6. 10.000 7. 43.21 8. 30.000

9. 0.987 8. 10.000

From the result removal of 5th line in 24 bus systemn,
resulted in volfage limit violation at two buses, viz. 4,7.
The same has been éorrected by 2 iteration of Local optimization
for which seven buses were. considered, using é two‘step limit from
the affected bus‘formula. For the post adjustmehﬁ local flow few
iteration were required and less sensitive controls is for
capacitor/inductor less than O.Ql pu are neglected. This fesulted
in minimum controls without damaging the efficiency. The controlé
at bus no. 5 th being most sensitive and with the highest
sensitivity of 0.6929 tributed 60.0 MVA which is well within  the
supplying limits set ;and bus 7 is next most‘ sensitive and 1t

contributed 43.21 M.V.A.
3. Line 17 outaged in the 24 bus system :
~ Reactive source installed and their respective capacities,

1. 0.444 3.  0.124 5. 0.8972 7. 0.4321

12, -0.231 14. -0.134 9. 0.0098



- Local Flow - no limit violation detected

- Local Solution - Iteration Bus no.
1 7,9 terminal buses
2 7,9,8,5,4,5,24,20,6
3 7,9,8,5,4,3,20,6,19,21,22,
23,2

- Voltage violation after local solution

7 1.1358
4 1.1677
- Outage Simulation : Total iteration = 2

Powar 1n Reconnected line 5 after local So]ﬁtion with 14
buses (312.325, -121.61) and (-309.8, 213.74)

- Alleviation of Voltage limit Violation - Tolerance limit on

voltage mismatch 0.001

Control Area
1. Bus 7 + 7,8,5,4,3,19,20%,6,23

Total control buses : (4,7,9,8,5,20,23)
Full lteration of optimization program = 1

Control MVA (AU)

7. 10.000 8. 10.000 4. 20.00 5. 10.000

LY

9. 0.907 20, 12.330



resulted in voltage limit violation at one buse, 1i.e. 7.
after local solution and one iteration of global load flow.

The same has been corrected by 1 iteration of TLocal optimization
for which seven buses were considered, using a two step limit from

the affected bus formula.

4. Line 3 outaged.in the 26 bus system :

Results are reported on outage of line 3 rd , 26 bus
system where an area of 15 buses was selected for local solution
L A . ,th th . o
which resulted in a violation at 4 and 7 bus. The control

buses for the violated buses were 7 in number and the solution was

obtained 1n one iteration of local optimization.
- Reactive source installed and their respective capacities,

13. 0.112 10, -0.129 9.  0.00987 14 -0.134

12 - 0.231 . 11. 0.234 - 16. 0.284 15. 0.168

1 0.434

- Local Flow - no limit violation detécted

- Local Solution - Iteration Bus no.
1 13,26 terminal buses
2 23,2
3 13,2,25,10

4 -~ 13,2,10,9



- ODutage Simulation : Total iteration = 2

Power in Reconnected line 3 after local solution

is  (8.912 ,31.89%), (-8.92, -23.62)

- Alleviation of Voltage limit Violation - Tolerance limit on
voltage mismatch = 0.001

Voltage violated after Giobal Solution

2. 1.2319 9. 1.1187 10. 1.2072 13. 1.361
Control Area

1. Bus 2 : ‘2,25,13,10,9

2. Bus 9 : 9,14,12,10,11,26,2
3. Busl0: 10,9,2,14,12,25,13

4. Busl3: 13,2,25,10

Total control buses : (9,11,12,13,10,14,25)
Full iteration of optimization program = 1

Control MVA (A0)

10. 10.000 11, 10.000 12. 10.000 13, 10.000

9. 0.987

From the result removal of 3 rd line in"26 - bus system,
resulted in voltage limit violation at 4 buses, wviz. 2,9,10,13
The same has been corrected by 1 iteration of TLocal optimization
for which seven buses were considered, using a two step limit from

the affected bus formula. For the post adjustment local flow few



iteration were required and Jless sensitive controls 1s for

capacitor/inductor less than 0.0l pu are neglectea.

5. Line 5 cu.rtaged- in the 24 bus system :
At 57 bus system the contingency is created 1in the system data

Citself by deleting the line 3rd from the system data , as a resﬁlt

the voltage contingency at bus number 24 is detected which is

alleviated by the alleviation program.

