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ABSTRACT

Growing demand forielectricity and the modernization ofipower systems in challenging mar-

ketsihas led to power systems runninginear to their stable limits.iConsistent monitoring and

controliof power systems is thereforeiurgently required.iVoltage stability indices help to deter-

mineithe current operation of a power system, forecastipotential changes to the system’s ex-

istence,iand determine a long-term patterniof growth under predefinedicircumstances. A new

normalized voltage stabilityimeasure called the P-index,irobust and based on strong theoret-

icalifoundations, is proposed in this project.iThen after few modifications a differentivoltage

stability index called Q-indexiis proposed. Also, the generator reactive powerilimit is a key

factor in voltageiinstability. When the field or armatureicurrent limit becomes active, the gen-

erator reactiveipower limit becomes voltageidependent. Further, carefuliexamination of gener-

ator reactive powericharacteristics, reveals the effectiof generator reactive powericapability on

system voltageistability. The analysis of applicationiof the P-index, Q-index and implication

of generator reactive limits on IEEE 14 bus system is carried out.
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Chapter 1

Introduction

1.1 Overview

Power system stabilityiis a complex object thatihas challenged power systemiengineers

for many years.iAs power system evolvediand interconnection economicallyiattractive, the

complexityiof the stability problemsiincreased. Present trendsiin the planning and opera-

tioniof power system have resultediin new kinds of stabilityiproblems. Financial and regu-

latoryiconditions have caused electric utilities toibuild power system with less redundancy

andioperate them closer toitransient stability limits interconnectionsiare continuing to grow

with more use ofinew technologies such as multi-terminaliHVDC transmission. Modes of in-

stabilityiare becoming increasingly moreicomplex and require a comprehensiveiconcentration

of various aspectsiof system stability.iIn particular voltage stability and lowifrequency inter-

area oscillationsihave become greater sourcesiof concern than in the past.iWhere is this

problems used to occur in isolated situationithey have now become more commoniplace.

The need for analysingithe long-term dynamic responseifollowing major upset and ensuring

propericoordination of protection and controlisystem is also being recognised.

Significant research andidevelopment work has beeniundertaken in last few years toigain

a better insight intoiphysical aspects of this new stabilityiproblem in to develop analyti-

calitools for their analysis in betterisystem design. Developmentsiin control system theory
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andinumerical methods have hadia significant influenceion this work.

It is necessary toiestimate the value of maximumiallowable loading of buses,iwhich might

a variableivalue due to many factors,ireactive power load, reactiveipower sources location

and network topology.iThis estimation can be achievediusing voltage stability indices. Volt-

ageistability indices, which usei admittance matrix elementsi and some system variablesisuch

as power flow throughilines and buses voltages, need littleicomputational efforts and canigive

fast diagnosis of voltagei stability condition [11]. There are two groups ofithese indices: line

stability indices andibus voltage indices. Lineistability indices are calculatedidepending on

the maximum loadabilityiof a two- bus system. BusiVoltage Indices can estimateistability

margin, i.e. theidistance of the actual stateiof the system to the stabilityilimits. In addition,

theyican describe the stabilityiof a certain region orithe entire power system [8].

1.2 Problem Statement

Several methods for assessingivoltage stability have been proposediin the literature. They’re

justitrying to figureiout how close things areito collapsing. However, theseistrategies have

been foundito have a variety of drawbacks.iBecause of the discontinuitiesiinduced by sys-

tem controls,isome show nonlinearibehaviour. Others are computationallyiinefficient, making

themithem unsuitable for online use.iSome have also beenifound to have faultyitheoretical

foundations.iIt is clear thatia simple but reliableivoltage stability analysisitechnique is still

needed

1.3 Objective

1. The very first objective is to measure how far the present operating point is to voltage

collapse point is and identifies the weak lines and buses in the power system.

2. The second objective used on-line or off-line to help operators in real time operation of

power system or in designing and planning operations.

3. Lastly it can also be used for load shedding on the particular load bus can be done
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which can reassure that system will operate under stability limits.

1.4 Literature Survey

For the first time,ia basic voltage stabilityiindicator was proposed thatiwas both simple

toicalculate numerically andiarticulate in its output.iThe L-index is a numberithat ranges

from 0i(no load on the system)ito 1 (maximum load onithe system) (voltage collapse) [1].i

The indicator L is aiquantitative measure ofithe difference between theicurrent state of the net-

workiand the stability threshold.iIn literature [2] the continuationipower flow works onithe ba-

sis of a predictor-correctorischeme to find a solution directionifor a set of system ofiequations

that have alreadyibeen reformulated to provide a load parameter. iIt begins with a proven

solution and then uses aitangent predictor to approximateia new solution for a different

load parameterivalue. A traditional power flow uses the sameiNewton-Raphson methodol-

ogy toicorrect this calculation. iThe process’ intermediate effectsiare used to build a volt-

ageistability index and classifyithe system’s most vulnerableiareas to voltage failure. The

tangentivector dV/dλ is usefuliin the continuation phase sinceiit defines the orientationiof

the solution path at aicorrected solution point. Theitangent vector provides theidifferential

change in voltageiat each bus for a givenidifferential change inidevice load.

It was discovered in [3] thatias the load on aiload bus increases, theivalue of the diagonal

elementsidQi/dVi and dPi/dVi andidPi/di from their no-loadivalue to their valueiat any given

loading conditionican be used as a voltageistability index for the loadibus i. Three voltage

stabilityiindices are proposed basedion these criteria: The suggested index Ii isia far more ac-

curate measureiof a highly loaded powerisystem’s proximity toithe voltage stabilityiboundary.

Since it isibuilt on the jacobianimatrix components, whichiare readily accessible fromiload

flow, it is not onlyimore efficient but alsoimuch easier to compute.iIn [4] paper presentsion

utilizing an establishediindex called FVSI (Fast Voltage Stability Index) toiact as a numerical

verification ofithe shedding locations. iThe research work doneishows that the FVSI indexican

be used and loadishedding at these pointsidoes improve the stabilityiof the system. Informa-

tion extractedifrom system network behavioralistudies proved to be usefuliin determining and
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assessingithe best solution strategy inimitigating voltage instabilityiduring post fault condi-

tion. iUtilizing FVSI as an indexiwould reduce time in assessingithe voltage stability stateiof

the system.

