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January 2010
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Continuation Power Flow (CPF) analysis is developed to overcome singularity

problem of Jacobian matrix of power flow analysis. This analysis is done by

rcforuiulut.iug the power flow cquatious so tliat they remain well-conditioned at all

possible loading conditions. This allows the solution of the power flow problem for

both stable and unstable equilibrium points. However, its effectiveness and

efficiency are still in question 8S it needs many continuation steps to solve each

problem. This situation will delay the process of corrector in the system. The CPF

algorithm has also been found to fail for a system which has a very sharp turning

point for the solution curve which can drag \ he svst ern to have convergence

problem. The step cutting technique that is used to improve convergence can lead

t.o slightly incorrect results in the case of sharp turning point.

III order to provide cOlltilluity of the power Ilow ill both stu blc and unstable

situations. the numerical method chosen in the analvsis should be able lo provide
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predictor and corrector values with minimal computational effort. Therefore, the

aim of this work is to introduce new algorithms that can ensure the continuous

power flow eliminate the convergence problem for all power systems regardless of

the size of the system and improve the existing CPF. This research will focus on

static voltage stability analysis where voltage collapse is explained as static

bifurcation phenomenon. Three algorithms, which are based on Krylov Subspace

method, have been developed in order to overcome the drawbacks of the existing

CPF. These developed algorithms are tested on 14, 118 and 300 IEEE bus

systems. Furthermore, the real data with 293 buses and 595 lines is used as a

practical system for verification of the new algorithms

The results show that these new algorithms are able to eliminate the convergence

problem faced by the existing CPF algorithm. For IEEE 300 bus system, the

iteration has been reduced from 36 to 34 iterations. The CPU time ratio in

performing the analysis has also been reduced between three to twenty percent.

These new algorithms are also able to produce more reliable results compared to

the existing CPF method.
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PENGGUNAAN KAEDAH-KAEDAH SUB-RUANG KRYLOV BAGI
MENYELESAIKAN MASAALAHALIRAN KUASA BERTERUSAN

DI DALAM ANALISA KESTABILAN VOLTAN BAGI SISTEM
KUASA

Oleh

JASRONITA JASNI

Januari, 2010

Chair: Hashirn Hizarn, PhD

Faculty: Faculty of Engineering

Analisis aliran kuasa berterusan t elah dibangunkan untuk mengatasi masalah

keadaan tunggal yang dihadapi oleh matriks Jacobian di dalam analisa aliran

kuasa. Analisa terse but dilakukan dcngan perumusan scmula persarnaan aliran

kuasa supaya aliran kuasa tersebut berada dalam keadaan baik pada sernua

keadaan bebanan yang rnungkin. lni iuembenarkan penyelesaian niasalah aliran

kuasa untuk kedua-dua tit.ik keseimbangan iaitu st abil clan tidak stabil.

Wolaubagaimanapun, kebcrkesanan clan kecekapan CPF ini masih diragui kerana

memerlukan langkah berterusan yang banyak untuk menyelesaikan setiap niasalah.

Situasi ini akau melengahkan proses pembet.ul eli dalam sistem tersebut. Algorit.ma

cpr juga didapati gagal mcmberikan penyelcsaian yang Icngkap unt.uk sistcm

yang mempunyai titik lengkuk yang tajam pada lengkungan pem'elesaian eli mana

uoleh menghasilkan rnasalah pcnllmpunn. Tckllik pcmotongan langkah yang

digunakan uutllk membaiki penllmpUEln juga boleh menjurlls kcpada keputusan
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yang tidak tepat di dalam kes titik lengkuk t.ajarn. PERPUSTAKAAN KEJURUTERAAN DAN S£NIBIHA
U~IVERSIlI PUTRA MALAYSIA

Untuk menyediakan keterusan pada ali ran kuasa dalam keadaan stabil clan tidak

stahl, kaedah berangka yang dipilih eli dalam analisa henelaklah berupaya

menyediakan nilai peramal clan pembet.ul clengan kaedah pengiraan yang minimal.

Oleh yang demikian, niatlamat ut.arna kerja ini adalah untuk memperkenalkan

algoritma baru yang dapat memastikan aliran kuasa bert erusan yang dapat

menghapuskan masalah pencapahan bagi semua sistem kuasa tidak kira kecil at au

besar clan mernperbaiki kaedah sedia ada. Kajian ini akan memfokus dalam analisa

kestabilan voltan statik eli mana kejat.uhan volt an diterangkan sebagai fenomena

statik elwiwujuclan. Tiga algoritma berdasarkan kaedah Sub-ruang Krylov telah

elibangunkan untuk menyelesaikan perrnasalahan CPF sedia ada. Ketiga-tiga

algoritma ini telah diuji ke at.as sistern IEEE 14, ll8 clan 300 bas. Selanjutnya,

data sebenar yang niempunyai 295 bas clan 595 t.aliau digunakan sebagai sis tern

paktikal untuk verifikasi algoriLrna-algoritma yang telah elibangunkan.