- Reactive source installed and their respective capacities,

1. 0.444 8. 0.3425 5. 0.8972 7. 0.4321
9. 0.0099' 14. -0.134 16. 0.284' 15. 0.168
- Local Flow - ~ violation detected

o
o

Voltage violated

24, 0.850

- Alleviation of Voltage limit Violation - Tolerance  limit on
voltage mismatch = 0,001
Control Area

1. Bus 24 : 24,25,23,27,26,18

Full iteration of optimization program = 2



Conbtrol MVA (A1)

24 30.000 25. 23.4 27. 30.0 26. 23.1

18, 12.37

4.3 CONCLUSION

The problem of Voltage Limép Violation -in Power System

Emergencices has been investigated .A concept of Local Optimization
o

1,

has been inl.rodunced and direck melbhod -is introduced~ to alleviate

i
3
system emergencies due to Voltage Limit Violaticn, The method 1is

quite efficient and the results are analysed in 24 bus system , 26

Luu system and also 1n 57 bus system .

As cleatr from Lhe table (4.1) the results are obtained in one
- or two iteralion and very few buses need to be analysed for the
local optinization. A maximunm and minimum limit has been assigned
to the controls and the new operating point is obtained by minimum
controls as less sensitive controls are neglected . An extra
adjustments has been put in the program to take care any violation
that can be put by system data , in this case .the line outage
simulation and local simulation part is bypasgef aﬁd straight away

the Vo]tage violatin is treated for.
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TA8LE 4.1

ALLRYIATION OF BUS ¥GLT 68 LIAIT VIOLATIORS BY LOCAL OPTIHIZATION
Sr.| Particulars of Pass | Details of the buses at which Local Controls
Ho,| test systeams lipit violated Optimization :
Bus | Violated Bus voltage Yo, of} o, of Type |At Bus | Adjust-
Yo, | himit : Busses| iteration ments
~|Pre- Post- Proce, U
hdjustment| Adjustient
1 2 3 § 5 b 1 § 0 10 {1 12
1. 2413 1 311,100 1,104] 1.0853 § J L/c ) 10,0
§ 1LY 1.1382 1.0591 ~ 1 1.0
7 1L 1,1626 1,0986 9 0.987
8 14,25
xer 5 89.72
16 0.0
14 13.9
1, 24/17 1 4 [ 1,100 1,208 1,10139 1 l L/C 5 60.0
1oy 100 1.1199 1.0959 b 10.0
' 1 43,11
8 30.0
9. 0.987
14 13,40
15 16,80
16 28.4
yer 17 0.02
3 0.10
1. 24/117 1 {7 1160 | 1.1080 110 b ) L/C T 10.00
8 10,00
5 16.80
-4 -13.4
9 0.987
4, 26/3 1 2L 100 1,232 1,104 1 3 L/C i 10.0
9 1.119 1,031 2 10.0
10 1,207 1,109 ] 10.0
13 1.361 1,003 4 10.0
9 1.997
13 13.4
5. 51 1 IRRNE 0,8499 0,895 § 2 L/c 14 30.00
' ' _ 25 23,40
16 23.10
29 30.00
18 12,30
12 -23,10




CHAFTER

CONCLUSTION AND SUGGESTION FOR FURTHER WORK

The problem of alleviation of voltage limit violation in the power
network has been studied. The methoa presented is.based on local
optimization which adjusts the- powef system parameters in the
vicinity of voltage limit violation. If ‘may possible' that the
alleviation of voltage limit violétion at Qne' may cause the
volatage violation elsewhere in an intérconnedted large systen.

Voltage problem 1s solved in the iterative mannar however the

e T T

nea
vy

system studied in thesis, such phenomena is not observed.
. ) C e “ R e e

W

The method take care of practical constraints over the values

of capcitors, rectors and

changing transformér, Methed is
tested under the severe conditions‘ by creating line and
transformer contingencies which causes voltage‘limit violation.
Thus the robustnesgof the mwmethod 1is establisheaain order to
minimise thercontroll actions the less sensitive gdjugtments are
neglected.

