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New Method Based on Load Flow with Step
Size Optimization for Calculating the Maximum
Loading Point

Beatriz L. Tavarestudent Member, |EEE, Manfred F. Bedrifian&udent Member, |EEE, and
Carlos A. CastroSenior Member, |IEEE

Abgtract-- In this paper, an improved maximum loading
point (MLP) calculation method is proposed. The calclation
process is based on the properties of the normal ater to the
feasibility boundary computed close to MLP, which is
calculated by a load flow method with step size ojphization
(LFSSO). The process is characterized by obtaining
consecutive approximations of the MLP within the inéasible
region. Since the feasibility boundary contour in e
neighborhood of the MLP may not be smooth, some ohe
computed approximations may fall within the feasibé region.
In an earlier paper, a mechanism based on binary sech was
used to drive the operating point back to the infesible region.
A new load curtailment method to improve the proxinity
towards feasibility boundary guaranteeing that the next
solution will lay within the infeasibility region is the main
contribution of this paper. Reactive power generatin limits are
taken into account. The proposed formulation requirs
information as the normal vector and power mismatcks, and
results in a better convergence path towards MLP in
comparison with the original version of the methodpresented
earlier. Simulation results for IEEE test systems areshown to
validate the proposed method.

Index Terms- Maximum loading point, voltage stability,
load flow analysis, step size optimization.

|I. INTRODUCTION

based on static approaches have been widely used s
they provide results with acceptable accuracy attte |
computational effort. These features are desirainle
restrictive environments from the computational ogff
standpoint, such as in a real-time operation enuient.

Another difficult problem is related to solving -ill
conditioned systems or determining the existencdoafl
flow solutions. Whenever the iterative process wjes or
oscillates using the conventional load flow caltiola
methods, one could not be sure whether the givad flow
equations i} have no solution from the initial estimate, or
(i) the iterative process did not converge due toerigal
problems though some solution exists. In [3], g st&ze
optimization factor is computed at each iteratiord ds
multiplied by the voltage correction vector so @sninimize
a quadratic function based on the power mismatcheis.
method worked very well, however the voltages apmban
rectangular coordinates, which is not a commonufeaof
production grade load flows programs. An approaabehd
on the representation of voltages in polar cootdmavas
proposed in [4] and its advantages have already bee
demonstrated [5].

Recently in [6], the authors recommended
implementation of the optimal multiplier modificati to the
Newton-Raphson load flow method with polar coortisa

the

I N recent years, the increase in peak load demadd afather than rectangular coordinates) to get tste, most

power transfers between utilities has led to ameiased

robust performance, regardless of system solvalifisize.

concern about power systems voltage security. This A particular difficulty of voltage stability analissis the

phenomenon has been deemed responsible for sevajal
disturbances and significant research efforts teeen made
to further understand voltage phenomena [1]. Thigage
instability process is characterized by a monotamitage
drop, which is slow at first and becomes abruptrasbme
time. Voltage collapse occurs when the system &blgnto
meet the demand, and the phenomenon is charactdrize
the loss of control of the voltages levels. Voltagdapse is
generally precipitated by system disturbances, siscload
variations, contingencies, or both.

Voltage stability is essentially a dynamic phenooren
and the system’s behavior depends on the modetheof

singularity of the Newton-Raphson load flow Jacabia
matrix at the steady state voltage stability limitfact, this
stability limit, also called the critical point dvlaximum
Loading Point (MLP), is often defined as the ponwtiere
the load flow Jacobian matrix is singular.

The goal of this work is to use the LFSSO in polar
coordinates for calculating the MLP, extending tbeas
and load curtailment techniques of [7]. Accordingrtethod
[7], whenever the solution falls inside the feasibégion, a
mechanism based on binary search is used to dnige t
operating point back to the infeasible region. Avriead
curtailment method to improve the proximity towards

loads and other system components. However, asaly$gasibility boundary guaranteeing that the nextisoh will

based on static approaches present some practigg) within the infeasibility region is the main ddbution of
advantages over the dynamical approaches [2]. Aealy this paper.
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Il. THEORETICALCONCEPTS
A. Load flow formulation
The load flow equations are formulated as
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a(x,p) =0, (1) Also, T(x) corresponds to second order termg,dafiven by

