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With the irnproved optirnized operation and increase in loading of a powcr systent, tlte

problem of voltage stability and voltage collapse attracts more and more attention. The

phenomenon of possible steady state voltage instability is creating serious concern among

operators. of large. interconnected power system. Maintaining adequate system voltage has

become a major problem as utilities are being forced to operate the system close to steady

state voltage stabiiity limit, A voltage collapse can take place in power systems or subsystems

quite abruptly and that requires a continuous monitoring of the system state. There are

ditTerent methods to study this phenomenon. In this work, it is suggested to use the modified

multiple load flow and the voltage collapse proximity indicator methods to detect the voltage

instability indicators and the weakest buses under optimal operating conditions
The objective functions of optimal operating conditions are concerned with nlinirlrrzing tlre

operation costs or/and the transmission losses. The two suggested lllethods, rvhich are basecl

on the data that obtained from solving the optinrization problem by tirst order gradient or'

Lagrangian multiplier algorithms, are applied on a simple 5-bus, 2-generator power systenl,

The obtained results illustrate a complete view on the voltage profile on eaclt bus, optinral

generated power, optimal costs, transmission losses, voltage instability indicators and the

weakest buses in each time interval.
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INTRODUCTION
Stability of a por.ver systern are the major problems facing the power indtrstry 'l'lte serrotrs

economic constraints preclude the conventional capital intensive approach of providirrg nlAn\/

redundant system elements. The voltage instability phenomenon occurs when the receiving

end voltages are much lower values than the nontinal ones. The effect of voltage instabilitv

ranges frorn post disturbance operation at low voltage profile to complete voltage collapse

(GJpta et al 1990 ), The incl'easing interest in voltage collapse from researches due to the

seriousness of the consequences of voltage collapse, which may lead to either a partial ortotal

blackout in the system. Also due to the development of computer control (hardware and

software such as economic. dispatch, optiniai power flows) which enables the economic

exploitation of the existing transmission facilities result-s- in operating the electric power

ryit.n1 very close to its stability iimit. The voltd'$e iriifldbiliii is characterized by a progressive



dbcline of voltage, which can occur Ul"nrr. of'the inability o1'the rretwork to nrcot rncrcasrrrq

demand for reactive power. Some form of disturbance or change triggers the process of
voliage instability in systern operating conditions, wlrich create increased demand for reactive
power which is in excess of what the system is capable of supplying, As transrnission systertts

beconre more stressed due to the increased loads and large inter-utility an efficient system
operation is becoming increasingly threatencd due,,to"protrlerns of voltage stability and

collapse. If bus voltages ultimately fall in a more rapid decline, leading to loss of operations
of the network. the term voltage collapses appl.ied. These voltage related tlrreats to systenr

security are eKpected to becoure rnore severe over the next decacle as cleuranc'l tilr clectric
power rises, rvhile economic and environmental concerns limit the constnrctiort ol nerv

transnrissior\and generation facilities ( Thomas and Dobson 1994).
Load characteristics and the available means of voltage corrtrol largely deternrine voltage
instability.'For true voltage instability, at least a paft of the total load nrust be of the self-
restoring ( constant MVA) type ( Pal 1992). ln voltage stability, there are statio arrd dynarnic
aspects involved. ln static voltage stability, the purpose of index is to qurantify how'close' a

particular operating point is to the point of steady state voltage collapse and consequently
estirnation of the steady state voltage stability limit forthe examined operating point of the
studied power system ( lndulkar and Viswanathan 1983). For rnore accurate analysis of
dynamic voltage stability, the system model includes excitation systems, under load tap-
changers, capacitors and power system stabilizers in addition to network equations. For
dynamic voltage stability errhancement, a parameter optimization technique. with a model
performance measure is used to determine optimal control parameters ( Lee BH and Lee I(Y
l9q3 ) Methods lor predicting voltage instability in power systems can be categorized intL)

steady sthte and dynanric methods. The steady state methods use a static model such as power
flow tnodel or a linearized model for the dynamics of the system about the steady state
operating point.Onth.eotherhand,dynamicsmethodsuseamodel characterizedby nonlinear'
differential and algebraic equations, which are solved by tirne dorrain sinrulations The
optimum operation and planning of electric. power generation systetns have occupied arr

i,rnportant' position in the electric power industry (Abdel-Kader 1995). The rnain concern of
optirnization problem is to minimize an objective function such as cost, transnrission losses
under some constraints. There are different methods to solve the optimization problenr suclr as

the Lagrarrgian multiplier method, first order gradient method and others ( Abdel-Maksoud
s M 1992).
ln this research, the steady state (static) voltage instability methods are applied under the

optimal operation conditions to estimate an proxirnity indicators which indicate the systerl is

stable or not.