The source conpensation is used to model the varioué changes
in the neltwork cofigurétion and parameters from the base casé
values.Since the Jacobian is not changed hence the the
refactorization of.Jacobian is avoided which makes the method
efficient.

Tt is expected that the investigation in  this thesis will

find its application in power system operation and in plant.

{

The work in the the

n

il may be extended for Real Tiwme

application of power system.



APPENDIX = A IR

SRR SOFT-WAREfDEStHIPTIQN'IN BEIEF*”f
R I RN ;iw-% SIET PR TRS IRUTE N DU Y
TheISoftWare'package“Callédv"OUTll" written;in FORTRAN 1V and-
tested on a 486 based machine, UNIX System 5 Release IV at Roorkee-
University, 0.I.D.B. Lab, Depaftmeﬂt of Metallurgical Engineering
and Department of Electrical Engineering, for ”allﬂ the"metHods'
uéideveloped in Chapters II - 1V is‘ldescribed in' brief in this
.Aappendix.‘By=assigniﬁgfthe”properivalue‘to the variable ISTUDY .és-
given below, desired analysis is performed,
T A J N S | R R R NP R P

ISTUDY Load flow solution. - ' >

H
b

= 2 Line~outage“Simﬁlation~ _ ‘ 3
= 3 : Alleviation of Volfage 1imit-violations
" For éacﬁ caséﬂanaIYSib%stérts“Wiﬁh thé“bésé“éase load fléwf
This analysis may be from line No. 'NLFF to Line%ﬁd; NLFT or for
total NLFTTL“linéé,fline*Nos;*of'whiéh are specifiéé in 'an' array
NLFSEL: ¢ n-"vn~- :f7wzl AT
B N R RO R T ST DU PV PO R
The software 1is develqpéd to solve''for large -size ﬁetworkSJI
,exploiting‘the"Spafsity’of”the netWOrleFig;’Ailé'with the arrows
emahating rom calling program and leading_tO"cailéd subroutines,
highlights " the 'overall ' organization of thef'-program. Brief
descriptioniiof ‘different'iabbreviated' program Tnames ‘are giveﬁ‘

below. R . Py




MASTER PROGRAM

QUT11 : This i:is the main : progfam. It calls variods 
subroutines listed below, and performs the desiréd

: analysis‘using selected technique and printg the 
. -+ results. | | |

Saky H . Vo . oot

SUBROUTINES CALLED

LFIN, ., " READS and if ,desired PRINTS . input data of the
system. . ., .
LINK : Scans the network and stores the information about

the.networks topology. -

NETINJ : Modgls the 'buses. and - determiné ‘the net power
injeétibns;

YBUS : Models»transmission lines, the lines, 'tranéformers

RTINS R . and phasew gshifters. and determines ‘and stores
élements of Y—matrix.‘ | |

ISSLE Cor ~Preparés the data as required by SSLERN'

SSLERN : Solyés‘a system of sparse linear eqﬁatiéns based on
Zollenkopfs algorithm. It calls §0RDRN, REDURN,
DATARN, DATBRN.. . , . | |

SORDRN .. ': . Simulates and orders coefficient matrix for Gauss -

NIRRT elimination. ... .1 |
REDURN ., .:  DRerforms the reduction of the ccefficient matrix.
DATARN ¢ uﬁrCalCQlates1elementsﬁoﬁdarraya;:tOggbe;uused ‘iﬁtzbu‘

decomposition.

st



 DATBRN

SOLVRN

CALPOR
MISMAT
UPDBVA
UPDBVM

. LINEFL

LINFLW

REACTV

SLACK

REDIAL.

LOCAL

SELECT

LOCSOL

AVQOPT

MATIN

' o R [ S B I . ‘
Reorders elements of each column if necessary, and

L

calculates elements row - wise. -

_ P
.- P R I REL IR
Solves linear equations by

a ’Sééuenée iof matri?
ﬁultiplications. | |
Calcuiateg real and reactive power at a given bus ..
Calculates the powerxmiSmatches at buses. |
Updéﬁes voltage anglFs of‘busesfl |

Updates voltage magnitudesiofvbuses.

Calculates the powef distributioﬁs_fMW, MVAR, MVA?
from each bus to the busesvconnectéd,fo it, Ausih§3
subroutine LINFLW. |

Calculates the line flow.