wherexOO @™ is vector of state variables=[0' V']', 1 3 2

also 000" and VOO ™ are vectors of bus voltage T(X):E(ZAXi 67] 9(x) . (6)
angles and magnitudes, respectivetyjll is the loading iH0g '

factor; nPQ andnPV are the number d®Q andPV buses, Substituting (5) in (4) and applying the local mmim
respectively; g(x,0) is defined asg=[AP' AQ'', where conditionoF/ou = 0, a cubic equation is obtained and solved

APOO™ ™ and AQUO™? are the power mismatches.for 4

Equation (1) can also be written as For well-conditioned systemg, assumes values close to
AP(x, p) P () = Pegy (X) 0 one and does not affect the iterative processsigmificant
9(x, p) :{AQ(x’ p)} :|:Qsch(p)_Qcal (X)} {0} ; (2) way. In the case of ill-conditioned systems,assumes
’ cl

. values such that the iterative process is smooth#dand
where subscriptssch and cal stand for scheduled andthe solution is obtained, while the conventionalwhi
calculated terms, respectively. Also, the reactp@wer method would have failed.

generation limits are taken into account, Bé buses are
switched toPQ whenever some limit is reached and can b@- Applications of LFSSO for Voltage Stability Analysis
switched back t&V whenever appropriate. For the cases outside the feasibility region (eithee to
an excessive loading or to a contingengyassumes very
low values (theoretically—0). Overbye [10] showed that
In this paper a constant direction of generatiod ®ad | FSSO leads to a point on the feasibility boundamather
increase is considered, which is defined as prap@tto  han to simply diverge. Note that the Jacobian pnds
the base case, 8an= OPanve aNdQwn =snnc Wherebeis  singular onz, therefore the step sizés are large in its
base case (fon, = 1). Als0,Pnoc = Pgoc— Pibc 8dQsnee  vicinity. However, the convergence of LFSSO is not
= Qguc—Qi-oc Wherel andg are associated to load power anchffected thanks tp (1Ax—0). With this information (points
generation, respectively. This load increase diact on poundaryz), further applications of the LFSSO (as to

(constant power factor) is usually adopted by ti¢di and  calculate the MLP and security margins for voltatgbility)
regulatory agencies for the definition of secur@diog can be proposed.

margins [8,9]. i _
The loading factor reaches its maximum vaiue g (cr E. Load Curtailment Techniques

stands for critical point) on the voltage stabiliyundaryz. In [7], information about the boundaiy is used for
This point is usually called the maximum loadingirpo developing applications for the LFSSO (as to caluthe
(MLP). Boundaryx divides the space into two regiong: ( MLP). Fig. 1 shows the general behavior of LFSSOado
region where there are two solutions for system (&) excessivep (i.e. />0y) in load parameter space withy
feasible region; andi} region where (1) cannot be solved direction, which is a unitary vector in the directiof load
or infeasible region. increase defined by vect8ty, whereSu= [Pen' Qun]'.

B. Maximum Loading Point

C. Load Flow Method with Step Size Optimization —
Unfeasible region

LFSSO was first developed for solving the load flow | gaiged -r (no power flow solutions) P2 P
equations for ill-conditioned power systems. Farsty the p—0
conventional load flow methods exhibit poorer parfance,
or simply diverge, although the system indeed dperim a
stable equilibrium point. This idea was first prasel in [3],
where the voltages were represented in rectangulaf ®om™
coordinates. In [4], an approach based on the septation
of voltages in polar coordinates was proposed.

