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ABSTRACT

This paper concerns compute and exploiting the sensitivity of the loading margin to voltage collapse with
respect to various parameters. The main idea of this paper isthat after theloading margin has been computed for
nominal parameters, the effect on the loading margin of altering the parameter s can be predicted by Taylor series

estimates.

Loading margin is a fundamental measure of proximity to voltage collapse. Linear and quadratic estimates to
the variation of the loading margin with respect to any system parameter or control are derived. The accuracy of
the estimates over a useful range and the ease of obtaining the linear estimate suggest that this method will be of

practical value in avoiding voltage collapse.
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1. INTRODUCTION

For aparticular operating point, the amount of
additional load in aspecific pattern of load increase
that would causeavoltagecollgpseiscdled thel oading
margin. Thispaper describes computingandexploiting
the sengtivity of theloading margintovoltagecollapse
with respect to various parameters. Themainideais
that after theloading margin hasbeen computed for
nomina parameters, the effect ontheloadingmargin
of dtering the parameters can be predicted by Taylor
seriesestimates. Thelinear Taylor seriesestimatesare
extremely quick and easy and alow many variations
on the nominal case to be quickly explored.
Exhaudtively recomputing the point of voltage collgpse
instability for each parameter changeisavoided.

2. NOMINAL VOLTAGE COLLAPSE
MARGIN

2.1 Computing the nominal voltage collapse

The nominal point of voltage collapse is the
theoreticdl limit of thesteady statemodel of the power
system and is not a reasonable point at which to
operate the actual power system. However, by
computing thenomina point of collapse, and thusthe
|oading marginto collapse, one can assessthe security
of the actual system operated at a nominal stable
operating point. Inaddition, theeffectsof contingencies
and eventson the security of the actual system canbe
andyzed by computing theeffectsof thecontingencies
and eventsontheloading marginto collapse.

Thetest system consists of 40 busesrepresenting
aportion of the South West Peninsula power grid
and isdescribed in[2]. For this study, transformer
taps and switched compensation devices were
assumed fixed. Thederivationsand gpplication of the
sengtivity formulas[1] requirethechoiceof anomind
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stableoperating point at which parametersor controls
areto be adjusted, and a projected pattern of load
increase. Bustypesaredifferentiated as:

e “Loadbus’ (PQ bus) voltage and angle vary to
maintain specified real and reactive power
injections.

« “Voltagecontrolled bus’ (PV bus) reactive power
output and bus angle vary to maintain specified
real power injection and voltage.

» “Slack busor referencebus’ (VA bus) real and
reactive power output vary to maintain specified
busvoltageand angle.

3. LOADING MARGIN SENSITIVITY

Thissection describesand illustrates the use of
loadingmarginsengitivitiestoavoid voltagecollapse.
Thenominal stable operating point and thenominal
point of collapse aredescribed inthe previoussection.

Thederivation of thesengtivity formulasassumes
that the system equationsremain fixed as parameters
arevaried. Inparticular, thelimitsenforced at thepoint
of collapse are assumed to stay the same as
parametersarevaried. (A changeinthesystemlimits
correspondsto achangein the system equationsand
thesengtivity based esimatesusing theeguationsvaid
at thenomina nose can becomeinaccuratewhenthe
parameters change sufficiently so that the equations
change.)

For thisstudy, when agenerator represented by a
‘PV’ busreachesareactivepower limit, itisconverted
toa‘'PQ’ bus, effectively changing theequilibrium
equationsmodeing thesystem. In[1] themgjor cause
for inaccuracies of the sengitivity based estimatesis
shownto begenerator reactive power limitschanging
asparametersarevaried.

i. Computation of linear sensitivity

Thelinear estimateof thechangeinloadingmargin
() resulting from achangeto an arbitrary parameter
()is

_ —WFpAp

AP=—r—
P wF A1k &

where:

[2]

o isthesengtivity of theloading marginwith respect
tothe parameter.

o arethepower system equilibrium equations(real
and reactive power balance at ach bus) that apply
at thenose. In particular, F accountsfor the power
systemlimitsenforced at the nose.

« the derivative of F with respect to the load
parameters.For constant power

» |load modelsisadiagona matrix with onesinthe
rows corresponding to buseswith loads.

