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Simple Method for Computing Power Systems
Maximum Loading Conditions

C.H. Fujisawa, and C.A. Castr&nior member, |IEEE

Abstract--A very simple and fast method for computing power
systems maximum loading pointsis proposed in this paper. These
points are simply computed through repeated load flow solutions.
The main contribution resides in the appropriate use of a special
load flow with step size optimization and the extraction of useful
information from it, which guides the search for the desired
maximum loading point. The simplicity and robustness of the
proposed method are verified through simulations involving test
and realistic systems.

Index Terms—-Load flow analysis; Voltage control; voltage
stability.

|. INTRODUCTION
OLTAGE stability has been widely recognized as ohe

the most important problems related to power syste

secure operation. Many blackouts that occurredhim last
years were caused by instabilities and are clemmples of the

System Operator (ONS) [5], the minimum voltage iitsib
margin required for single contingencies is 6%. émadormal
operating conditions, the minimum margin must it égarger,
depending on the demand. The Western Electricity
Coordinating Council (WECC) adopts a 5% marginrformal
operating conditions [6].

Estimates of the MLP can be obtained through sévera
different methods proposed in the literature, swach the
continuation power flow [7], direct methods [8],nséivity
based methods [9], non linear programming basedadst
[10], voltage stability index based methods [11].

Currently, there is a clear need of including vipdtatability
aspects into the analysis of real time operatich @peration
planning, in special(a) in the system’s monitoring, for
providing the voltage stability security conditiong) in

I@bntingency analysis, for determining the contirges which

significantly impact the voltage stability margamd(c) in the
preventive/corrective analysis, for defining fastleadequate

importance of this subject. Voltage collapse an®rey c,nio| actions in cases where a voltage stabititgrgin
rationing occurrences have been reported worldwidg . case is needed

particularly in Brazil [1], [2] and the USA [3]. Tse

occurrences are mainly due to the lack of investsmanthe

power area, leading systems to operate very closthdir

physical limits. The power industry restructuringgess has
also introduced a number of factors that have asmd the
number of possible sources for system disturbameading to
a less robust, more unpredictable system as féeasperation
is concerned [4]. Among these factors are the laickew

transmission facilities, cutbacks in system maiatee,

workforce downsizing, power flow patterns differefibm

those for which systems were designed, just to nanfiew.

Special care should be given to transmission exparad to
the development of efficient operation techniquedest use
the equipments' capabilities.

The concern with voltage stability has led manijtigs and
regulatory agencies to establish guidelines fopkepsystems
operating within a secure region. One importantsusaof the
system’s security degree regarding voltage stgbibt the
voltage stability margin, related to the distancent the
current operating point (base case) to the maxiraading
point (MLP, point corresponding to the maximum askilile
load for stable operation). According to the BriarilNational

This work was supported by the Brazilian fundingracy Fapesp.

C.H. Fujisawa and C.A. Castro are with the Uniugr&f Campinas
(UNICAMP), Campinas, Brazil (e-mails: cassiofujiss@gmail.com;
ccastro@ieee.org).

978-1-4244-2235-7/09/$25.00 ©2009 IEEE

In this paper a method for determining the MLP is
proposed. It is specially suited to be used inasitm (a)
mentioned above, even though it can be also ussituiations
(b) and(c). The idea of the proposed method is to obtain the
MLP using load flows only, in an efficient way. Odficulty
of this kind of approach resides in the singuladfythe load
flow Jacobian matrix at the MLP. Load flow compidgas in
the vicinity of the MLP may lead to slow convergenerrors,
and even divergence. This problem is dealt withubing a
special load flow method with step size optimizatio

Il. SOME BASIC ASPECTS

A. Power system model
The power system is represented by

g(6.v,1)=0, (1)
or
{AP = P —p%(g,v)=0 for PQandPV buses o
AQ = Q%" -Q*(g,v)=0 for PQbuses

whered andV are the vectors of voltage phase angles and
magnitudesq is the loading factor 4 =1corresponds to the

base caseg=[AP AQ]T is the set of load flow equations
comprised by the real and reactive power mismaiched



subscriptssch and cal stand for scheduled and calculated VSM
powers. Consider the two-bus example system showigi 1. 2% -~

O | | c
generator C!> line C!) L load
*

Fig. 1. Two-bus example system.
Fig. 2 shows the two-dimensional parameter (logijce _ , 1 A A
. Fig. 3. Typical PV curve for the example two-busteyn.
corresponding to the example system.