Calcﬁlates reactive power geheration at PrV‘
buses. | |

CalCﬁlates-slack bus power.

Identifies the radial line and radial end bus No.

Identifies the buses to be prodéésed for iocalﬂ’

“optimization.

Compares the change in bus voltage and selects the-'
buses to be included in local area for step by step

enlérgeméht 6f local area for ldcal solution.

" Performs load flow solution for local "area using

Gauss - Seidel technique.

Calculates increments in control variables for

. alleviation of voltage limit"ViolatiOns, usingf‘

local optimization téchnique.

Calculates matrix inverse.

4

aF



MATMUL

POWER

DEVOLT

Voltagevlim%t3qheqking subroutine.

Performs matrix multiplication.
For outage gtydigs the specified power 1is
S T b o

Mt

matched.\,

locally



LFIN —— DATA FILE-

LINK

NETINJ

YBUS S
——  SORDRN

1SSLE | REDURM
SSLERN ]n‘nr’anu

- 0UT44
(HATN PROGRAM)

CALPQR L—— pateRy

HISHAT

UPBVA ~————— SOLURN

UPBUN ————— SOLURN

LINEFL ——————— LINEFLK

'REACTY ———— LINEFLN

SLACK ————— LINEFLH

 RADIAL

SELECT

LOCSOL 1
: = NATIN

AVQOPT : HATHUL -

b LOCAL

Fig A-1  Overall Organization of the Package



'APPENDIXJ-WB

Equation for calculation of elements dg/8X, 8g/8u, 8f/8X and

|.8%/80 in~“local optimization procedure for alleviation .of ' voltage

: i T 0 T sy ' ‘ -v v

limit violations ‘are derived in this appendix. o '
joot X

B.1 Equility constralnts are given by equation. [3.13] and the' 

. A B L I . . i
¢ T v . L . !
same 1is reproduced as equatlon (B-1) below : S ' { ‘
. ‘lf\ ’ .t’ o ' :
QIR B B f“ R TR S T S !
g. = (B, - L B..)V2'+ [ & (G, .Sin(e.-&.) + B, .Cos(e,.-8.)V.1V.
i ijioa . NS B i3 B By T I T |
. . . jeA(1) :
'cJEAplxgggL.wﬁ I NI B R STINN SR N SO I S NIRRT
(QGi - QLl) :0 X = l, .o ,NLO ) .v LY c(B'—l) v’ .

Ihdependent (control)variables [U] and dependent variables [X] are .

~ defined as

’Independent CControl Variables : LU

LI <ot RN [A7R T T AP

1) For Generator buses P \Y

i
2) For swltchable reactive;,
power ‘source buses - :, QGi]'
1 /
3) . For top changlng trans- -
(L. .. . formers : ‘ : TRk

Dependent Variables : [X] i -

1) . For all P~Q buses : Vi
! SN L, L i VI . ' L
2)  For Generator buses : Qs



B.1.1% Differentiating equation (B-

following (B-2) and (B-3) experssions,

.
A9 it RN

l;)' W.r‘t :{,

we obtaln the

. . JjeA(1)

ag. jeA (1) . _

1 . [ e [ ,lf X- = V-

Fx . = 1.0 if X = QGl 1 1 ‘
i l = l,o‘to,NLO --.-(B—Z.).4’
4t v : G b o G " Yo,

(G, .Sin(e.-e,) + B, .Cos(e.,-e.))V. , 1f X, = V,
ij S R T D S R j j
ag. ' o E ‘ '
1 . "

ET = 1.0 if X = QGl .

i i=1, ,NLO  § = 1, ,NLO i = § 7% eev.(B-3)

V. V. - = 1.0
° 1 J A A T
R A LTI Y L TP Y
i J
and G..Sin(e.-o.) < B..
ij i7j ij

and the equation

(B-5) respectively.

2.0B, - ¢ . , if X.
1 17 1
agi _ Jjeh (i) '
T 1.0 , Af X, o= Qss
l .
i=1, ,NLO
L if X. =
1] J
agi
ax.- | 0 v Xy E 0y
l .
i = l,-oo',NLO; = l,....NLO,

j

aré reduced to' (B~4) and

1]

L (B=4) .