 ,thederivativeof theequilibrium equationswith
respect to the parameter p at the nominal nose
point. The parameter can beavector andthen is
amatrix.

« W, theleft eigenvector corresponding to the zero
eigenvaueof the system Jacobian ( evaduated at a
foldbifurcationissingular [11,12]).

« theunit vector inthedirection of load increase. ,
also defines the direction in which the loading
marginismessured. Thedirection of loadincrease
isshownin Table 7. The denominator of (1) isa
scaling factor that isthe samefor all parameter
changes. Thelinear sensitivity can beimproved
with aquadratic estimate, derived and explained
in [1].

I. Sensgitivity with respect to VAR limits
Computation of the nominal voltage collgpse point

showed that Buses EXETO, FAWLO, and LOVEO

al encounter VAR limits Wefind out from sengtivities

how theloading margin to voltage collapsewould
changeif theselimitsweredifferent.

M ethods

Themagnitude of the componentsof the zero | eft
e genvector corresponding to reactive power injection
indicatesthat of thethree generatorsthat encounter
VAR limitsbetween thenomind stableoperating point
and the point of collapse, the generator at the 132
KV busat Exeter hasthe greatest influence on the
marginto collapse. Theloading margin corresponding
to various maximum reactive power limits at the
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132KV Exeter Bus is computed by the same
conti nuation method used to obtain thenominal fold
bifurcation. The results are compared to those
obtained using thelinear sengtivity formulaeva uated
at thenomind fold bifurcation.

Thenomina maximum reactive power limit at the
Exeter 132KV bus is 150 MVARs. Results are
obtained for avariation of 30 MVARS, or (+20%) of
thenomind limit.

Results

Thesolidlinesin Figure4 showsthelinear estimate
for theloading margin variation asafunction of the
maximum reactive power limit at the 132 KV Exeter
bus. Thedotsin Figure 19 represent the actual values
of theloading margin ascomputed by the continuation
method. The agreement between thelinear estimates
and the actual marginsisexcellent over the entire

range.
4. CONTINGENCY RANKING FOR
VOLTAGE COLLAPSE

Thesengtivity formulas(1) of theprevioussection
can be used to estimate the effects of contingencies
on the margin to voltage collapse. In this casethe
parameter p is a vector representing the line
admittance, andinstead of looking at theeffect of small
deviations, the changein the parameter is 100%.
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M ethod

Theestimatesfor theeffectsof contingencieswere
computed asdescribedin[1,7]. Theactua margins
resulting from the contingencieswere computed by
firgt identifying astable post contingency equilibrium
at the base caseloading and then gradually increasing
theload and accounting for VAR limitsuntil avoltage
collapse dueto fold bifurcation of the equilibrium
equationswasfound.

Radial lineoutagesareaspecia caseinwhichthe
derived formulasdo not strictly apply sincethe post
outage network will not be connected. We suggest
that the contingency list befirst screened to identify
radial lines, and that these outages be analyzed and
ranked separately from the other contingencies.

Results

Table 1 compares the estimates to the actual
marginsfor al non-radia line outagesresultinginat
least a75 MW reductioninloading margin. Theranks
correspond to therank of each outageamong al other
non-radial line outages. Table 2 compares the
estimates to the actual margins for all radial line
outages, with ranking shownamongonly radia lines.
Thetwo most critical radial line outagesare among
themost critical line outagesand areidentified asso.
However, theestimatesfor theradid line outagestend
to be better than the estimatesfor non-radia outages,
and so themoderateradial outagestend to beranked
too highwhenincludedwithdl line outages. Outages
mis-grouped by the estimatesare showninbold face.
Theradia outageswereall ranked correctly.

For thefour outages causing lessthana10 MW
changeinmargin, themean error for thelinear estimate
was 3.0 MW and the maximum error was 4 MW.
For theten outages causing between a10 MW and
20 MW changein margin, the mean error was 3.9
MW and the maximum error was 13 MW. For the
thirteen outages causing between a20 MW and 45
MW changein margin, themean error was 10.4 MW

and the maximum error was 26 MW. The estimates
captured thethirteen worst non-radial line outages,
all causing grester than 60 MW changeinthemargin.