________

Desired MLP
(for sy direction) =
24— 0

. Calculated MLP
% €— (for s, direction)

At the rth iteration of the LFSSO (assumipdixed), the w0
state variable vectod™*" is calculated as .
() = (1) 4 (1) Ay
X XED A+t AXY 3) o N LFsso
_ -1 < e Process
&) = _[ng] ‘x:x(l‘) g(x(r),p) ! ’ by Voltage Stability
i . L . Lo g Boundary
where" is a step size optimization factor that multiplies ot start b e (one gmenr)ﬂow
the state variable deviation vectdx® in each iteratior; Point (w0 power o soktions)

kg is the Jacobian matrix af. Also, 4 is computed to
minimize the following quadratic function based tme

Fig. 1. LFSSO features in load parameter space [7]

power mismatches. Also in [11], the normal vector to boundady is
min F(,u)=%||gs¢||§ =3 o0& @) calculated at the last MLP. This normal vectar is
i0Qg calculated from (1) as
whereg is g expanded in Taylor series, considering up to ng(xn’lp)t w=0
the second-order term, as ], =1 (7)
gis(1) =9, 0) + pO,gx ) x4 P (5) :

wherexny, is the state variable vector at the last MLR{L||



is the Euclidean norm af, sow is a unit vector.

According to [7], considering the two-dimension doa

parameter space shown in Fig. 2, information on |&s¢
calculated MLP and (7) can be used to calculateuttie

normal vectorw to the boundang at this point. Finally, a

load curtailmeniS, is calculated as
(as,w)

ASicq :Wssch : 8

where ASOO®P™) s power mismatches vectoAS =
[AP' AQ'T (ASw) is a dot product oAS andw; 3 is the
angle betweersy, andw, so co® = (Se,W). The loading

factor deviationApd00 due to load curtailment step is

calculated as
[8Seal, _(asw) 1 _ (asw)
[Scn-ncl, 0SB [[Secn-tell, {Ssn-pe: W)

So, the new estimation gfwill be phey= 0 —Ap.

Ap =

9)

Unfeasible . (AS,w)
region L ----

X InSealb

Desired

ML —2,
[ASic2lk

Last calculatec 3
MLP

Flat Start

> Feasible
Point

region

Fig. 2. Load curtailment step to the last cal@daviLP.

[ll. PROPOSED METHOD FOR COMPUTINMLP

Simulation results for IEEE test systems up to BOSes
showed that the method of [7] presents good pedoom
and allows the MLP computation with less iteratioifs
compared with other methods. However, a detailedyais
of the performance of method [7] showed that passible
to improve it by extending its idea.

A. Performance of method [ 7] within the feasible region

The main feature of method [7] is that the sequesfce
operating points is usually within the infeasiblegion.
However, there are situations, especially for rblsystems
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Fig. 3. |EEE 57-bus system — process of compu¥hg with method [7].
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Fig. 4. |IEEE 118-bus system — process of computiih§ with method
[7].

Note that right in the first iteration a point veslose to
P is obtained, showing the efficiency of the method.

However, for /% = 8 the point lays within the feasible
region in Fig. 3. Fig. 5 shows this situation matearly,
since the region around the first iteration is zednmn. For
A% = 8 the point computed by method [7] lays below the
continuous line corresponding to,, that is, within the
feasible region. Analogously, Fig. 6 correspondsdoming
in part of Fig. 4, where a point also lays withire tfeasible
region. According to method [7], whenever a feasipbint
is obtained, binary search is used in order tockefr new
infeasible points. The main goal of the proposedhoe is
to deal with such situations more efficiently, sinbinary
seach may result in a larger number of iteratidinerefore,

and severe contingencies, where the load curtaflmed €xtended load curtailment technique is propbsee.

frequently leads to feasible points. The resulirisincrease
in the computational burden, since binary searaiséd for
returning to infeasibility.

Figs. 3 and 4 show some simulations results foil Bt
57- and 118-bus systems using the method [7].

B. Conservative Load Curtailment Technique

Since boundar may not be smooth, it is possible that a
load curtailmentAp computed by (9) leads to a point into

the feasible region. In this case, an extended load
curtailment is carried out.
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Fig. 5. |IEEE 57-bus system — zoom of Fig. 3 arotlmadfirst iteration.
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Fig. 6. IEEE 118-bus system — zoom of Fig. 4 adoiserations 4 and 5.

As shown in Fig. 2, load curtailmemS., can be
obtained using similar information, and it is cditad as

ASic, = <AS, Ssch>ssch ) (10)
where(AS, s, is the dot product oAS andsgy,.