STEADY STATE VOLT,A,GE TNSTABTLTTY ASSESSMENT
There are different rnethods lor predicting the voltage instability in a power systerr Sorle of'
these nrethods are
l- Testing the eigen values of the Jacobian matrix of the load flow calculatron
2- Utilizing rnultiple load flow solutions to determine a measure to the proxirnity of the

system to voltage collapse.
3- Solving an optimization problem to determine index to the voltage stability limit.'fhe

optimization problems involved are the optimal load flow (OLF).
4- Finding a voltage collapse proximity indicators,
In this research, the optimization method is used which includes the optimal load flow (OLF)
as optimization problem.
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OPTIMAL LOAD FLOW (OLF)

The optimal load flow is the operating condition in which the power flow in an erectrical

systern occurs optimarty ( objeciive dnction is optirnized urnder satisficd oorrst'aints ) Tlrcr

JUi..ti". function may be oneof the.following;

i.'Olrtirnot load clispaich' 2 Minimal transmission losses

'l'lre operatittg corrstraitlts trre repl'csellte(l by a sct ol'irrccprality lclati()rts its [rclprv

where p,,,', Q,,, are the active and reactive powers of generator iand V; voltage magnit'de of

?it ' ,".0 flow is a feasible load flo* sorution. optimar road flow is achieved after solving a

large nu.mber of load flow solutions corresponding to a set of specified values of the

consumers dernand. ln this process, the contrOl variabies, such as voltage tnasttitudes of slack

and generator buses, aitive g_enerations ofgenerator buses are not stated singularly but therr

ranges of variatio" ;; speci'fied or.oiaingio the objective to be optimized. rn optirnal load

flow program, the initial values of the ..Jnttol variables are given frorrr the giverr range

Therefbre it c6ecks whether the given objective has- been optimized lf rt has not been

optinrized it rnodified the varues of .onrroivariabres following some optimization tecrrnique

and perfor,.,',, unoif,., f ooa flow study. This process goes on automatically until the given

objective is optirnized. During the piocess, the computer also checks whether the operating

constraints are violated.

For.mulation of ontimal Lond Flg.w.nnd its soltttlon 
.,

Let u: control variables, x: controlled;riobl.r ond p: fixed or uncolltrolled variables

The optinral load flow can be summarized as:

optimize the nonlinear function f(u,x), is the objective function subject to

i- equality constraints (load flow equations)

Gi (u,x,P)=0
ii- inequalityconstraints(operatinglimitations)

P,ri'tti" s Pt;i (Pc,ittt"t

Qari"ti" s Q,,, < Q,ri"tt't

y, ruirt

nllrx - Aui-ui : u

ui "tin - ui < 0

xi -x"nt't s 0

x,'tt"t - xi ( 0

By ignoring the inequality constraints, the Lagrangian function

(l-a)

( l-b)

( l-c)

(2-a)
(2_b)
(2-c)
(2-d)

reduce to (MtrrlY P 1984)

L=f(x,

e=
Ax

(u,x,P)

A =0

u;+f2, Gr

z rlef, raG)+t-t'ttax \axl

(j)

(4)



(1
I

Itt

G(u,

in Eq (4) is the transposition of the Jacobrian rnatrix obtained ir1',i1*,'.ntiating Eq

. (6) can be satisf-red by any f'easible load flow solution. A can be deterrnirred fionr Eq

^ (ac) , ,or.1=.t;j ,;' (7)

Knor.ving2.Eq (5) can be evaluated. The algoritlim to satisfy Eqs. (4), (5) arrd (6) is,

l- Assurtte a set of control variables.
2- per.fbrrlr tlre loacl flow soh.rtiorr using tlrc Ncwton-l{aphson tttctltocl ittitl dctct'tttinc llrc

value of the objective function.
3- Deterrrrine the value of the Lagrangian rnultiplier 2 fiom Eq. (7)

4- Using the valr.res of 2 founcl in step 3, determine the gr:adient vector from Eq (-5;. Ilits
components are sufficiently small, the gptimum solution has been obtained Otherrvise, gtl

to the next step 
,L

5- Find new values of the control variables &s u1 ngs : ui ol.t
Au,

6- Return to step 2.