Asnotedin[1], themajor causefor inaccuracy
wasdueto changesintheset of limitsthat apply at
the point of collapse. Thissystem proved to beamost
challenging case, sinceall but nineoutagesforced a
changeinthelimitsapplied at thenose.

As expected, often the change in VAR limits
involved the HINPO bus precarioudy closeto alimit
at thenominal point of collapse.

Table 1: Estimated and actual changesin theloading
margin to fold bifurcation resulting from severe non-radial
line outages (nominal loading margin = 1805 MW)

Actual Lstimate VAR
Lina Margin =~ Change  Linear Quadratic Limited
Qutage | MW MW (rank) Generators
20.30.1 | 1464 B41(1) -172(1) 266 (1) EXECTO
4.5.1 1555 <250 (2) -B2(4) -133 (4) EXETOFAWLO
T7.17.1 | 1635 -170 (3) -52(9) -87 (7T)  EXETOFAWLO,LOVEQD
8171 | 1637 -168 (1)  -54 (8) -89 (6) EXET0FAWLO,LOVEOD
1.7.1 1643 <162 (5) -120(2)  -154 (2) EXETOFAWLO
181 1643 -162 (6) -129(3)  -154 (3) EXETO,FAWLO
11.38.1 | 1650 -185(7)  -TO(5)  -101(5) EXETO,FAWLO,HINPO
2.4.1 1653 -152 (8) -48(11)  -75(10) EXETOFAWLO
5.1 1653 <152 (9) -51 (10) -B0 (%) EXETO,FAWLO
11.12.1 | 1700 -105 (10)  -61 (6) -83 (8) EXET0FAWLOHINPO
131 1718 -87(11) -86(7)  -71(11) EXETOFAWLO

5. Voltagecollapsedueto VAR limits

The previous sectionsand the theory presentedin
[1] associate voltage collapse of the el ectric power
system with afold bifurcation of the equilibrium
equationsused to mode thesystem. Experience[3,4]
hasshown that the VAR limitations of generatorsare
associated with voltageingtability, and computational
experience showsthat the effect of changing(Voltage
controlled bus) PV busesin theequilibrium mode of
the power system to (load bus) PQ buses often
reducestheloading marginto voltage collapse.

In some cases, when the system loading ishigh,
the effect of changing aPV busto aPQ bus causes
themargin to thefold bifurcation toincrease. Upon
gpplication of thelimit, the equilibrium point appears
on the bottom half of the nose curve, and voltages
increase uponincreaseinload [4].

[4]
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The pointsat which changing aPV busto aPQ
busalter the syssem nose curve so that theequilibrium
solutionison thelower voltage branch of the new
nosecurverepresent pointsat which thepower system
may becomeimmediately unstable. Werefer tothese
pointsaspointsof immediateingtability, todistinguish
them fromfold bifurcation points. However, either a
foldbifurcation point or point of immediateinstability
canlead to adynamic voltage collapse.

Tables3 & 4 show thesameresultsasin section4
except that the actual marginsare adjusted to reflect
the cases in which an immediate instability was
encountered beforethefold bifurcation at the nose of
thecurve. Inall cases, the VAR limit was caused by
the generator at HINPO. Those cases for which a
changein margin occursare highlightedinbold. The
immediate instability caused only minor changesin
ranking between outageswithin SMW of each other.

Table 2: Estimated and actual changesin the loading
marginto fold bifurcation resulting fromradial line
outages (nominal loading margin= 1805 MW)

VAR

Actual Estimate

Line Margin Change Linear Quadratic Limited

Outage | MW MW (rank) Generators

1817.1 | 1367  -438 (1) -265 (1)  -366 (1)

39.38.1 | 1568 -237 (2) -167 (2) -203 (2) EXET0,LOVEOHINPO

651 | 1738  -67(3) -60(3)  -62(3)

20.19.1 | 1752 -53(4) 46 (4)  -57 (4) EXETOFAWLY,
LOVEQ,HINFO

22.21.1 | 1752 -53 (5) -46 (5) -57 (5) EXET0,FAWLO,
LOVEOD,HINFO

13.12.1 | 1792 13 (6) -19(6)  -20 (6)

For nearly half of the outages, instability wasdue
tofoldbifurcation, notimmediateingtability. All of the
most serious outages were dueto fold bifurcation.
When the actual margin representsthe distanceto
immediateinstability and not to fold bifurcation, the
margintofold bifurcationisnoted in parentheses. In
all cases, fold bifurcation occurswithin 11 MW of
immediateingability.