1 vrs-(B-9)

J




. . Equations (B-4)1andl(B+5)vare~used~to~¢alculate

dg
ax
B.1.2 Differentiatihg equation (B-1) W.r.t.'U; we obtain the
following .expressions, ' (B-6),.:1(B-7) and (B=10)
l'..“".‘i-f- ER] L P T A A T PP - Ty
. . - VL . .Sinm(e. ~o . . & -0 V. ]
_ 2.O(Bl r Blj)v% + ['ég(i)v G1381n( i J) + BleOS( i j) J]
8g. jea (i) J , . -
l . - ,l.f U - V
T 1.0 : , if Up = Q3 Tk i
Xi i = 1,000.1NLO; k:l,co‘n,NC . ‘.' .oaon(B‘_‘6)‘
v :: \.‘4.4% g NN - E
(G..Sin(e,.-0,) + B, .Cos(e,-0.))V, Jif UL= V.
’ 1y, 2 9. 1) r 7 1 o J J
6g1 { X
% - 1.0 if Uk = QGi , |
-t \ ' | :
i=1,.0..,NL0; k = 1,.0..,NLO; jeA(i) . e (B-T7)

o | ) .7 B
If line i-j is the transformer line = of _ktétransférmer ‘with
_off;homihal £ap ratio TRk'and the buses i aﬁd j are tap. side and
impedance side buses reépeétively)'the-variable TRk aépears iﬁ the
eqUatioﬁL(Brl):;FoF3simpiicity}«abbneviated-termsf-AAﬂ.and -BB és
defined in equations [3.15] and'[3.l6J-are used for derivation. of .
| | .nThe;contribﬁtion of ‘TR

expressions=w.r.t. TR in BB. and AA 18

k k
given by equations. (B-8) and (B=9).::r . ... o .
BB = BB®+(G, .Sin(e,-0.)/Tr +B. .Cos(6.-o_) /TR 1V. ... (B-8)
137 1] k 717 5 k™73
i
- B.. ) P .
o 1j ,if 1 is the tap side bus
AAT +
' TRz EA R B
AA = ko ﬂi"wﬁ 1t |
o |
;
. o TRk - 2 , : . '
CAAT 4 e Tigi ,1f i is the impedance side bus
TR, - | | | . . (B-9)

451



Where AAoand'BBo-are‘theﬂcontribution"of all the elements

except transformer 1-j.

Now, differentiating equation (B-1) w.r.t.. tap ratio for tap

changing transformers in local area, equation (B-10) 1is obtained

as under:

a9

aUNC*l-K

3
Bi.g2 -1 _ :
- 22 V% - — (G, .Sin(e.-e.)+B, .Cos(e,-0.) V.V,
TRB' 1 TR2 1] A D By 1] 17,
ke k
B if i = TTAP, ;
< |
2B. .
S 7 [G,.8in(e . -0 .)+B. .Cos(e.-0_.)]V .V,
TR2 1 T 2 1 i 77 i3 i3 i3,
k Rk I :
if i = TTMP

k
K =1, ....:NTR o
‘ A. . . ) ‘ | ‘99.77»(5'—1.0)

;-

"Equation (B-6), (B-7) and :(B-10) are used to calculate ag/aU;"

A ’ i . ' :
i 1. Vi v, . e : . .o o

B.2 Theobjective' - function ' £{X,U0), is’ expreséed as -equations

through (3.81, [3.9] and [3.181].' :Same 'is. reprodﬁced as - equation.-‘

(B-11) through (Bfi3).

£(X,0)

Where AV

|

1elLV
" (v‘"i“?a“ - V) if V< vT“’ :

(vi - v?ax ) if v, o> v?ax x e (B-12)
L. .

gl.

s
e {u



v . BB - (B%-42a.c0) /2 . | 613)
1 4 AA _ , R SRR
Tob s ' uh‘ - o . . ) . . ) Il

Vériébles‘Aé,'BB and cC are defined in ,eQuations ,[3.15]'