The above iterative procedure is terminated if the rate of decrease of the value of the objective

tunction evalr.rated ln step 2 is lound to be less than a certain tolerance.

MATTIEVIATICAL MODEL OF OPTIMAL LOAD FLOW

Minirtrunt Fuel Cost

T[e objective tirnction in this case is minimizing the total cost (Fr'), which in the fbrrl'
.\'

(8)Fr =I Fi (Pi )=Ai P;2+81 Pi +Ci
t.l

Where, Ai :costconsrant ( $/ NA/V2h), Bi :cost constant ( $/ MWh), Cr :fixed cost ($/ h).

Pi : gererated power for bus i (MW) and N : number of generating units.

The constraints are:

r5\

((r)

(rG)'
l- | A =U
\' ,1,, )

x'P) =o

G
rltt

eL
a^

1, 
,rc )'l^l\ (x./

(6) Eq
(4) as;

t P1 : Pp*P1.
rl

Pi'tti"s Pi s Pint"*

(e)

( l0)

The optimization rnethod used to solve these Equations is the f-rrst order gradient rrethod

(Allen and Wollenberg 1984) which gives the optimal generated power Pi and the rnrnimurrt

total cost. -fhen the load flow lolution is carried out under these conditions to obtain the OLlr

iVl irtintrutt Transrttissiolt Losscs
fi" oUl..tive tunction in this case is nrinirnizrng tlte transntission losses (l'r.) Wherc



Pr. = I)r' I B ] l, * lr' 8,, * 11.,.,

Where P. vector of generator bus power, I B]:
vecior of the sanre length as p and 8,,,, : constanr

(t l)
square rnatrix of the sarle dinierrsion as p, 8,,
Ert ( I l) can be rvritte rr us

o' =TT Pi B;,p; +f B;,,p; *8,,,,

By'eglecting the second and third terms of Eq. (12), pL becomesP'.=II P;B;, Pi

( t2)

(l-r)

The constraints are the same in Eqs. (9) and (10).
By using the Lagrangian multipliers as sensitivity factors to determine the minimum losses
I he optrmal load flow solve these equations with the Lagrangian :

Po- Pr.)

AP,
- --l: ) =0

rlP,

Tltrrs. rve cAn sul'nntarize tlre algorithrtr as fbllows,
l-Assurne initial values.for pi

2- Calculate P1

3- Calculate the value of 2 which causes :' .\'

Z P; = Pp + Pl. , and then calculate Pi
r.l

4- Recalculate P; and compare it with the estimated in step 2
5- If a small tolerance is reached, the optimum solution has been obtainecJ.

the lollowing step
Otherwise go to

6- flnd new values of Pt such that p;""'' - p, u,u

7- Return to step 2

L=Pr -i(I Pl -

rll o1P

riP, rlP,

( l4)

(ls;

( lrrl

dL

AP

ln llris case. the objective ftrnction is rninirlizing ( Fr.+ pt. ).Where
I;.r.+ Pr. = Ai pir + Bi pi + Ci + I I pi Bii p;

The Lagrangian nrultiplier is given by :

N

L = Fr(Pi )+Pr. -),(I Pi - Po- p')
r'l

AL dF, dP.+ L -r(l
dP'

AP- t' )=o
AP

(17)

( t 8)

( le)

IP dP,

:
L (2A, Pi +Pi )+I2 Bl Pi - 1(l

lollows.

I 2B;; P; ):o
J

Thus, the algorithrn of this methoJ as

l-Assume initial values for P;

2- Calculate P1. ancl F,;

tt -l'r'nlrsl

3- Calculate the value of 2 which causes :



I Pi = Pn+ Pr.
rl

Recalculate Pl altcl F.r

It' a,srnall toler.ance
tlrc lbllowing srcp

6- tirrd the new values of p; such that p;,,*,' = p okr

, and then calculate p1 from Eq. (19)

and cornpare thern with
is reached, the optirnurp

4-

5-
tlre estimated values in step 2
soltrtion has becrr obtnirrcil Ollrcr.rvisc rlo to

dL
7- Return to step 2

lVhere a, , set of load buses, a r; set of generator buses, V; : cornplex voltage at loacl birs.j.