Table 3: Estimated and actual changesin theloading
margin to voltage collapse resulting from severe non-
radial line outages (nominal loading margin= 1805 MW)

Actunl Estimate VAR
Line Margin Change VAR (N) Fold (W) Limited
Outage | MW MW (rank) Generators
FE0.1 | 1464 341 (1) 172 (1) 148 {1} EXETO
4.5.1 1555 -250 (2) -B2 (4) -B0 {4} EXETO,FAWLD
T.17.1 1635 170 (3) 52 (9) 49 (10)  EXETO,FAWLDLOVED
R17.1 1637 168 (4) 54 (8) 51 (8) EXETOFAWLDLOVED
L7.1 1643 -182 (5) -129 (2) -127 (2) EXET0,FAWLD
1.8.1 1643 162 (6) 129 (3) 126 (3) EXETO,FAWLO
11.38.1 | 1650 -155 (7) -0 (5) -77 (5) EXET0,FAWLO,HINPO
2.4.1 1653 152 (B) 48 (11) 47 (11) EXET0O,FAWLD
3.5.1 1653 -152 (8)  -51 (10) 51 (0) EXETOFAWLD
11.12.1 | 1699 (1700) -106 (10) -61 (6) -60 (6)  EXET0,FAWLOHINPO
131 1718 -87 (11) -56 (T} -56 (7) EXET0,FAWLD

6. CONTINGENCY RANKING FOR
VOLTAGE COLLAPSE DUE TO VAR
LIMITS

Thesengtivity computetionscan beeasly extended
to the casewerethevoltage collapseisanimmediate
instability due to a VAR limit rather than a fold
bifurcation. Thederivationsof thesengtivity formulas
in[1] required the description of amanifoldinwhich
each point on the manifold corresponded to apoint
of fold bifurcation. Thenormal vector to thissurface
isdefined by the zero | eft elgenvector of the system
Jacobian. Similarly we can construct amanifoldin
which each point correspondsto the point at which a
particular generator isat aVAR limit. The normal
vector tothissurfacecanthen beusedinthesengtivity
formulasto computethe sensitivity of themarginto
encounteringaVAR limit.

Table4: Estimated and actual changesin theloading
marginto voltage collapse resulting from radial line
outages (nominal loading margin= 1805 MW)

Actual Estimate VAR

Line Margin Change  Linear CQuadratic Limited

Outage | MW MW (rank) Generators

18.17.1 | 1367 438 (1) 265 (1) 366 (1)

30.38.1 | 1568 -237 (2) -167 (2) -203 (2) EXET0,LOVEDHINPO

6.5.1 1738 -67 (3) -60 (3) -62 (3)

20.19.1 | 1750 (1752) -55(4) -46 (4) -57 (1) EXETOFAWLD,
LOVEOHINFO

22.21.1 | 1750 (1752) -55(5) -6 (5) -57 (5) EXETO,FAWLD,
LOVED HINFD

13.12.1 | 1792 -13 (6) -19 (6) -20 (6)

7. COMPUTATIONOF SENSITIVITY

When thevoltage collapseisidentified with the
fold bifurcation of theequilibriummodd, theleft zero

copyright © samriddhi, 2010-2013

(5]

S JIPSET : ISSN : 2229-7111, Vol. 4, Issue 1



An Efficient Margin and Sensitivity Analysis Based Method For Cal culating \Voltage Collapse

e genvector can be used to computethenormal vector
tothesurfaceof bifurcation pointsin parameter space.
Smilarly, whenthevoltage collapseisidentified with
theimmediateinstability dueto application of aVAR
limit, thereisanormal vector in parameter spaceto
the surface of pointsat whichthecritical Q limitis
reached. In short, when equation (1) isevauated with
thevector w computed at thecritical VAR limit point
(asopposed to at thefold bifurcation point), reflects
thelinear estimate of thechangeinmargintothe VAR
limit for the changein parameter . Table 17 compares
the VAR limit normal vector N to the zero left
eigenvector W. Theangle between N and W is4.6
degrees. Notethat itisconsiderably easer to compute
N than W. There is no need to compute aHessian
term and computation of N doesnot requireagood
initid guess.