Py

C. Load flow with step size optimization (LFSSO)

LFSSO was first developed for solving the load flow
equations of ill-conditioned power systems. Forsthothe
conventional load flow methods exhibit poorer parfance,
or simply diverge, although the system indeed dpsrin a
stable equilibrium point. This idea was first prasel in [12],
where the voltages were represented in rectangular
coordinates. In [13], an approach based on theeseptation
of voltages in polar coordinates was proposed ar{d4] the
authors have demonstrated its comparative advasjtage
including situations where limits on reactive poweneration
are taken into account. At thiéh iteration the state variable

vectorx(*) = [ng AV](”l) is calculated as

X = (0 4 (1) Ax()

() =—_ -1 (r)

PointsA andB are feasible, and the load flow equations (1) o [ng] ‘X=X(r) 960,
have a stable solution. At poiAt the system operates withoutvherex® is the optimal multiplier(J,g is the Jacobian matrix.
any violated operational limit. At poirB, some limits are Multiplier x is computed to minimize a quadratic function
violated. PointC corresponds to the MLP (fdr=A"), and based on the power mismatches as
point D is infeasible, that is, the load flow equationsenao min - F(4) =%||g||§ =1>9f, (5)
solutions. X corresponds to the feasibility boundary, which i
divides the parameter space into two regions, narttee Whereg is expanded in Taylor series, considering up ® th
feasible (for which the load flow equations presetable Second-order term, as
solutions) and infeasible (no solutions exist) oegi  g(u) =g(x",A)+u0,g(x")Ax D +AT(xD) . (6)
Therefore, poinC is located orx. Also, T(x) corresponds to the second order ternt, af

B. Maximum loading point and voltage stability margin 2

. o ROl T =1(2Axi i] 909). ™)
g. 3 shows a typical PV curve for a system sushha 204 0X;

one of Fig. 1. Note the correspondence betweerntphitbase

case) andC (MLP) from Figs. 2 and 3. The distance frénto

C defines the voltage stability margin (VSM), whichn be

given by

/)\ increasing

P
2
Fig. 2. Parameter (load) space for the two-busgia system.

(4)

Substituting (7) in (6) and applying the local mmgim
conditionoF/ou = 0, a cubic equation is obtained and solved
for u.

For well-conditioned systemg, assumes values close to
one and does not affect the iterative process sigaificant
VSM = (pZSCh)C /(pZSCh)A =1 (3) way. In the case of ill-conditioned systemsassumes values
such that the iterative process is smoothed outf@mdolution
is obtained, whereas the conventional Newton methoald
have failed. Recently in [15], the authors recomdeehthe
implementation of [12] to get the fastest, most usib
performance, regardless of system solvability oe.si

For the infeasible cases (either due to an exaedsading
or to a contingency); assumes very low values (theoretically
1—0). Overbye [16] showed that LFSSO leads to a point
the feasibility boundary rather than to simply diverge. With

The goal of this paper is to provide an efficieraywof
obtaining operating poin€ (MLP). The difficulty regarding
pointC is that the load flow Jacobian matrix is singula€.
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this information (points on boundayy, further applications of idea is to start with an infeasible operating poiAny
the LFSSO (as to calculate the MLP and securitygmarfor infeasible point can be defined, but infeasiblenmicloser
voltage stability) can be proposed. toX result is smaller computational effort for detening the
Fig. 4 shows the parameter space for the two-bampbe actual MLP. For realistic systems, this is not edhtask, since
system, considering that the voltage at the slackid 1.0pu operators usually know in advance that, for instarithe
and the transmission line impedance @02+ j05)pu. Point system's VSM right now is not larger than 20%”. Jhi