Keputusan mcnunjukkan bahawa algoritma y8ng baru itu telah berjaya

menghapuskan masalah penumpuan yang elihaelapi oleh algoritma CPF sedia 8da.

Untuk sistem IEEE 300 bas, clielapati lelaran berkur8ng clari 36 kepada 3.J lelaran.

Nisbah masa CPU yang cliperlukan untuk menyelesaikan analisa telah berkurangan

di antara tiga hingga dua puluh peratlls. Juga. algoritma y8ng banI ini elapat

memberikan keplltllsan yang bolchharnp berbHneling elengan kaeclah CPF yang

seelia aela.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Power system stability is a feature of a power system that allows the system to

remain in a state of operating equilibrium under normal operating condition and be

at an acceptable state of operating equilibrium after facing disturbances [1]. There

are several forms of stability involved in power system stability studies such as rotor

angle stability, voltage stability and voltage collapse, as well as mid term and long

term stability. However, in this research the focus is on the voltage stability and

voltage collapse analysis.

Stability is defined by Taylor [2] as:

1. A power system at a given operating state is small-disturbance voltage stable

if, following any small disturbance, voltages near loads are identical or close

to the pre-disturbance values.

2. A power system at a given operating state and subject to a given disturbance

is voltage stable if voltages ncar loads approach post-disturbance equilibrium
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values. The disturbed state is within the region of attraction of the stable

post-clisturbance equilibrium.

3. A power system at a given operating state and subject to a given disturbance

undergoes voltage collapse if post-disturbance equilibrium voltages are below

acceptable limits. Voltage collapse may be total or partial.

Voltage stability is usually known as a steady-state viability problem which is

suitable for static analysis [2]. The major aspect in any voltage stability is the

ability to transfer power from the power source to consumers cluring the steady

operating condi bon.

On the other hand, voltage instability is known as a phenomenon when the voltage

drops rapidly and the system control fails to improve the voltage level clue to the

load increase or some other systems change which last frorn several seconds to

several minutes. These cause instability and the result is often the decrease m

voltage magnitude.
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1.2 VOLTAGE COLLAPSE EXPERIENCE

According to Hill and Hisken [3], voltage collapse is defined as a power system at

a given operating state and subject to a given large disturbances undergoes voltage

collapse if its voltage is unstable or the post-disturbance equilibrium values are

non-viable. During the last decades there have been several large voltage collapses

almost every year somewhere in the world including in Malaysia.

Some of the voltage collapse events around the world are:

1. September 12, 2005, a blackout in Los Angeles affected millions of consumer

in California [4].

2. December 1, 2006, a blackout in Ontario and continued into December 2, 2006

[5].

3. June 27, 2007, a power failure in New York City and affected Xlanhattan and

Bronx for one hour [6].

4. 011 July 23,2007, the city of Barcelona suffered cl near-total blackout for more

than 78 hours due to a massive electrical substation elwin failure [7]

5. On February 20 in 2008, coal supplies to some power plants in Java have been

stopped resulting electrici ty shortage affecting J akart a [8]
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Meanwhile for l\!;t1aysia there haw! been iur-idcnccs as follows:

1. Blackout ill 1I0rt hem SLltCCi or l\Ld,lvsi,1 ill Pcn.mg n nr] I<cdah 011 November

2007 [9]

2. BI8CkouL in t.he southern Peninsular l\laL1YCiia 011 September 1, 2003, due Lo

power failure affecting 5 states iucludiug Kuala Lumpur for 5 hours [10]

3. In .];111 13, 200J, a blackout hits several pmts or l\Ll];lysin including Pet a ling

.JnYH, Put r.ijaya. Cybcrjava. \lcLlkH. Ncgcri Semhilan nnd .lohor about. 12.30

pm clue to H problem ill Kapur swit chvard ell t.he Port hLlIlg Power St at.ion

[11].