It is revealed in [5]ithat the basic impedance matchitechnique has problems toipredict

voltage stabilityimargin when applied toimulti-load systems. Powerisystem loads are non-

lineariand dynamic. They cannot beieasily equivalent to theveniniimpedance. In order

toipreserve the elegance andisimplicity of the impedanceimatching idea, this paperiproposes

the concept of coupled single-porticircuit. In this circuit, allithe loads are brought outsideiof

the equivalent system.iTherefore, the coupling effectsiamong the loads can be dealtiwith ex-

plicitly. The proposedicoupled single-port circuitican be obtained by collectingithe phasor

measurements atithe generator buses andithe load buses of concern fromiPMUs. Literature

[6] proposesia voltage stability index (VSI)ito predict voltage collapseiin power system. The

index isibased on maximum loading capability ofithe bus combined with a theveniniequivalent

method for theiaggregated representation. iThe technique is applied to transmissionitest sys-

tem. Using thevenin equivalent calculatediby fast load flow or PMUidata, the index can

beiused for online voltageianalysis. To apply the indexifor transmission system aifast method

to reduce theisystem into two node system asiin is applied.

The research in paper [7] statesithat several voltage stabilityiindicators have been devel-

oped in aniattempt to quantifyiproximity to voltage collapse. Thisistudy proposes a new

normalizedivoltage stability indicator calledithe P-index that is robust andibased on solid

theoretical foundations. iIt was also shown how the P-index ican be used to estimate dis-

tanceito collapse and the amountiof load to be shed. Theiresults show that the P-indeigives a

better indicationiof proximity to voltage collapse compared toithe L-indices and tangent vec-

torsiand is more conservative thanithe coupled single-port circuitimethod. The performance

ofithe proposed P-index and loadishedding scheme were tested usingidynamic simulation on

the well known Kundur 10-bus system.iVoltage collapse of the system was simulated and

theiresults show that the P-index correctlyiassesses system stability conditionsvand estimates

the amount of loadithat needs to be shed.

4



Chapter 2

Power System Stability

2.1 Basic Concept of Power System

Electricity demand is currently rising rapidly, iespecially in developing countriesilike India. As

a result ofithe constant demand, the powerigrid is operating at its maximumicapacity. Electric

power-sensitiveiindustries such as informationitechnology, communication, andielectronics are

driving up demandifor efficient, affordable, andihigh-quality power. In this case,isatisfying

electric power demandiis not the only criterion; ipower system engineers must alsoiensure that

customers receive reliable and high-quality power. These problems emphasise the importance

of comprehending the power system’s equilibrium.

“Power system stability is theiability of an electric powerisystem, for a given initial op-

eratingicondition, to regain a state of operatingiequilibrium after being subjected to a physi-

cal disturbance,iwith most of the system variables boundediso that practically the entire sys-

tem remains intact”. The disturbancesimentioned in the definition could be faults, load

changes,igenerator outages, line outages, voltageicollapse or some combination of these [8].iPower

system stability can be broadly classifiediinto rotor angle, voltage and frequency stability.

Each of these three stabilities can be furthericlassified into large disturbance or smallidisturbance,

short term or long term.iThe classification is depicted in Figure 2.1
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Figure 2.1: Classification of Power System Stability

2.2 Rotor Angle Stability

“It is the ability of thei system to remain in synchronismiwhen subjected to a disturbance”.

The rotoriangle of a generator depends on the balanceibetween the electromagneticitorque due

to the generatorielectrical power output andimechanical torque due toithe input mechanical

powerithrough a prime mover. Remainingiin synchronism means thatiall the generators elec-

tromagneticitorque is exactly equal toithe mechanical torque in theiopposite direction [17]. If

in aigenerator the balance betweenielectromagnetic and mechanicalitorque is disturbed, due

to disturbances inithe system, then this willilead to oscillations in the rotoriangle. Rotor

angle stabilityiis further classified into small disturbanceiangle stability and large disturbance

angle stability.

2.3 Frequency Stability

“It refers to the ability ofia power system to maintain steadyifrequency following a severe

disturbanceibetween generation and load”. It dependsion the ability to restoreiequilibrium

between systemigeneration and load, with minimumiloss of load. Frequencyiinstability may

lead toisustained frequency swings leadingito tripping of generating unitsior loads. During fre-
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quency excursions,ithe characteristic times of the processes and devicesithat are activated will

range fromifraction of seconds like under frequencyicontrol to several minutes,icorresponding

to the response ofidevices such as prime mover andihence frequency stabilityimay be a short-

term phenomenon or a long-termiphenomenon.

2.4 Voltage Stability

”It is the ability of the systemito maintain steady stateivoltages at all the system buses

whenisubjected to a disturbance. Ifithe disturbance isilarge then it is called as large-disturbance

voltageistability and if the disturbanceiis small it is called as small-disturbance voltage stabil-

ity”. In case voltage fluctuations occur due to fastiacting devices like induction motors, power

electronic drive, HVDC etc then the time frame for understandingithe stability is in the range

of 10-20 siand hence can be treated as short term phenomenoni On the other hand ifivoltage

variations are due toislow change in load, over loading of lines, generatorsihitting reactive

power limits, tap changingitransformers etc then time frame for voltage stabilityican stretch

from 1 minute to several minutes[9].iThe main difference between voltageistability and an-

gle stability is thativoltage stability depends on the balance ofireactive power demand and

generation in theisystem where as the angle stability mainlyidepends on the balance between

ireal power generation and demand.

Though, stability is classified into rotoriangle, voltage and frequency stabilityithey need

not be independentiisolated events. A voltage collapseiat a bus can lead to large excursionsiin

rotor angle and frequency.iSimilarly, large frequency deviations can leadito large changes in

voltage magnitude [17].

The rotor angle, voltageiand frequency stability of each part ofithe power system, such as

the prime moverigenerator rotor, generator stator, transformersitransmission lines, load, reg-

ulating equipmentiand safety systems, should be mathematicallyiinterpreted using suitable

measurement methods.iThe entire power structure can be representediby a series of Differen-

tial AlgebraiciEquations (DAE) that can be used to evaluateisystem stability.
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Chapter 3

Voltage Stability

3.1 Introduction

“Voltage stability can be definedias the ability of theisystem to retain system voltagesiwithin

acceptable limits when subjected toidisturbance”. If the disturbance is large then it isicalled

as large-disturbance voltageistability and if the disturbance is smalliit is called as small-

signalivoltage stability. Voltage stability canibe a local phenomenon where only aiparticular

bus or buses in aiparticular region have voltage stability issueiand this may not affect the

entire system.iVoltage stability can be a globaliphenomenon where many of the systemibuses

experience voltage stability problemsiwhich can also trigger angle stability problems and

henceican affect the entire system. Some ofithe voltage stability problems can start as ailocal

problem and escalate to global stabilityiproblem. Voltage stability may be classified intoitwo

categories. These are:

1. Large-disturbance Voltage Stability

2. Small-disturbance Voltage Stability

Large-disturbance Voltage Stability – It is concerned with a system stabilityito con-

trol voltages following a largeidisturbance such as system faults, loss ofiload, or loss of gen-

eration. For determinationiof this form of stability requires the examinationiof the dynamic

performanceiof the system over a period sufficientito capture of such devicesias under load tap

8



changingitransformers, generator field, and currentilimiters. Large disturbanceivoltage stud-

ies can be studied by using non-linearitime domain simulations whichiinclude proper modeling.