A is the base caseA(=1P,+jQ, =05+ j0Jpu). The conclusion is based on the system’s operation rigistind the

. . S operator’s experience. In spite of that, the preposrocedure
dashed line corresponds to the load increasingtibre for . P P P Pre p.
|a robust enough to perform well for larger initestimates.

constant power factor. The MLP is also shown an
corresponds toA" =1.586(P, + jQ, = 0.7930+ j0.1586pu). B Proposed procedure
Point B (1 = 2,P, + jQ, =1+ j02pu) is an infeasible point. The proposed procedure for computing the MLP ofhan

bus system is detailed below.
LFSSO provides point B(P, + jQ, = 0.8776+ j0.0808u) = Yoo 1S Aetalied below J.

onto the feasibility boundary. Point c(1) Setiteration count =0. §§t an init.ial estim?te fc(rxl )
(A=3P,+jQ,=15+j03u) is also an infeasible point,(2) Run LFSSO for the spemﬁed loading condition.
and LFSSO provides point C’'(3) Compute estimates for(/l*)'+l based on the results

(P, +jQ, =1.0445- j0.0915u) onto the feasibilty  provided by LFSSO, as

boundary. Note that the point provided by LFSSG datther p pe
from MLP as/ increases. (/1 )i = F|>bc for PQandPV busesand
R — i (10)
T e Q!
04””1”*”: T (/] )i = 'bc for PQbuses
I L where P® is the calculated power at buprovided by
l P B l . :
“””:’”’ﬁ"’j””" U LFSSO, andl—“‘i‘IDC is the respective base case value.
O‘,“ oOF - ——+—— — 4 — -4 - T -\ —— — T i
_01””17”1”71 77777 R (4) Thenewestimatefo(A )J+1 is
T et et R (A*)jﬂ=aﬁnediar[(/l*)lp,(/l*)?] (11)
R N where ais a factor that can be used to speed up the
B R updating process.
-0'J0 O‘Z 0‘4 0‘6 0.8 ll 1‘.2 1‘4 16 * ]+1 H H H
P (5 Run LFSSO for(/l ) . In case the new operating point is

still infeasible, setj=j+1 and go back to stefg).
Otherwise, continue.

Fig. 4. Parameter space for the example two-busrsys

lll. PROPOSED METHOD (6) At this point, (xf)“l corresponds to a feasible point, and

A. Motivation

From Fig. 4 and (3) the maximum loading factor &en
computed from points A and MLP by

(/f)j corresponds to an infeasible point. The MLP can be

determined by binary search using these pointsitiali
estimates. Note that LFSSO must be run for each new

. L _ MLP . ®) estimate. The process is interrupted after theewdiffce
P2A 2A between two consecutive values is smaller than a

However, the same is not valid for infeasible p®iB and predefined threshold. In this paper, the threslvais set

C, since B’ and C’ are not on the constant powetofadashed to 1%.
line. The same calculation done in (8) can be donpoints B
(and B’) and C (and C’), and the results can besriaks IV. SIMULATION RESULTS
approximations forA” . For point B we have ) ] )
pE QF Some simulation results will be shown for smallt tes
(,] )estimated: ﬁ = 1.755and(/1 )estimated: 71 =0.808. (9) large realistic transmission and d|§tr|but|0n We Factor
2 2 a was set to 0.9, except where mentioned otherwise.

These approximated values can be used in an apg@pr Table | and Fig. 5 show the results for the IEEEbLS test
way to define an iterative procedure for computing actual system [17]. The maximum loading factor approacties

MLP. This procedure should start with an estimdtela The solution very rapidly. It is important to point otiat the



computational effort associated to the processgschlly due
to running load flows, since the additional caltiolas take
negligible time. The results also show that théghiestimate
for A affects the number of iterations. However, as nosetil
before, defining a good initial estimate is notacdhtask for
experienced operators. In this case, an initialimase

of (AD)O = 30is too large, but the proposed method is able to  _ - '

go towards the correct solution very rapidly.