IP
VOI,l'AGE COLLAPSE PROXIMI"TY INDICATORS (VCPI)Diff'erent indicators have been proposed to, assess 1rr. pro*irity of'trre systcrr to vortagccollapse ope ot' thenr'is used fbr the on line t.rioiih. power syste.r (Saranra M. M er arleeS) Thelebv an indicator whicll varies 

.in ,t";;;;;letween 0 (no load) and | ( volra_eecollapse)' ' The indicator uses inlormation of load flow s."olution, which in this paper is optir'alload flow solution The advantage of this method li;;"in the sinrplicity of the numericalcalculation and trre expensiveness 6rtr," resurts. This indicator is given by:

I c;iv.;
L1 =ir-.ii =l r- +, I jt.at. 

eo)V1

\/; . ctlrnplex voltage at

Ic]=
generator bus i and'c;i : elements of matrix c cleterrrrinecl by.- [ Y,.r. ]-' I Y,.,,] 

et)
Where IYr,r.] and IYr.c,] are subrnatrices of the y-bus nratrix.
The r'odifrcatior isproduced on !r (2r), sucrr that the ma[rix C rs giverr b1,lcI=-[Brr.]-' IB,.,,]

where I Br.r ] and I Br.c, Jare the imaginary parts of 
.the nratrices I yrr]andIyr.r, 

Jrespectively with the help of these indica6rs criticat looa uur., can be identifiecl. For stablesituations the condition L; S r musr not be 
"ioiur.J io,. a'ny orthe nodes j.

APPLICATIONS AND RESULTS
The sarnple power systenr is shown in Fig. I ( Stagg and El-Abiad l96g ) -fhe 

loacl rirreintervals (ln.) are given in Table l.

(22)

Table I Load tirne inter.r.,al

In. Tirnc (lrr.s ) l-oad (MW)

I

2

J

4
-5

6

7

8

9

2

2

2

2

4
t+

4

2

2

850
500
350
450
550
700
950
600
r 050

Fig. I One line diagram of the sample



IVlinirnuru Fuel Coqts llesults
The optirnal power:s and costs of allgenerators are given in Table 2 The voltage pretiles at
all llttses and tltc tveakcst bLtses at tlre load buscs nrc irr Tablc 3, wlrilc vollas,c rrrrlrcirtors (l,i)
are tabulatecl rn 'l-lble 4

Table 2 Optinral powers and costs without and with trtrnsmission losses ('l' L )

Wi(ltout'I'r'tr rrsnr ission Lo.sscs Witlr Trirlrsnr issiorr Losses

,,,'P' P: ]t Itrrr I Mw i yw i t* I t$)
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Table 3 Bus voltages and weakest buses
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Table 4 Voltage indicators (Lj) with minimum fuel cost with and withoLrt T.L.
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I n,e generatlng powers, fuel costs ancl mininrumvoltagcs'llrolilcs lt all buses, tlrc wcal<cst buscstabuiated in Table 6.
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Table 7 optir,al gellerated powers; minimunr costs ancr minimurn tra'srnissiorr rosses
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CON CLUS ION
l'ltc rttctltods of nrodificd rnultiplc load flow arrcl voltage proxirnity rrrrlicatpr.s arc suggrstccl l.
detect tlre voltage stability assessnrent under optirnal operating conclitiorrs of'rrrrnrrL' costs
orland ntininlutn tlansnlission losses. The obtairred results include the volta,*e pr.olile,rr caclr
btrs, tl;ltitttal gcltcr:ttc<i ltowers, olltittrul clpcrntiorr closts irrrcl llrc trirrrsrrrissirn lrsscs irr eirr:lr
titne ittterval The voltage instability indicators and the weakest buses orr each load bus ar-e
also presented All the applied methocls are agreeable in determination the highest values ot
voltage indicators and consequently the weakest bnses are ranked
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