Small-Disturbances Voltage Stability – The operating state of aipower system is said

to have small disturbancesivoltage stability if the system hasismall disturbances, a voltage

near loadsidoes not change or remain closeito the pre-disturbance values. The conceptiof

small disturbance stability is related toisteady state and be analyzediusing a small-signal

model of the system.

Voltage stability of aisystem can be analyzed either by staticianalysis or dynamic analysis.

In staticianalysis the system is assumed toibe in steady state and henceiinstead of taking

the DAE of the system onlyialgebraic equations are considered. This type ofianalysis is

suitable for small disturbances inithe system [18]. For large disturbances the DAE areisolved

and the system response over a certainiperiod of time is observed. It is importantithat for

voltage stability the loads shouldibe properly modeled as each type ofiload will affect the

system voltage stabilityiin a different way. Similarly the tap changing transformers,ishunt or

series reactive powericompensators, generator reactive power limits,iline charging capacitance

should be includediin the system representation to getian accurate picture of voltage stability.

3.2 Definitions of Voltage Stability

In literature severalidefinitions of voltage stabilityiare found which are based on timeiframes,

system states, size ofidisturbance etc. During voltage instability,ia broad spectrum of phe-

nomenaiwill occur.

3.2.1 Definitions according to CIGRE

CIGRE defines voltage stability inia general way similar toiother dynamic stabilityiproblems.

According to CIGRE,

• A power system at a givenioperating state is small-disturbanceivoltage stable if, fol-

lowing anyismall disturbance; voltages near loadsiare identical or close toithe pre-

9



disturbance values.

• A power systemiat a given operating state and subjectito a given disturbance is volt-

ageistable if voltages near loads approachipost-disturbance equilibrium values.iThe dis-

turbed state is within theiregion of attraction of the stableipost-disturbance equilibrium.

• A power system undergoes voltageicollapse if the post-disturbance equilibriumivoltages

are below acceptable limits

3.2.2 Definitions according to Hills and Hiskens

Hill and Hiskens propose a definitioniwhich is divided into a staticiand dynamic part. For

the system to be stable,ithe static part of the following must be true.

• The voltagesimust be viable i.e. they must lie withinian acceptable band.

• The power system must be in aivoltage regular operatingipoint. A regular operat-

ing point impliesithat if reactive power is injectediinto the system or aivoltage source

increases its voltage,ia voltage increase is expectediin the network. For the dynamic

behaviouriof the phenomena the following are theiconcepts:

- Small disturbance voltage stability : A power system at aigiven operating state is small

disturbanceistable if following any small disturbance,iits voltages are identical to or

close to theiripre-disturbance equilibrium values.

- Large disturbance voltage stability : A power system at aigiven operating state and

subject to a givenilarge disturbance is large disturbanceivoltage stable if the voltages

approachipost-disturbance equilibrium values.

- Voltage collapse: A power system at a given operating stateiand subject to a given

large disturbanceiundergoes voltage collapse if it isivoltage unstable or the post distur-

banceiequilibrium values are nonviable

• A power system undergoes voltageicollapse if the post-disturbance equilibriumivoltages

are below acceptable limits
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3.2.3 Definitions according to IEEE

According to IEEE, the following formal definitions of terms related to voltage stability are

given:

• Voltage Stability is the ability of a system to maintain voltage so thatiwhen load ad-

mittance is increased, loadipower will increase, and so that both poweriand voltage are

controllable.

• Voltage Collapse is the processiby which voltage instabilityileads to loss of voltage in

aisignificant part of the system.

• Voltage Security is the ability of a system, not only to operate stably,ibut also to

remain stable (as farias the maintenance of systemivoltage is concerned) followingiany

reasonably credible contingencyior adverse system change.

3.3 Voltage Stability Analysis

Voltage stability analysis canibe divided into dynamic and static voltageistability analyses.

Both methodsiinvolve the examination of how far a system is toivoltage instability andithe

mechanism ofivoltage instability, i.e., how and why voltageiinstability arises, the keyifactors

contributing to instability, identificationiof voltage weak areas the network under study,iand

identifying the most effectiveimeasures of counteracting instabilityiand by extension improv-

ing voltage stability [13].

3.3.1 Static Analysis

In static analysis of voltageistability the snapshots of theientire system at different in-

stantsiis considered and at eachiinstant the system is assumed to beiin steady state that the

rates of changesiof the dynamic variables are zero. Hence, insteadiof considering all the dif-

ferentialialgebraic equations only algebraic power balance equationsiare considering assuming

that theisystem is in steady state [21]. Atieach instant whether the system is voltageistable

or not and also how far theisystem is from instability can beiassessed. There are two methods

foriassessing whether system is voltageistable or not. They are sensitivityianalysis and modal
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analysis.

It is however noted thatialthough voltage stability is aidynamic problem, much of the prob-

lemican be solved through staticianalysis since it yields mostiof the required informationiwith

regards to the voltage stability statusiof a system. Static analysis also takes lessicomputational

time and effort when comparedito dynamic analysis and henceieasier to carry out. Static volt-

ageistability analysis involves computation of ipower flower equations. Itiis basically taking

“snapshots” ofiprobable operating conditions which ican be used to validly point out ithe

mechanism of voltageicollapse for different operatingi conditions [19].

3.3.2 Dynamic Analysis

Dynamic voltage stabilityianalysis is based differential equationsiand deals with how bus

voltagesivary with changes in system operatingiparameters. It is useful in studying volt-

ageicollapse scenarios and understandingithe chronology of events that lead to voltageicollapse.

Dynamic voltage stability methodsiinclude small signal stability analysis,itime domain simu-

lations, bifurcationianalysis, and energy function method.

The voltage stability of aisystem can also be assessed by theitransient simulation over

aiperiod of time. The differential algebraiciequations of the system should be solvedithrough

numerical methods and theitransient simulation should be carriediout for few minutes to

completely observer theiinteraction of generators, static loads, dynamic loadsitap changing

transformer etc. The transientisimulation should be done for different faultiscenarios and

the systemibehaviour should beiobserved. If the system voltages are restoredito acceptable

values after fault clearing thenithe system is voltage stable ifinot the system is voltage un-

stable. Theisimulations needs to be done forifew minutes because the time constantiinvolved

can be very small like generatoriexciter or very large likeiinduction motors or tap chang-

ingitransformers [17]. For voltage stability assessment loadimodelling is important hence

bothistatic and dynamic loads should beimodelled. The reactive power compensating de-

vicesilike series or shunt capacitor andistatic VAr compensator should alsoibe included in the

system model.
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3.4 Generator Reactive Power Capability

Generator reactive power capability playsia crucial role in maintainingisystem voltage sta-

bility. CapabilityiCurve of Generator defines theiboundaries within which itican deliver reac-

tive power continuously withoutioverheating. Generator ratingiis specified in terms of MVA

and power factor at a particulariterminal voltage [23] . Active poweridelivered by generator

is only limited by the poweridelivering capability of turbine.iBut the reactive power which a

generator canideliver continuously without over heatingiis governed by three limits: Armature

Current LimitiField Current Limit and End Part Heating Limit.