4. III August. 3 19%, t.lic blackout nfrcc!l'd t he whole Peninsular ]\[nlnysin

including l'llab Lumpur. IL ()CCUITcd ill 5:17p.111. [12]

Event.s listed show LII,IL volt age ("oll'l])se is ,I I("d problem ancl needs to be

considered l1S (\, serious conclit ion. A l.l)(lrollgh illl<1lysis of (',1('11 own! is essential so

that any voltage collapse event could be idcnt ified H1I(1 correct ive action (,HIl be

taken appropriately. Helice. avoidance and fixillg \\"(I\'S could he carefully planned

to minimize the occurnucc of voltage collapse.
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1.3 STATIC OR DYNAMIC ANALYSIS

A power system muy collapse clue La some transmission lines reaching the

maximum power that can be t ransmil.t cd or clue La Lite lack of local reactive power

support. This voltage collapse is known clS a static voltngc problem and will be t hc

main focus or scope of t.his t hcsis.

Volt.;lp;(~ stahility analysis is 110l111ally dOll(: using t,]l(' POWCl flow simulation. Kunclur

[1] has classified voltage stability into two subclasses whicl: ;1.1e:

1. Large disturbance voltage staiJility which concerns a system's ability lo

control voltages following large dis( 1I1'\);I11('essuch ;lS syst cm Inults, loss of

generation or circuit cont.ingcncics. Therefore, this subclass requires a

dynamic analysis. A criteria for Litis voll.agc st ahility is lo follow a gIven

disturbance <111(1syst.ciu-cont rol ;lctiollC;. Also, the volt ages aL nIl buses must

rcnch acceptable st.cady-st.atc levels.

2. Small-dis: l1l'h;111Ce voltage st nbility conccrus a system's ;lhiliLy to control

volt.ages following small pcrt urbat ions such as clue (0 iucrcmcntnl changes ill

sys tern load. This concept is useful (0 dct e1'l11inc how tho system vol Cage wi II

responcl 10 Slllel II sysLelll cll'l llgCS. Therefore, ;), st Htic ,11le) lysis C;lll be

efFectively llsed to cletennillc stabili Ly llHUglllS <1l1e1 idellti fy fact ors

influencing slability, and to exalllillc El, wiele l'CllIgc of sysLclll conditio1ls ane! Cl

large nu lllbc[ of po~t-COl1t ingency scell,lrios. A cri terion for sm" II-cl isl urbance

voltage st.,lbiliLy is t lIill., ill ,I givcn opcr;ll.illg cOll(liLiol1 for every hus ill cbe

systelll, llIe bus volL)gc lll<lglliLucle illClcnscs ;\S tile re;1cLivc power illjCcl.ioll
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at. the same bus increases. A system is voltage unst.ahlr: if, for at least aile

bus in the system, the bus voltage magnit udc, V decreases <IS the reactive

power injection Q at the same bus is incronsccl.

Voltage stability is usually not much influenced by system dYII,llllics . Therefore,

using static methods. 11101'8 issues rcgmciillg voltage s(nhilit.y CHII 1)(' cr-!:cdivcly

analyzed. One of the examples is cxrunining t.he feasibility of the equilibrium point

for a specified operating condition of rhc power system [13, 14]. The st.at.ic analysis

can be used (0 analyze more system conditions ,1lIe1 provide tllC solution 1I10re

efficiently [15. 16]. l\[e<lllwllile the dynamic analysis is used to studv the specific

voltage collapse situations, protection and controls.

Dynamic simulation or time domain simulation gives (he events and t.hc chronology

leading to instability but this simulation is t imc consuming .uid docs not provide

sensitivity informnt.ion aut.l the degree of s(nhilit.y [17, 18]. TIle dyuamic analysis abo

does not have Lhc same spectrum ,IS st at ic analysi» clue to the i imo Iramc involved:

the static voltage stability analysis mav require minutes (0 hours of analysis but t.he

dynamic voltage st.ibility analysis 1I1i1} require milliseconds (0 seconds [19,20]. The

use of steady state or static analysis met hod is permit Led ill 1ll<ll1ycases in which

load flow eqll<ttions are used to represellt the system conditions. Tn cOlllparisoll

lo t.he dynamic study, invcc;( igatioll 011 IOllg-t.erll1 vol((1ge st.abilit.y cle(erlllilled by

steady-::;tate studies usuctlly olle1::; opLilllis( ic results ['21].© C
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This work focuses 011 tho small-disturbance volt ilgC sLdiJility where the researcher

studies the nbility of the system to dotermine the rosponsc of the system due to

changes in the load system. The StelLie analysis is t he best choice to study this issue

because this study will concentrate on loading margu: which relate to the load flow

analysis.

1.4 RESEARCH MOTIVATION AND PROBLEM STATEMENT

Nowadays, t he usage of clcct.rici ty has become more nnd more im port an L as

technologies of electrical ilPlX1P1tUS und equipmellt have rupidly grown. This

phcnomcuon is also due to t hc modern living style and the needs Iron: iudust rics.