Remarks

C. Extended Load Curtailment Technique

The extended load curtailment is based on combi(8ihg
and (10), as

1
ASi¢ new = 2 (ASIc,l + ASIC,Z)

1[@S_W>

2| cosf

) 11
+(BS, 5 )} Sech ()

and the resulting loading factor chanye due to new load
curtailment (11) will be

Ap:"ASk;,nevv"Z _if_(asw)  (ASsen) | 12)
[Sscn-sell,  2{ (Ssch-be: W) [[Scnel,

In order to guarantee that the load curtailmentcess
will remain in infeasible region, the following mifidation
in (12) is proposed.

Ap= 1 (asw) . (AS,Sgy) |
2 <Ssch—bc1W> ”Ssch—bc"2
wheres is a system-dependent parameter.

The implementation of such changes ((11)-(13))he t
original LFSSO algorithm is straightforward.

(13)

Remarks

It is important to point out that load curtailmégaB) will
be applied only when the process falls within teasfble
region, thus (13) is used for calculating a naw (loading
factor supposedly within the infeasible region) ebhi
replaces the binary search approach.

This effective load adjustment produces an opegatin
point close to the bounda®y, resulting in a more efficient
calculating process of MLP, with a smaller numbdr o
iterations when the loading point is located in feasible
region. The performance considering limits on rieact
power generation is similar to the one without ¢cdesng
such limits.

IV. TESTRESULTS

The proposed method has been tested for sever& |IEE
test systems. The LFSSO convergence tolerageeas set

Exhaustive simulations with test power systems sitbw to 0.001 MW/MVAr, the loading factor toleraneg was set
that method [7], with load curtailmeAS,, presents good to 107 and the step size threshqlg, to 10 for IEEE 57-

performance since it seeks to approximate the isolutear

bus, umn to 0.2 for IEEE 118-bus ang,, to 0.5 for IEEE

to boundarye. However, it assumes a risk falling within the118-bus with contingence. Reactive power generatioits

feasible region.
Depending on the curvature Bf one may haveAB..|b

smaller or larger tham\§|b, but for the systems tested in

this paper, NSc2lb < |ASc1lk was obtained in most cases.
Additionally, simulations showed that the procesing

at generation buses were considered. Parametes set to
one, except mentioned otherwise.

For simulation purposes, different infeasible alithoints
/9 were chosen as 6, 8, and 10. Simulations with IBEE
and 118-bus systems were carried out, since fosethe

AS., only always results in points within the infeasibl Systems the method of [7] frequently led to poimithin the

region and its performance is poorer than the nue{7.

feasible region. Also, the IEEE 118-bus system teased

When AS,, is applied, it can result in accuracy problemé‘”der a contingency situation. It is importantstoess out

and tend to wrong loading factors to the requi@drance
(e.g. off-set close to the solution). Even thout, is

conservative, some characteristics of its perfocaaran be
used to improve the numerical stability of meth@f [

that the efficiency of method [7] relies heavily obtaining
infeasible points. The idea of the proposed mettsotb
keep the points within the infeasible region as Imas
possible, in order to obtain an overall computatlosffort
reduction.

Figs. 7 and 8 shows the process of obtaining th® Nt
the IEEE 57- and 118-bus systems, respectivelya(dat



obtained from [12]) using the proposed method with
extended load curtailment technique. The gaindarglsince

the number of feasible points (below the straighe)l is
smaller, and so is the number of iterations, whba {
proposed method is used. The precision of the teswds
satisfactory when compared to the results from ow{fi 3],

even though the latter resulted in a heavier coatjmral

effort.

TABLE Il
SIMULATION RESULTS FOR THEIEEE 118BUS SYSTEM
Number of LF

Initial MEthOd([ng — Proposed l\(/:litmhoﬂted CLF p
o |FR|IR|Total 5 FR| IR | Total pp
6 3|16/ 9 2.1134 2l 5 7 2.1116
8 3|7 10 2.1153 2 6 8 2.112| 2.11
10 0|5 5 2.1332 0 5 5 2.1332
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Fig. 7. |IEEE 57-bus system — process of compultiiig® with proposed
method.
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Fig. 8. |EEE 118-bus system — process of compudh& with proposed
method.