Figure 3.1: Generator Capability Curves

Following pointsican be observed and notedifrom the capability curve:

1. Armatureiheating and field heating limitsiare shown by curve QRiand QT respectively.

Both theseicurve cut at point Qiwhich meansithe generator shall be operatediat this

point under lagging load condition.

2. End partiheating is shown by curveiRS for leading load condition.iIt shall be noted that

armatureiheating limit and end part heatingilimit curves cut each otheriat point R. This

point is theipoint of operation of generatoriunder leading load condition.

3. Generator operation shallialways be confined within the capabilityicurve at all the time
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else itimay damage due to overheating.

4. Capability Curve isisupplied by the manufacturer and worksias a guideline for opera-

toriof generator.

5. Capability Curve is alliabout heating of different parts. This meansithat if the cooling

of machineiis increased then the limitsiof generator operation willialso increase. This

meansithe individual limits will increaseiand the operation boundaryiwill broaden.

It is well known that generators have maximum and minimum real power capabilities.iIn

addition, they also have maximum and minimumireactive power capabilities. Theimaximum

reactive power capabilityicorresponds to the maximum reactive powerithat the generator

mayiproduce when operating with ailagging power factor[13]. The minimum reactiveipower

capability corresponds to the maximumireactive power the generator mayiabsorb when oper-

ating with a leadingipower factor. These limitations are a functioniof the real power output of

the generator, that isias the real power increases, the reactiveipower limitations move closer

to zero.

3.5 Causes of Voltage Instability

Voltage instability phenomena are theiones in which the receiving endivoltage decreases well

below its normalivalue and does not come back even afterisetting restoring mechanisms suchias

VAR compensators, or continues to oscillate forilack of damping against the disturbances.

Voltage icollapse is the process by which the voltageifalls to a low, unacceptable value asia

result of an avalanche of events accompanyingivoltage instability [12]. Once associated with

weakisystems and long lines, voltageiproblems are now also a source of concern inihighly

developed networks as a result of heavieriloading. There are three main causes of voltage

instability:

1. Load dynamics: Loads are the drivingiforce of voltage instability. Load dynamics are

dueito the following devices:

• Load tap changingi(LTC) transformer role is to keep the loadiside voltage in a de-

fined band near theirated voltage by changing the ratioiof transformer. As most of

14



theiloads are voltage dependent,ia disturbance causing a voltage decrease at a load

busiwill cause a decrease in the powericonsumption [14]. Thisitends to favor stabil-

ity. However, the LTCiwill then begin to restore the voltage byichanging the ratio

step by step with aipredefined timing. Theiincrease in voltage will beiaccompanied

by an increase in the poweridemand which will further weakenithe power system

stability.

• Thermostat willicontrol the electrical heating.iThe thermostat acts by regularly

switching the heatingiresistance on and off[18]. In theicase of a voltage decrease,

the powericonsumption, hence the heatingipower, will be reduced. Therefore,ithe

thermostat will tend to supply the loadiduring a longer time interval.iThe aggre-

gated response of a huge groupiof this kind of loads is seen as a restorationiof the

power, comparableito the one of the LTC.

• Induction motors have dynamicicharacteristics with short time constants. Restora-

tion processioccurs following voltageireduction because the motor must continueito

supply a mechanical load with a torqueimore or less constant [14].

2. Transmission system: Each transmissionielement, line or transformer, has a limiteditransfer

capability. It is dependention several factors:

• The impedance of theitransmission element.

• The power factor of the load.

• The presence of voltageicontrolled sources (generatorsior Static Var Compensator-

SVC) at one or bothiextremities of the element and ithe voltage set point of these

sources [15].

• The presence of reactiveicompensation devices (mechanicallyiswitched capacitors

or reactors).

3. Generation system: When the powerisystem flows increase, the transmissionisystem

consumes more reactive power. Theigenerators must increase their reactiveipower out-

put. Operating pointiof generator can be found fromiit’s capability curve. But dueito
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over-excitation limiter (OEL)iand stator current limiter (SCL), voltageican’t be con-

trolled after these limiters are activated [15].

3.6 Tools for Voltage Stability Analysis

Different methods exist in theiliterature for carrying out a steadyistate voltage stability anal-

ysis.iThe conventional methods [20] can be broadlyiclassified into the following types:

1. P-V curve method

2. Q-V curve method

3. Modal analysis

4. Continuation power flow (CPF) method

3.6.1 P-V Curve Method

In voltage stability analysis,irelation between power transfer to the load and voltage of the

load bus is not weak.iVariation in power transferifrom one bus to another bus effects theibus

voltages [19]. This can be studied using P-Vicurve. For a network, load buses (PQ buses)

are identified toiplot the P-V curves. The load model is taken asiconstant real power which

is represented by Equation P = P0(1 + λKL) Where P0 is the base caseiload real power, λ

isiloading factor and KL isithe load increment factor. The power-flowisolution of the system

is taken as a base case.iSteps in P-V curve analysis:

1. Select a load bus, vary theiload real power using loadingifactor λ and load increment

factor KL.iKeep the power factor as constant.

2. Compute the poweriflow solution for the present loadicondition and record the voltage

ofithe load bus.

3. Increase the loading factoriby small amount and repeat istep 2 until power flow doesinot

have convergence.

4. P-V curve is plotted using theicalculated load bus voltagesifor increased load values.
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5. Real power margin isicomputed by subtracting theibase load value from maximum load

value atiwhich voltage collapse occurs.

Figure 3.2: PV Curve

In P-V curve shown in Figure 3.2,ithere are three regions relatedito real power load P.iIn

the first region up to loadability limit, poweriflow equation has two solutions for each P

of whichione is stable voltage and other is unstableivoltage. If load is increased, two solu-

tions willicoalesce and P is maximum.iIf load is furtheriincreased, power flow equationidoesn’t

haveia solution. Voltage corresponding to “maximumiloading point” is called asicritical volt-

age.

3.6.2 Q-V Curve Method

The V-Q curves, gives reactiveipower margin. It shows the reactiveipower injection or ab-

sorption for variousischeduled voltages.iIf reactive power loadiis scheduled instead of voltages

Q-V curvesiare produced. Q-V curves are a more generalimethod of assessing voltage stability.