The analysis method may help t he utilities to be ready with any changes or any

contingencies that may IWJlJlCll in order to fulfill the higl: usage of electricity

demand. Therefore, an ,1ppropri.u C .mnlysis mct.horl is nccdccl lo Cb11 wi t.h this

dramatic growth of olcct.ricity dcniand. This is to ensure l liat. the dcm.iud can be

delivered without any interrupt.ion.

Power flow analysis involves calculation of power Ilows and voltages of

trausuussiou network at. specified l.cruunal or bus coudit.ion [11. This calculation is

required for analysis of steady state <1::; wcl] as dynnmic porformauco of the power

system. Therefore, it is the most import.uit procedure ill power system planning

unci operation.© C
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Traclitiounlly, the ]\'('II·tOIl-[\,lpIISOII ruct liocl h,IS I)('cil uscxl for solving the power

[low prohlcm HOI\'('\'('1, It's(';}rc\l\'rs [UIIIld t.lliil t 11(',Ll('ol)i,1l1 lll,l! rix of power [low

rlttnly:-:;i:-:;for this Nell·toll-I{,lpllsOII mct.horl 1)(,C'Ollll:S:-;ittglll,lI ,ll tile volLlgc stability

limit [1,22,23]. This incans that· rhis power flow algmitlllli will Iaco convergence

problems ,It opculling condit ion whir-l: IS nc-ar tu till' sLliJility lu nit., The

Continua: ion Power Flo\\'(CPf) .uia lysi» is u u-a n! to OI'CI'COIIIC t.his problem bv

rcforrnulatiug the PO\HT AmI' equatiolls so tllat t hcv re-main wcll-couclit ioncd ill. all

possible! Iml(lillg coud i: iOIIS. This ,1I10II'S til(' xolut i011 or t lu: powe-r flow prolilcu: for

both st able and unst nblo equilibrium points, D,N'ci ()II previous st Ilclics. it h,ls

been found that chis cout inuat ion met hoe! (';111 handle the sillgulnrity problem

faced by Nowt.on-Raphson IlldllOcI [2-1, 25, 23: 2Gj HO\\"l'VCr. its dlcet ivoncss .uul

cilir.ioncy st.ill require iiuprovcnu-ut ,IS it Ill'Cl\'; Illiln\, cout inuat ion steps to solve

each problcru This is due lo the stcp-lcngt h Chill. IICCt!S to he considered in t ho

corrector Cite]). Therefore, COlllplltatiollnl efforts hCCOlllt: 1]('<1\'Y with IJlore

cOtttinuatiOJl sLcps e1l1d t lIis sit.wJt iCllI Il'ill deLI.')' tIle proccss of corrector ill t lie

sYCiLem. Tlte Contillll;)i i011 Pc)\\"er FloII' ,lIgorit IIIII lUIs ,lIso bC(,ll fOlllld to Llil for i\

sysLell1 wlIicli lIelS ven' slI;Hp t llI'llillg poi Ill. for t IH~solllLioll ('111'\'(' whicli Cilll drng

(he system to havc COl1l"CrgcllC'Cprohll'lll l2S]. The :-;tcp cut.! illg tcchlliqllc is llsed L()

il11prove COilvergcllce IVlIich ('(111 lend to sI ightl.y i n('orr('c(. rc:sllils i 11C'ilses of shmp

Lllll1ing poillls[27, 28. 29, 30].

In oreler l.o provide cOlll inllity or (he P()\W'l' [low ill but II sl.able (llld IIIISl.<lhlc:

sitllntions, ,I 1IIIIl1ericiil Illetlioci CIIOSC'II ill tIl(' ,ll1,lh'sis is lleeded to 1)(' ilblc to

provide predictor (l1ld lUtTl'cluJ' \'i1111(,s II"it h il lI1illilll,i1 C'OIIII)l1tntiollill effort.

Therefore, tliis work is (lilllCcl ClL t i)cklillg t lIis ISSlle llSIII,£!; tlic pwposecl mli)lysis
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method.

1.5 AIM AND OBJECTIVES

The <lim of I his work is to iut rorl urc lle\\' ,dgolit hms t hilt UlII provide COllI inuous

POW<:l flow inclusive of IIPP(T .uid IO\\(T ('qllililllillill poiut.s fOI <lIly seide of power

SY:';Iem ilS well HS iIII provi Il[.'; t lie ex ist.i 11[.';IIWt.IIOd ( () sol vc (he problem faced by

Cont.iuu.u.ion POW(T Flow.