Whenthesensitivity computationsand contingency
rankings were repeated using N in place of W, no
significant changeswere observed. Tables18 and 19
comparethelinear estimatesfor thechangein margin
resulting from the lines outages computed with both
the left zero eigenvector, W, at the origina fold
bifurcation point, and thenormal vector tothe VAR
limit set, N, withthe actual marginstoinstability for
the original system. Note that there is very little
difference in the estimates, and the top twelve
contingencies are ranked the same except for two
contingencieswith a difference of lessthan 1 MW
areswitched. In each caselimited by fold bifurcation,
the estimate computed with the zero | eft eigenvector
Isbetter than the estimate computed with the normal
vector. For the one contingency of the top twelve
limited by immediateingtability, the VAR limit normal
vector issuperior. Table 19 showsthelesscritical
contingencieswhich tend to belimited by immediate
instability as opposed to fold bifurcation. The
estimatesarevery smilar, seldom differing by more
than 5 MW. However, the estimates computed with
thennormal vector tothe VAR limit set arebetter than
those computed with the zero | eft eigenvector for the
casesthat werelimited by immediateingtability.

7. Conclusions

Table5: Comparison of linear estimated changesinthe
loading margin to voltage collapse resulting from severe
non-radial line outages (nominal loading margin = 1805 MW)

Actual Estimate VAR
Line Margin Change  Linear Cuadratic Limited
Outage | MW MW (rank) Generators
20.30.1 | 1464 M1(1) -172(1) 266 (1) EXETO
45.1 1555 250 (2) -82(4) -133 (1) EXETOFAWLO
7171 1635 170 (3) 52 (9) 87 (7) EXET0,FAWLO,LOVED
8.17.1 1637 168 (4) 54 (8) 80 (6) EXET0,FAWLO,LOVED
1.7.1 1643 -182 (5) -120(2)  -154 (2) EXETO,FAWLO
1.8.1 1643 -1682 (B) -120(3)  -154 (3) EXETO,FAWLO
11.38.1 | 1650 155 (7)  -T0(5) 101 (5) EXETO,FAWLOHINPO
24.1 1653 -152 (8) -48 (11)  -75(10) EXETO,FAWLO
3.5.1 1653 -152 (9) -51 (10) -80 (9) EXETO,FAWLO
11.12.1 | 1699 (1700) -106 (10) -61 (6) 83 (8) EXETO,FAWLOHINPO
131 1718 87 (11) 56 (7) 71(11) EXETO,FAWLO

The nominal voltage collapse occurred at an
equilibrium at which a critical VAR output was
precarioudly closetoalimit. It wasexpected that line
outagesaswell assmd| changesin parameterswould
causethe systemto encounter thelimit prior tovoltage
collapse. This phenomena had previously been
associated with inaccuracies in the estimates and

rankings.

For thiscase, it was shown that the VAR limited
changes produced anoticeable but negligible effect
ontheestimates. Inaddition, theformulaswereshown
to perform well estimating the effect on theloading
margin of atering agenerator maximum VAR limit,
Illustrating anew application for themethods. This
chapter also tested a new implementation of the
sengtivity formulasderivedin Chapter 4 usng thenode
voltage form of the equilibrium equations.
Contingency analysiswasperformed by evauating
thesengtivity formulasfor changesintheimpedance
matrix resultingfromlineoutages. Findly, sncevoltage
collapse can be precipitated by generator power limits,
anew estimate wastested using the normal vector to
the critical VAR limit in place of the zero left
eigenvector at afold bifurcation. Theresultswere
comparable. However, the VAR normal vector is
easi er to computethan theleft zero eigenvector and
a so doesnot requirethat acontinuation method locate
anexact fold bifurcation point.

[61
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