TABLE |
SIMULATION RESULTS FOR THEIEEE 14BUS TEST SYSTEM

MAXIMUM LOADING - /‘D =1.7581

lteration (,\D)j (/‘D)j
0 2.0000 3.0000
1 1.6168 1.9208
2 1.8068 1.6029
3 1.7126 1.7618
4 1.7605 1.6824
5 1.7366 1.7221
6 1.7485 1.7420
7 1.7519
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Fig. 5. Simulation results for the IEEE 14-bus ®a&tem.
Table Il and Fig. 6 show the results for a 33-b

distribution system [18]. The proposed method alsdormed
well in this case.

TABLE Il
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Fig. 6. Simulation results for the 33-bus distribotsystem.

For many years planning and operation of distrdyuti
systems (DSs) were done with little or no analggisll [19].
As a result, DSs were typically overdesigned. A agkable
development in DSs models and analysis technigasshken
observed recently. A direct consequence is theilpitigs of
operating DSs close to their maximum capacitieat th, the
ever-increasing demand can be supplied through teerbe
utilization of the existing equipment, postponimyéstments.
Power systems restructuring led this possibilityperome a
necessity [20]. Of course, operating DSs close heirt
maximum capacities implies in instability risk ieesse,
including voltage stability [21]. Currently, mostS® operate
with a comfortable voltage stability margin. Howevéhis
situation will change with the demand increase eqdipment
stress. Voltage instability in DSs has already baleserved in
industrial areas under critical loading conditig#,22]. It is
well known that in general distribution system have
comfortable voltage stability margins (large maximloading
points). The need for efficient methods for compgitivoltage
stability margins for distribution systems are theear, and
the proposed method showed to be appropriate &br th

Table 11l and Fig. 7 show the results for a re@i®i04-bus
system corresponding to part of the SouthwesterA.Ude
L%roposed method also performed well in this case.

TABLE Il
SIMULATION RESULTS FOR THE904-BUS SYSTEM

MAXIMUM LOADING - AD=1.0443

SIMULATION RESULTS FOR THE33-BUS DISTRIBUTION SYSTEM
MAXIMUM LOADING - AP=3.7077

Iteration @D)] @D)]
0 4.0000 5.0000
1 3.5183 3.7686
2 3.7592 3.3911
3 3.6387 3.5798
4 3.6989 3.6742
5 3.7291 3.7214
6 3.6978

Iteration @D)] @D)]
0 1.1000 1.3000
1 0.9900 1.1438
2 1.0450 1.0284
3 1.0175 1.0861
4 1.0312 1.0572
5 1.0381 1.0428
6 1.0500




4 5 TABLE V
\ “H@() =110 SIMULATION RESULTS FOR THEL0308US SYSTEM(a1=0.95)
L\ _ PN H
LA ® () =130 MAXIMUM LOADING - A =1.0036
\ ——\"=1.0443 . . ,
12p g Iteration bﬂ)l bl])l (AD)J
" 0 1.0500 | 1.1000 | 1.3000
115 ° 8 1 0.9640 0.9743 1.0061
~< R 2 1.0070 1.0371 0.9554
1407 N 1 3 0.9855 1.0057 0.9808
N N Ay 4 0.9963 0.9900 0.9934
Losk o e o9 5 1.0016 0.9979 0.9998
\ e T e
N e I
1+ v B
o 1.39 ‘
0.95 ‘ ‘ ‘ : : \ “AW)’=105
0 1 2 3 4 5 6 1250 _a '()\*)0 =110
lteration \ o
. . . ' - ® - (\)’ =130
Fig. 7. Simulation results for the 904-bus system. 12 " . L
| —\ =1.0036
Table IV and Fig. 8 show the results for a reai$®30-bus P ]
. o . B \
system corresponding to part of the Brazilian ichenected ~< }
system. The system is critically loaded, preserginvgry small 11 | .
voltage stability margin. The proposed method régubdahe \\ |
good performance. 1osp N - ]
Table V and Fig. 9 show the results for a reali$080-bus N \‘ T e
system considering = 095. The proposed method repeated i SO < T e #:;;ztfffff}
. . N SN -
the good performance. In this case the numberevétibns 05 S e ‘
was smaller than the previous case, however, thisot a o 1 2 3 4 5
lteration