Manyiutilities uses Q-V curves to determineithe proximity to voltage collapse andito estab-

lish system design criteriaibased on Q and V margins [21]. Q-V curvesican be used to check

whether the voltageistability of the system can beimaintained or not and to takeisuitable

control actions. A typical V-Q curveiis shown in figure 3.3.

Near the collapse pointvof Q-V curve, sensitivities get very large andithen reverse sign.

Also, it can be seen that the curveishows two possible values of voltage for theisame value of
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Figure 3.3: QV Curve

power. The power systemioperated at lower voltage value wouldirequire very high current to

produce the power.iThat is why the bottom portion of the curve isiclassified as an unstable

region and system can’t beioperated in this region. Constant reactive power loadimodel is

selected and represented by the following Equation: Q = Q0(1 + λKL)

WhereQ0 is the base case loadireactive power, λ isiloading factor andKL is the loadiincrement

factor. The power flowisolution of the system is takenias a base case. Steps iniQ-V curve

analysis:

1. Select a load bus, varyithe load reactive power using loadidemand factor λ and load

incrementifactor KL. Keep the realipower of load as constant.

2. The reactive power outputiof each generator should be allowed to adjust.

3. Compute the power flow solutionifor the present load conditioniand record the voltage

of the load bus.

4. Increase the load demand factoriλ by small amountiand repeat step 3 untilipower flow

does not have convergence.

5. Q-V curve is plotted usingithe calculated load bus voltagesifor increased load values.

6. Reactive power margin is computediby subtracting the baseiload value from maximum

load valueiat which voltage collapse occurs.
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3.6.3 Disadvantages of P-V curves and Q-V curves

Though both methods are widelyiused as index to find the proximityito voltage collapse,

butithey have few disadvantages.

• In both methods, at a time only oneibus is considered foriload variation. As there is

noiinformation about critical buses,ipower flow studies are to be doneifor many buses

which takes so much time.

• As the loading on the systemiapproaches critical point,iconvergence problem occurs in

solvingithe power flow equation.

• These methods doesn’t give usefuliinformation about the causes of voltage instability.

3.6.4 Modal Analysis

Using Modal analysis proposed byiGao, Morrison and Kundur in 1992 [17], the reac-

tiveipower margin and voltage instability contributing factors areicalculated. Modal anal-

ysis depends on poweriflow Jacobian matrix [21]. Real power is kepticonstant and reduced

Jacobian matrix JR ofithe system is icalculated. The matrix JR representsithe linearized

relationship between the incremental changes in bus voltage (∆V ) and the bus reactive

poweriinjection (∆Q). If the minimum eigenvalueiof JR is greater than zero, the system

isivoltage stable. Using the left and rightieigenvectors corresponding to critical mode,ibus

participation factors can be calculated.iBranch participation factors areicalculated from lin-

earized reactive power loss.iBuses and Branches with large participationifactors are identified

as critical buses [21].

3.6.5 Continuation Power Flow (CPF) Method

Continuation power flow (CPF) method proposed by Venkataramana Ajjarapu [10] is used

for findingithe continuous power flow isolutions starting from base load condition to isteady

state voltage stability limit.iThe main difference between CPF andiconventional power flow

method can be observed as theioperating point approaches critical point.iIn conventional

power flow as the operatingipoint comes close to critical point, poweriflow will not con-
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verge. In CPFimethod, divergence problem doesn’tiarise and it uses predictor-corrector pro-

cessito find the next operating point. As the criticalipoint is approached, loading factor λ

reachesimaximum and starts decreasing. The tangenticomponent corresponding to λ is zeroiat

critical point and becomes negative after that.iFrom the tangent vector, informationiabout

weak buses can be obtained.

Figure 3.4: CPF Curve

The CPF algorithm overcomes theiJacobian singularity problemiby reformulating the

power flow problem with locallyiparametrized continuationitechniques [10]. The power flow

problem can beirepresented by a set of nonlinear equation:i(x) = 0 where x = [δ, V ]T . The

continuationipower flow introduces a load parameter, λ to track the solution of the nonlinear

equations.iThe base case has λ = 0. The parameterized power flowinonlinear equations can

be written as: (x, λ) = 0. The reformulated power balanceiequations at a bus k are:

∆Pk = PGK(λ)− PLK(λ)− PK (3.1)

∆Qk = QGK(λ)−QLK(λ)−QK (3.2)

where,

Pk = |Vk|
∑n

j=1 YKJ |Vj|cos(δK − δJ − θKJ)

Qk = |Vk|
∑n

j=1 YKJ |Vj|sin(δK − δJ − θKJ)
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The modified load andigeneration at bus k are:

PL(λ) = PLK0[1 + λKLK ] (3.3)

QL(λ) = QLK0[1 + λKLK ] (3.4)

PG(λ) = PGK0[1 + λKGK ] (3.5)

The tangent vector is calculated from x = [Fδ, FV, Fλ]T = 0. Fδ, FV, Fλ are partial

derivatives of (δ, V, λ) with respect to δ, V and λ. The [Fδ, FV ] is nothing butithe original

Jacobian matrix [10]. The tangent vector has toibe normalized in order to guaranteeithe non-

singularity of the augmentediJacobian. Therefore, the augmentediJacobian should satisfy:

Fδ FV Fλ

ek

[t] =

 0

+1

 (3.6)

where ek is a row vector iniwhich the kth elementiis the only non-zero element. And

theiaugmented Jacobian is defined as: Jaug =

Fδ FV Fλ

ek

 After the tangentivector is

obtained, the predictedisolution for iteration i is given by:


δkpredict

V k
predict

λkpredict

 =


δk−1

V k−1

λk−1

+ σ


dδk−1

dV k−1

dλk−1

 (3.7)

where σ is the designated stepisize. The index k and theistep size should be chosen appro-

priately. The correctorithen is calculated by:


∆δk

∆V k

∆λk

 = −J−1
aug

∆fk

0

 (3.8)
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The solution after the corrector process is given by:


δk

V k

λk

 =


δkpredict

V k
predict

λkpredict

+


∆δk

∆V k

∆λk

 (3.9)

After we get theitangent vector, we need to verify whetherithe system has reached the critical

point.iThe sign of the product dV/dλiprovides the information related to the criticalipoint

(dX = 0 corresponds to the critical point.iIf the sign of the product dV/dλ isipositive then

the critical pointihas been passed).
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3.6.6 Comparison of Different Methods

Table 3.1: Comparison of Different Methods of Voltage Stability Analysis

Method Features Advantages Limitations

PV and
QV curves

Plots denoting loadibus
voltage magnitudesifor
power increased in a
particular PQ bus.iThe
stability criterion is
the ’distance’ be-
tweenithe current
operating point and
the extremes oficurves

Gives a quantita-
tiveimeasurement of the
proximity to voltage
collapse. QVicurves
give the reactive power
injection/absorptionifor
scheduled voltages,
which is useful inisizing
of shunt capacitors.