Tables | and Il show the performance of the prodose

method and a comparison with the method [7] forlEEE
57- and 118-bus systems, respectively. Also, thailie
obtained by the method [13] (continuation load flo®LF)
are shown for precision comparison purposes. Nwethe

closer /% is from py, the better is the performance of the
proposed method. The number of points in the féasib

region (FR) and infeasible region (IR) were alsovein.

TABLE |
SIMULATION RESULTS FOR THEIEEE 578US SYSTEM

Number of LF
Initial Methodggm — Proposed I\égtr:odted CLF p
o |FR|IR|Total 5” FR|IR | Total ppu
6 4|5 9 1.6173 2| 4 6 1.6025
8 4| 6| 10 1.6097 2l 4 6 1.6075 1.6168
10 313 6 1.6216 2 2 4 1.6175

Note in Table Il that fo® = 10 the number of iterations
was the same for both methods, since the pointsred by
method [7] were all infeasible. Therefore, the mregd load
curtailment was not used.

Comparing Figs. 3 and 7 fod® = 8, note that the
proposed method leads to a better point in the rgkco
iteration. This is the detail the implies in a bett
performance of the proposed method.

Figs. 9 and 10 shows some results for the IEEE HLS-
system after the outage of transformer 8-5 usinthote[7]
and the proposed method.
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Fig. 9. IEEE 118-bus system — process of compWhg after the outage
of transformer 8-5 using [7].
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Fig. 10. IEEE 118-bus system — process of compgultLP after the
outage of transformer 8-5 using the proposed method

Table Ill summarizes the results. The better penforce
of the proposed method is clear. Method [7] applied



contingency cases tended to drive the loading fanto the

feasibility region more often. As mentioned earli¢his

leads to a larger number of iterations. The progosethod
resulted in less iterations. Figs, 11 and 12 shetaits of

Figs. 9 and 10 by zooming in the images for som®iions.
The gain provided by the proposed method is cléar the

second iteration, where the feasibility regiondaghed. The
proposed load curtailment is more efficient sinckeads to
an infeasible point, closer to the feasibility bdary.

TABLE IlI
SIMULATION RESULTS FOR THEIEEE 118BUS SYSTEM WITH A
CONTINGENCE IN8-5

Number of LF
- Method [7] Proposed Method
Initial C od C od
o |FR|IR|Total Om;“e FR| IR | Total Ozp“e
6 4|5 9 1.2717 2l 3 5 1.2702
8 0|5] 5 1.2629 o 5§ 5 1.2629
10 4| 6| 10 1.2682 2 5 7 1.2558§
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Fig. 11. IEEE 118-bus system — zooming in the @secof computing
MLP after the outage of transformer 8-5, using [7].
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Fig. 12. IEEE 118-bus system — zooming in the @secof computing

MLP after the outage of transformer 8-5 using tr@ppsed method

Method [7] leads to points very close to the feiisjb
boundary, however, there is always the risk of asitele
point be obtained during the process. Rather thsingu

binary search, the proposed algorithm uses an @eteload
curtailment that uses a more conservative meaf&. {|b)
in addition to AS. |, resulting in a better estimate for the
next point. This contribution resulted very imparttéor the
efficiency of the proposed method.

In general, the proposed method is more efficieahtthe
method [7], resulting in a smaller number of itevas. This
is especially true for larger systems and severgirogency
situations.

V. CONCLUSIONS

The main idea of this research work was to propse
improvement of the method proposed in [7], by clwagghe
load curtailment process and preserving the maitufe of
method [7], which relies on obtaining a sequenceahts
in the infeasible region.

Information on the last MLP computed by the LFSSO
and the normal vector to the feasibility boundamy ased to
define a load curtailment. Usually the next pomtaiso in
the infeasible region, which makes the method very
efficient. Whenever a point falls within the fedsilvegion,
an extended load curtailment is proposed to imprihee
overall efficiency of the process. The result isvary
efficient calculation process, with a very smallnher of
iterations. The proposed method is even betterldoyer
systems and severe contingency situations.
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