The objectives of this work me:

1. To plOVC t.ho l·Ollvergel!(C plOllkIlI ["ilced hy oxist.ing Con: i11WILio11PowerFlow

met.hod

2. To develop IW\\· algoriLllllls 10 Hdclrcss (hl~ sillglililrity illid COIlVC'rgCIICCproblem

of Cout.inu.rt ion PO\ITr Flow

3. To develop n sort w.uc tool based 011 1.I1eflew ;llgorit hillS fOI volt ago stability
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1.6 SCOPE OF RESEARCH

This research will focus 011 st.u.ic volLrlge st.a hi li t.y illlil.ly.-:is where volt age collapse

is explained cl S static hiCllIU11 ion phcnourcnon. Throe II(:\\, developed algoritllllis

arc tested 011 14, 118 and 300 IEEE hils sysl cms which arc used to verify these

new algorithms. Furthermore. t.hc practical ::;YSlCIII wit II 293 buses and 59S lilies,

provided by TCllagn l\ asioual Bcrhad, is used dS I he roal ,.;ysl rill 10 I cst dud veri Cy

the new 81gorit.llrlls. Tile cont ingellcy illliilysis Cor IEEe 118bus ::;ysl ellis is carriod

out to verify the new <1lgoril hills.

1.7 OUTLINE OF THE THESIS

The structure of the thesis i::; as follows:

Chapter 1 provides r.hc overview of t l«- 1('s(';1.r('li whore thc rlcfiuit ion of t he voltage

stability is l)licfj~· dr-srrilx-cl. TlIi.~ Iollow-: UIC disclissioll 011 voJt;lge collapse

phcnomcnun with several cases of blackouts around tho world illcillC!illg i\Ldilysi;).

The ditlcrcucc between dynamic elm! st "Lie CLllitlvsis arc discussed. I\esearcll

motivation and problem :-;U!l cmcnt aim .uid object ivcs. nud scope of I he research

are set out as the guidelille of cornplct iug this research.

Chapter 2 presellt.s Cl disc-ussion Ull "O!(ili-',C sLIlli!il\' w!lich delni!s Oil Ihe hasic

conccpt of volLclge slabiliL\'. VO!tilgC co!Llpsc am! its illl<1!vsis mclhod is re\·ic\\,cc!.© C
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Chapter 3 highlights ( Ill' COlli iuunt i011POII('r Flow ;;t <lit illg wit II (he discussiou of

bilurcat ion .mcl direct. 1I1l'thods i111<1\;11('r OIl 1(,,1<11() COllt inuu: iOI! met hod, This

follows with in-depth review of the previous l\"Orks by previous re;;('ilrchcrs,

Chapter "1 discllsses the development of' proposed new algorit hms which ;HC l);1secl

on Krylov Subspace l\lethods, These c!lgOliLlIIIIS arc developed IISillg Ccncrnlizcd

Minimized ne~id11C!Ir-ll:lhocl (C\II\CS), COlljUg;ll(' Cr;1(liclli SqllillCc! (CCS) and

BiCulJ,jug,lte Cnl(lielll Sti\hilizecl (13iCC:STA13) wherc· Ihe fllllcl;!lIll'11L!l of ;111 the

three n lgorit.hms conic lrom Krylov SU!JSP;IU', Tho review of pOInT flow IISillg

Krylov Subspace <Ire also disc-ussed. 1'11('met hodolouv a1!C1 ( Ill' 11('1\'(ligorit 11111 me

81s0 cxpla inod

Chapter G shows the results of COII( iuun t ion Power Flow and (11(' proposed

algorithms when applied to I CCC hus S\',-;((,IIIS,The result S nrc ('Ulllp,1I'cd anrl Iised

as Cl, vcrifirnt.iou of tIll' new ;llgurithlll~

Chapter G reports the rcsu]! S of till: lle\\' ;i1gOl'lt lnu-; when ;!]lJllicd t () 1110pruct ical

system, The result» include the contingency analysis 0[' the pract.ical systcm

followed by tile applica: ion 0(' Cont iuunt ion Po\\'er rlow Oil Llle systelli. L"Lcr the

"pplicnt.ioll 0(' the llew ,lIgoriLl1111SOil tlIt' s\,sICIII ,Ire prcsclltcd,
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Chapter 7 cour-ludos the resemch work The ("(l)l;liJilitics .uid Iimit.at ions Dr t.lic

proposed algorit luns me PI"C'SC'llt('CI. SOIiIC Pl'l"spl'ctivl's COl" Iutur« work me also

sIlgges Led.
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