. . . |
through [3.17] and are reproduced as equation ;(B-14) thkough

_ e Ao s o i

! H . D . . |

(B~16) _ ’ ) A 1

i SRS 1

; |
AA = B- + E B- . ) : '00'0(8-14)
1 jeA (1) I .
BB "= . (C..Sin(e.-0.)+B. .Cos(e-8.))V, veur(B-15)
C en(i) i3j 1 3 1] B U J l ,
CC = QGi - QLJ_ . ) e s s 0 (?“16) .
H IR . . I
/ I ! : : !
. ! ! ' ! ! '
. . |
B.2.1 DERIVATIVES OF OBJECTIVE FUNCTION w.r.t. X |

, ; iR | |
On differentiating eguation (B-11) W.r.t. X and using
equation (B-12) through (B-16),

L he ol O:-‘(Avi*)“«f ex geerdEy X&i SV

av i '1'1‘_‘(!‘) L ' R . .7{
af- T PRI 0.(1-’1\7_1 Y 'g}'('\}' ).paf ZXiL‘ Fi-.QGi'f AR ‘and\,;\]gi >‘ Vr;ax g
—— = 1 i
. 0(AV = i .= . . .
L 2.0¢( ) ( 5% ) Aif X = Qa and V1~>;V1
o e o [ B .
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Where, 6Vi/axi is  obtained as equation - (B-17) on

differentiating equation w.r.t. Xi= QGi and using eguation (B-14)

¢hrough (B-16)

A I { e a3 besy . o " ¢
A | 2 ls2 02 T | b
L. = - . r LT ! :
" L. 5 (BB - 4an.cO) if Xy = Qg vv..(B-18)
3%, A |
53
42



Using equation (B-18) iyp (B-17)- equation (B-197

as
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Where, 6Vi/6xj is obtained on diférentiaﬁing equation . (B-13)

b0

w.r.t. xj;“.vj and’‘'using equations '(B—1433 through- (B-16) - as

follows, ., e ,
[ i . :
! - ;
av. 1
CLoed adBB 2 _ 1/2 aBB _
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Where,
FBB _ o gin(e.-e.) + B..Cos(®.-o.) ... (B=22)
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Variables AA, BB and CC are defined in ,equations .[3.15]"
' A

through [3.17] and are _Feproduced as equation f(B—14)4_th%009h‘
X P S s I o . V i

P , X ,
(B-16) - ) _— o : |
AR S I
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~ jeai) Y 3
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B.2.1 DERIVATIVES OF OBJECTI VE FUNCTION w.r.t. X i
N N . . _ .

1 : . . |

On differentiating equation (B-11) w}r,t,,‘x.:and using

equation (B-12) through (B-16),
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Where, c9Vi/é9X:.L is - obtained as equation (B-17) - on
differentiating equation w.r.t. Xi= QGi and using equation (B-14)

through (B-16)
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Using equation (B-18) in (B~-17), equation (B-19) 1s obtained

as
L 240(Y ) 1f X,
1 i
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6Vi/6Xj is obtained on diférentiating equation . (B-13)

w.r.t. xj;“.vj and’ ‘using equations ' (B-14)°. through (B-16) as

follows,
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Using equation (B-21) and {B=22)"tin (B-20), equation (B-23)

is -obtained as.,
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Equations - (B-19)' and.(B-23). are. used  to:. calculate the

derivatiatives of objective function w.r.t. X.



b oty JAPPENDIX = C

C.1 POWER SYSTEM REPRESENTATION :

s et
' ' : ! T

An electric power system consists of three principal
: L - : ". \i‘}i‘;»‘)"’i"/” ) - i

components - the generating stations, the transmission lines, and

cyon

the distribution systems. The transmigsion lines are  the

connecting link between all the generating stations and  the

!
b

distribution.systems}} The 'éégéhéiél features of power system .

operation cgp“be explained by means of a simple two - bus system
i

shown -in.Fig. C.1.1. Each bus is being fed from generation units

SG1 & SG2. Fig. C.l;l shows the equivalent «c¢ircuit of two bus
system., The: transmission line isfrepresented by a m circuit.

A
An off-nominal transformer representation 1is described in‘

Fig. C.1.3 and its equivalent circuit in Fig. C.1.4 . Note that,

if the transformer ratio is a:lfrom bus p to g then transformer

admittance Y, is replaced by Yt/a, a shunt admittance of |

t 2
(a-1)
a

Yt] is

Yt} is added at bus p and, a shunt admittance of [

added at bus q.

(1-a)
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