Ailarge system would re-
quire a lot of compu-
tationalieffort. Conver-
gence problemsioccur as
loading on the system ap-
proaches theivoltage col-
lapse point. No informa-
tion about the causes of
voltage instability

CPF It is a technique usedifor
tracing the whole of
a PV curve byifinding
the next stable operat-
ing point foria given load
or load change scenario.
Itiutilizes the predictor-
corrector method

Overcomes convergence
problemsithat arise with
the useiof PV and QV
curves; hence, one can
determineicritical points
of where voltage col-
lapseioccurs accurately

Does not give informa-
tioniabout the causes
of voltage instabil-
ity.Busispecific, which
makes it computation-
allyiintensive and time
consuming.

Sensitivity
Analysis

Based on the sensitiv-
ityimatrix derived from
load flow. The sensi-
tivity parametersiare de-
termined by the relation-
ship betweenistate con-
trol variables

Provides a good judge
onithe voltage stabil-
ity status of a sys-
tem.Identifies voltage
weakibuses in a system

The linearicharacteristics
of the sensitivity index
are not goodiespecially
for complex power sys-
tems; hence, it can-
notiaccurately reflect the
critical state of a system.

Modal
Anaysis

It involves computing the
smallestieigenvalues and
associated eigenvectors
of the reducediJacobian
matrix obtained from
theiload flow. The eigen-
values andieigenvectors
are used toicalculate par-
ticipation factorsiwhich
identify the cause of
instability

Gives informa-
tioniregarding the
voltage stabilityistatus
from both perspective,
proximity to voltage
collapseiand mechanism
of instability. Identi-
fiesiload regions most
susceptible to volt-
ageiinstability, weak
buses and criticalilinks
in the network.

Eigenvalues do not pro-
videian absolute measure
of the proximity to volt-
age collapse.
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Chapter 4

Voltage Stability Indices

4.1 What is Voltage Stability Index ??

Voltage stability index is aiscalar magnitude thatipredicts proximity to voltage instability in

assessmentiof voltage stability of power system. Voltageistability indices are used to assess

the currentiactivity of a power grid, forecast potentialiimprovements in the system’s nature,

andiassess a long-termigrowth pattern under certainiconditions. They’re useful for calculat-

ingihow close a given operating point is toithe voltage failure point. These indices areiplain,

easy to use, and cost little toicompute. On-line and off-line experimentsiwill also benefit from

voltage stability indices [21].iVoltage stability indices are scalar variablesithat can be used

to calculate the differenceibetween the current operating point and theivoltage instability

point as a function oficomponents, for example, in the nodal admittanceimatrix, power flow

is represented by voltageimagnitudes or angles. Voltage stabilityiindices, on the other hand,

allow for theidetection of critical lines and nodes, asiwell as the definition of criticaliareas of

voltage stability in order to takeicorrective steps. Because of theigrowing usage of measuring

instrumentsiin PES, such as PMUs, it is now possibleito use actual measurements obtained

fromithe PES to apply voltage stability indices using online measurementsifor real-time mon-

itoring system.
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Thevenin parameters, on theiother hand, must be estimated from measurementsicollected

over a time window large enough forioperating conditionsito adjust but small enough to fulfil

theicondition of no device disruption. Unfortunately,ithis situation can never be mitigated [7].

Sinceithe thevenin equivalence specificationsiare difficult to track, some researchersisuggested

alternative on-line voltageistability assessment indices and methods thatido not require the

detection of theveniniequivalence parameters. Any of theseiindices are dependent on local

transmissioniline phasor measurements.

4.2 L-Index

One of the most popular indices which do notidepend on a thevenin equivalent and is

well suited for onlineiapplications is the L-index [1]. It is simple and canieasily be calcu-

lated from normaliload flow data. Hence, for online monitoringiand simplified calculation

L-index isiderived as voltage stability indicator, whichiranges from 0 to 1 as discussed earlier.

Theimain problem with the voltage instabilityioccurred due to the either lack of theireactive

power injection in theisystem or reactive power absorption by the loadiwhich can not be sat-

isfied byithe generator of particular system [25]. iSo, we can say that dynamiciload connected

to the particulariload bus is the main problemiwith the instability of the power system.

4.2.1 Derivation

L-index can be derived viaisimple two bus system which consistsiof one generator bus and

one load busiwith suitable line impedance [1].iThe starting point forithe subsequent analysis

is theiline model which can be conceivedias the simplest power system and which canialso be

treated analytically.

It is given by figureiwhereby node 1 is assumed to supply theiload whose voltage behavior

is of interest and whereinode 2 is a generator node. The properties of nodei1 can be described

in terms of the admittanceimatrix of the system as below:

Y11V1 + Y12V2 = I1 = S1/V1 (4.1)
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Figure 4.1: Two Bus Line Model

Y11V1V
′

1 + Y12V2V
′

1 = S1 (4.2)

V 2
1 + V0V

′
1 = S1/Y11 = a1 + jb1 (4.3)

From the above equations we caniderive equation which can represent circleidiagram with

its axis as reactive power andiactive power where circle diameter changesiwith the changes

of its per unit value [24].iPower circle formula can be modify to find thi voltage stability

index needed forithe power system in terms of the apparent power oriin terms of voltage and

impedances of the lineiin between the buses, which are as follows:

|S1 − Y11V
2

1 | = V0V1Y11 (4.4)

L = |S1/(Y11 + V12)| = |1 + (V0/V1)| (4.5)

Equation (4.5) gave L-index whoseirange iss from 0 to 1, but this equation valid only

foritwo bus linear model, to make this equation valid for n-bus system,iits is modified to

include all the parameterineeded like total number of generator busiin the system and total

number ofiload bus in the n-bus system to makeisure voltage stability index that was calcu-

lated givesibetter result than previous voltageistability index which was calculatediwith the

help of load flow analysis ofithe power system. L-index for n-busisystem given as follows:

Lj = |Sj/(Yjj + V 2
j )| = |1 + (V0j/Vj)| (4.6)
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L = MAXj∈αL

∣∣∣∣1−
∑

i∈αG
FjiVi

Vj

∣∣∣∣ (4.7)

In equation (4.7), Fji can be derived fromiH matrix of the output of the load flow analysis

of the power system,iwhich vary with the load on the busias well the bus itself. Whereby αL

isithe set of consumer nodes and αG isithe set of generator nodes. Thus the importantioutcome

of the presented theory is L ≤ 1ifor system stability.