general rule, and cannot be considered valid f@yatems.
Fig. 9. Simulation results for the 1030-bus sysfer0.95).

TABLE IV
SIMULATION RESULTS FOR THE1030BUS SYSTEM

MAXIMUM LOADING - AD =1.0036

Finally, Tables VI and VIl show the number of lofidw
iterations during the calculation process.

Iteration (,\D)j (/‘D)j (/]D)j
TABLE VI
0 1.0500 1.1000 1.3000 PERFORMANCE OF THE PROPOSED METHOD FOR THE
1 0.9133 0.9230 0.9531 IEEE 14BUS TEST SYSTEM
2 0.9817 1.0115 1.1266 MAXIMUM LOADING - AH=1.7581
3 1.0158 0.9673 1.0399 0 0
4 0.9987 | 0.9894 |  0.9965 Iteration @D) =20 Q,D) - 30
5 1.0078 | 1.0004 | 1.0182 0 7 5
6 1.0060 1.0073 1 4 5
7 1.0019 5 5 2
3 3 4
4 3 1
1.*\ T - T 5 3 2
\ -& =105 6 5 4
1.25 ,\\ _m-- O\‘)O =110 M 7 5
\ *
12F ! -@-\\°=130
\ *
\ ——\"=1.0036 TABLE VII
115l |\ | PERFORMANCE OF THE PROPOSED METHOD FOR THE
\ ° 1030BUS SYSTEM
\
~< L ! K AN R MAXIMUM LOADING - AP=1.0036
\ \ / \\ .
1.01\\ VS e 1 Iteration (/\D)O =105 (AD)O =11 (/\D)O =13
N \ / N
. / A P 0 13 12 12
1= L \\i//”: *—e 1 4 4 4
v / SO _
WA et 2 4 6 16
L N P ] 3 4 3 S
. 4 4 3 4
0.90 ; 5 5 " 5 6 7 5 3 3 5
lteration 6 3 4
Fig. 8. Simulation results for the 1030-bus system. 7 3




It is worth pointing out that only one load flow iign in [17] Power systems test case archive. Available:
each iteration of the proposed method, and eacti flmav http:/fwww.ee.washington.edu/research/pstcal.

. . . . [18] M.E. Baran, F.F. Wu, Network reconfiguratiam distribution systems
requires a certain number of iterations, as shdvate that the for loss redustion and load balanciigEE Trans. Power Delivery,

number of iterations is small, except some iterstifor the vol.4, 1989.
realistic system, whem is much larger thand™ . It is also [19] W.H. Kersting, "Distribution system modelingna analysis,” CRC

. . . . Press, 2007.
important to note that LFFSO provides a solutionféasible [20; 3. Northcote-Green, R. Wilson, “Control andtémation of Electrical

cases, or a point on the feasibility boundary foieasible Power Distribution Systems,” Taylor & Francis, 2007
cases, with the same number of iterations, whickesiahe [21] G. Brownell, H. Clark, "Analysis and Solutionfor Bulk System

s o ; ot ; Voltage Instability,” IEEE Computer App. in Powd®989.
process very efficient. The initial point of eatération is set [22] M. Chakravorty, D. Das, "Voltage stability dysis of radial

as the final point of the previous one. distribution networks,” Electrical Power and Ener8ystems, vol.4,
2000.

V. CONCLUSION
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