4.3 P-Index

4.3.1 Introduction

With the advancement in phasor measurement technology, simplifying the entire net-

workito a thevenin equivalent became very common.iFor stability analysis, thevenin equivalent

isiconsidered to be very simple and straightforward,imaking it ideal for use in real-timeipower

system monitoring. While the thevenin counterpartihas received a lot of publicity, it is not

withoutiits challenges. It is difficultito monitor the Thevenin equivalence parametersiusing

real-time measurements [22]. Atileast two measurement setsi(snapshots) of local voltage and

currentiphasors are needed to compute the theveniniequivalence parameters.iThevenin param-

eters, on the other hand, must be estimated fromimeasurements collected over a timeiwindow

large enough for operating conditionsito adjust but small enough to fulfil theicondition of no

device disruption.iRegrettably, this situation can neveribe remedied.

Since the thevenin equivalenceiparameters are difficult to track, someiresearchers sug-

gested alternative on-lineivoltage stability assessment indicesiand methods that do not re-

quire theidetection of thevenin equivalence parameters. Any ofithese indices are dependent

on local transmissioniline phasor measurements. One of the mostipopular indices which do

not depend on a theveniniequivalent and is well suited forionline applications is the P-index
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4.3.2 Derivation

A simple radial system [7] is used at firstito explain the concept behind the proposed

indicator. Considerithe two bus system shown in figure 4.2 whereithe load at bus 2 is PL+jQL

andithe voltage magnitude is V.

Figure 4.2: Two Bus System

Load admittance is GL − jBL,where,

GL = PL/V
2 BL = QL/V

2 (4.8)

The active power increment and subsequently admittance and voltage can be written as:

∆PL = (V + ∆V )2(GL + ∆GL)V 2GL

= (V + ∆V )2∆GL + (2V + ∆V )GL

(4.9)

The voltage stability index this paperiproposes is based on the ratioiof the two terms in

4.9, i.e. the ratio of powerilost to power gained,

P − index = −(2V + ∆V )GL)

(V + ∆V )2
∗ ∆V

∆GL

(4.10)

In the limiting case as ∆GL,∆V → 0, then,

P − index = −2GL

V
∗ dV

dGL

(4.11)

dV

dGL

=
dV

dPL
∗ dPL
dGL

(4.12)
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Then,by using PL = V 2GL one may write,

dPL = V 2dGL + 2V GL (4.13)

or differentiating w.r.t. GL,we get:

dPL
dGL

= V 2 + 2V GL
dV

dGL

(4.14)

Substituting this value in equation 4.12

dV

dGL

=
dV

dPL
(V 2 + 2V GL

dV

dGL

) (4.15)

The equation 4.15 after manipulations can be expressed as:

dV

dGL

=
V 2dV
dPL

1− 2V GL
dV
dPL

(4.16)

Substituting this value in P-index defined in 4.11,

P − index =
−2V GL

dV
dPL

1− 2V GL
dV
dPL

(4.17)

In terms of active power,

P − index =
−2PL

V
dV
dPL

1− 2PL

V
dV
dPL

(4.18)

To calculate P-index for any load bus j of n-bus system, P-index can be given as:

P − index =
−2

PLj

Vj

dVj
dPLj

1− 2
PLj

Vj

dVj
dPLj

(4.19)

It is necessary to findithe value of dVj/dPLj.iThis can be calculated from the system Jaco-

bian matrix.iIf the inverse Jacobian matrix equations areidefined as follows (where ∆PL,∆QLiare

net bus increments):
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∆δ

∆V

 =

H,N
J, L


∆PL

∆QL

 (4.20)

We may write, for load bus j:

∆Vj =
∑
i∈L,G

jji∆PLi +
∑
i∈L

lji∆QLi (4.21)

or

∆Vj
∆PV j

→ dPLj
dVj

=
∑
i∈L,G

jjiαji +
∑
i∈L

ljiαjiβi (4.22)

Where,

αji = ∆PLi

∆PLj
= PLi

PLj

βji = ∆QLi

∆PLi
= QLi

PLi
= tanφi,where φi is the power factor angle of the load at bus i

4.4 Proposed Voltage Stability: Q-Index

4.4.1 Voltage and Reactive Power Relation

Voltage control and reactive-powerimanagement are two aspectsiof a single activity that

both supports reliabilityiand facilitates commercial transactions acrossitransmission networks.

Transmissioniline impedances also make it necessaryito provide reactive power to main-

tainivoltage levels necessary for active powerito flow through [24]. Thereforeireactive power is

essential to move active powerithrough transmission and distributionisystems to the customer.

However if reactive poweriin a system is too high, there is increased heat lossiin transmis-

sion lines and loads as the currentiflowing through the system is much higher, creating a po-

tentiallyihazardous breakdown situation[25]. The powerifactor of a load tells us whatifraction

of the apparent power is inithe form of real power and performs actual worki A high power fac-

tor is desirable since itiminimizes the amount of reactive powerineeded by the load, reducing

heat losses andimaximizing efficiency. On an alternating-currenti(AC) power system,ivoltage
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is controlled byimanaging production and absorption of reactiveipower. There are three rea-

sons [26]iwhy it is necessary to manage reactive power and control voltage.

• First, both customer and power-system equipment are designed to operate within airange

of voltages, usually within ±5%iof the nominal voltage.iAt low voltages, many types

of equipmentiperform poorly; light bulbs provide lessiillumination, induction motors

canioverheat and be damaged, and some electronic equipmentiwill not operate at. High

voltages canidamage equipment and shorten their lifetimes.

• Second,ireactive power consumes transmission andigeneration resources. To maximize

the amountiof real power that canibe transferrediacross a congested transmissioniinterface,

reactive-power flows must bi minimized. Similarly, reactive-poweriproduction can limit

a generator’sireal-power capability.

• Third, moving reactive power on the transmissionisystem incurs real-power losses. Both

capacity and energy must be supplied to compensate these losses.

4.4.2 Derivation

The derivation of Q-index is more of modification of P-index discussed in section 4.3.2.

The only difference is that here reactive power is taken into consideration instead of active

power. The final equation obtained after this evaluation is called Q-index.

A simple radialisystem is used at first to explainithe concept behind the proposediindicator.

Consider the two bus system shown in figure 4.2 where the loadiat bus 2 is PL + jQL andithe

voltage magnitude is V.

Load admittance is GL − jBL,where,

GL = PL/V
2 BL = QL/V

2 (4.23)

The reactive power incrementiand subsequently admittance and voltageican be written as:

∆QL = (V + ∆V )2(BL + ∆BL)V 2BL

= (V + ∆V )2∆BL + (2V + ∆V )BL

(4.24)
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Figure 4.3: Two Bus System

The voltage stabilityiindex this paper proposes is based on the ratioiof the two terms in

4.24, i.e. the ratio of powerilost to power gained,

Q− index = −(2V + ∆V )BL)

(V + ∆V )2
∗ ∆V

∆BL

(4.25)

In the limiting case as ∆BL,∆V → 0, then,

Q− index = −2BL

V
∗ dV

dBL

(4.26)

dV

dBL

=
dV

dGL

∗ dPL
dBL

(4.27)

Then,by using QL = V 2BL one may write,

dQL = V 2dBL + 2V BL (4.28)

or differentiating w.r.t. BL,we get:

dQL

dBL

= V 2 + 2V BL
dV

dBL

(4.29)

Substituting this value in equation 4.12

dV

dBL

=
dV

dQL

(V 2 + 2V BL
dV

dBL

) (4.30)

The equation 4.30 after manipulations can be expressed as:
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dV

dBL

=

V 2dV
dQL

1− 2V BL
dV
dQL

(4.31)

Substituting this value in Q-index defined in 4.26,

Q− index =
−2V BL

dV
dQL

1− 2V BL
dV
dQL

(4.32)

In terms of reactive power,

Q− index =
−2QL

V
dV
dQL

1− 2QL

V
dV
dQL

(4.33)

To calculate Q-index for any load bus j of n-bus system, Q-index can be given as:

Q− index =
−2

QLj

Vj

dVj
dQLj

1− 2
QLj

Vj

dVj
dQLj

(4.34)

It is necessary to findithe value of dVj/dPLj.iThis can be calculated from the system

Jacobianimatrix. If the inverse Jacobian matrix equationsiare defined as follows (where

∆PL, i∆QL are net bus increments):

∆δ

∆V

 =

H,N
J, L


∆PL

∆QL

 (4.35)

We may write, for load bus j:

∆Vj =
∑
i∈L,G

jji∆PLi +
∑
i∈L

lji∆QLi (4.36)

or

∆Vj
∆QV j

→ dQLj

dVj
=
∑
i∈L,G

jjiαji +
∑
i∈L

ljiαjiβi (4.37)

Where,

βji = ∆QLi

∆QLj
= QLi

QLj

αji = ∆PLi

∆QLi
= PLi

QLi
= tanφi,where φi is the power factor angle of the load at bus i
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Chapter 5

Results and Discussion

5.1 Two Bus System Results

The two bus system shown in Figure 4.2 with E = 1.0 p.u.,iZ = 0.01 + j0.2 p.u., and a

load power factor of 0.8, lagging is considered.

Figure 5.1: Two Bus System
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Table 5.1: Comparing Values of P-index and
L-index for Two bus System

Active
Power
Loading

P-index L-index

0.1 0.0423 0.219

0.2 0.0883 0.2231

0.3 0.1386 0.2297

0.4 0.1938 0.2387

0.5 0.2546 0.2498

0.6 0.3219 0.2627

0.7 0.3969 0.2771

0.8 0.4808 0.2928

0.9 0.5755 0.3097

1.0 0.6832 0.3275

1.1 0.8066 0.3461

1.2 0.9496 0.3653

1.3 1.1171 0.3851

1.4 1.3161 0.4053

1.5 1.5564 0.4259

1.6 1.8524 0.4469

1.7 2.2259 0.4681

1.8 2.7119 0.4895

1.9 3.3703 0.5111

2 4.3127 0.5329

Table 5.2: Q-index Values

Reactive
Power
Loading

Q-index

0.1 -0.0163

0.2 0.0163

0.3 0.0155

0.4 0.0833

0.5 0.1281

0.6 0.1708

0.7 0.2168

0.8 0.2655

0.9 0.3202

1.0 0.3785

1.1 0.4419

1.2 0.5112

1.3 0.5873

1.4 0.6710

1.5 0.7635

1.6 0.8664

1.7 0.9812

1.8 1.1102

1.9 1.2561

2 1.4220
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Figure 5.2: Comparison of Different Indices for Two bus system

Figure 5.3: Comparison of Different Indices for Two Bus System
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5.2 IEEE 14 bus System Results

Performance of P-index, L-index and Q-index is carried outifor the IEEE 14 bus test system

regarding to power flow solution. Figure 5.4 shows the single line diagram of the IEEE 14

bus test system [22]. Complete data for this test system is given in [29].

Results of P-index, L-index and Q-index at base loading condition is shown in table 5.3.

According to obtainediresults, all three P-index, L-index and Q-index indicates that the bus

number 14 is the weakesti bus in context with statici voltage stability of the system.

Figure 5.4: Single Line Diagram of IEEE 14 Bus system
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Table 5.3: Values of Indices for Loas Buses of IEEE 14 Bus System

Bus No. P-index L-index Q-index

4 0.0990 0.0630 0.1676

5 0.0831 0.0433 0.1615

7 0.0643 0.0771 0.1080

9 0.0775 0.1403 0.1257

10 0.0914 0.1373 0.1420

11 0.0894 0.0767 0.1487

12 0.1131 0.0475 0.1578

13 0.1262 0.0580 0.1958

14 0.1486 0.1117 0.2423

Figure 5.5: Comparison of Different Indices for IEEE 14 bus System
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5.3 Results of Generator Reactive Limits for IEEE Bus

System

5.3.1 Weakest Buses

Figure 5.6: Bus 14- Without Generator
Q-Limits

Figure 5.7: Bus 14- With Generator Q-
Limits

Figure 5.8: Bus 9- Without Generator Q-
Limits

Figure 5.9: Bus 9- With Generator Q-
Limits
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5.3.2 Strongest Buses

Figure 5.10: Bus 12- Without Generator
Q-Limits

Figure 5.11: Bus 12- With Generator Q-
Limits

Figure 5.12: Bus 13-Without Generator
Q-Limits

Figure 5.13: Bus 13- With Generator Q-
Limits

When the generator fieldiand armature currentilimiters are activated, theivoltage depen-

dency of generatorireactive power increases.iAlso the operation of over exciterilimiter causes

restrictedisupply of generatorireactive power.iThe bus voltages remain withinilimit even when

mosticritical line is out of circuit.iBut for this to happen, maximumiloadability of the system

has to beisacrificed to some extent. Thereforeian operating point will beimore voltage stable
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on the V-Picurve under blocked operationiof overexcited limiters.iThe end result is that the

systemimoves closer to voltageiinstability when reactive power limitiof generator is activated.

The generators adjustithe reactive poweriwithin limits by changing theibus voltage. From

the resultsicited above it is imperative thatiby enforcing the generatorireactive power lim-

its the voltages ofithe load buses are maintainediwell within limits whileisacrificing system

maximum loadability.
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Conclusion

From the literature,iwe can saw that many indicesihave been proposed earlier butithey suf-

fered from accuracy probleminear voltage stabilityilimit, high computationalicost and complex

structure dueito dynamic nature. The Q-index is robust in a sense that it doesn’t requireiany

extension moving from two bus to multibusi system. the Q-index is also foundito be more

accurate and isuperior in estimating theidistance to collapse. Withithe help of Q-index the

speed of theicalculation is fast as compare to theiother indices. The index is robustiin a sense

that it doesn’t requireiany extension moving from twoibus to multi bus system.iabd was also

found to be superior iniestimating the distanceito collapse.
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