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Abstract: A unified approachto transient stability

closed-loopcontrolis presentedlt relieson the general
transientstability methodcalled SIME, from which the

Preventive andthe Emegeny SIMEs arederived. The

Preventive SIME usestime-domainsimulationsof plau-

sible contingenciegrior to their occurrencefor the on-

line powersystenmmonitoringfrom thecontrolroom. The

Emegengy SIME, ontheotherhand,usegeal-timemea-
surementsacquiredon the systempower plantsafterthe

actualoccurrenceof a contingeng in orderto appraise
andtriggercountermeasuresdispensabléor thesystem
integrity. Despitefundamentadiifferencesn theirdesign
and objectves, the two approachefiave also common
featuresThis paperhighlightsmaindifferenceandsim-

ilarities, andillustratesthemon a realistic, large power

system.Thetradeof betweeron-line preventive control

andreal-timeemegeng controlis alsoassesseih terms
of sizeof theinvolvedcountermeasures.

Keywords: Transientstability assessmerdnd control;
closed-loopcontrol; on-line preventive control; real-time
closed-loopemegeng control; SIME method.

1 INTRODUCTION

Pawver systemtransientstability control is asimportant
asproblematican issue. Important,sincecontrol is the
ultimateobjective of ary securitystudy beit staticor dy-
namic. Problematicsinceit implies appraisalof appro-
priatetypeandsizeof countermeasures.

Corventional time-domain transient stability methods
cannothandle such tasks. Direct methodsare better
suited;but they lack flexibility with respecto powersys-
temmodelling, stability scenariosandtypesof instabil-
ity. Hybrid methodsare more appealing sincea priori

they arecapableof combiningadvantage®f both.

Broadly, two classesof hybrid methodsmay be dis-
tinguished, namely those relying on multimachine
Lyapuna functions and those using generalisedone-
machineequivalents.The popularTEF methodis of the
former class(e.g.,see[1,2]), the SIME methodbelongs
to thesecondlasg[3,4].

This paperpresentsa SIME-basedunified approachto
closed-loopransientstability preventive andemegeny
controls.

Preventive control in generabimsatassessingwhat to
do” in orderto avoid the systemossof synchronisnif an
a priori harmfulcontingeng would occur. Its designre-
lies on stability simulationsof this contingeng scenario.
More precisely on-line preventivecontrol aimsat setting
up in a horizonof, say 30 minutesaheadmeango sta-
bilize the systemif it werethreatenedby ary of the plau-
sible contingencie$oundto be harmful. For a given (or
forecastedpperatingcondition,this taskmaybeaccom-
plishedby computingstability mamgins of harmful con-
tingencies,and designingappropriatecountermeasures.
The decisionaboutwhetherto executeor postponesuch
actionsrelieson engineeringudgementboutthe trade-
off betweereconomicandsecurity

Emergency control, on the otherhand,aimsat trigger
ing a countermeasuri realtime, after a harmful con-
tingeng hasactually occurred This actionmay be ei-
therdesignedn realtime usingreal-timemeasurements,
or assesseih anticipationby meansof off-line stability
simulations.Thelattercasebelongsto open-loopemer-
gency control, as opposedto closed-loopemergency
control; in this latter case,the actionis designedand
triggered in real time during the transientperiod fol-
lowing contingencyinception,and the systenmcontinues
being monitored and further contolled. In emegengy
situationghenecessityto call uponautomatiacontrolac-



tionsbecomewital for bothsecurityandeconomics.

This paperdealswith a generalframewnork of closed-
loop controls,encompassingreventive and emegeng
modes. They both use the SIME method, which ini-
tially wasdevelopedto improve the performancesf the
corventionaltime-domainapproachto transientstabil-
ity assessmen#l]. Lateron, this methodhasbeenex-
tendedto cover preventive and emegeng control as-
pects;ithisyieldedthe“Preventive SIME” andthe“Emer-
geny SIME”. The Preventing SIME goeswell beyond
the cornventionalway of thinking andopensavenuedo a
largevariety of new applicationge.g.,see[5,6]). Onthe
otherhand,theEmegengy SIME departdefinitelyfrom
thetraditionalsimulations-basedpproachedyy process-
ing real-time measurementafter the actualoccurrence
of acontingeny to controlpredictivelythe power system
[7,8]. This paperaimsto give a unified view of the pre-
ventive andthe emegeng closed-loopcontrols,to point
out salientcommonfeaturesaswell asfundamentatlif-
ferences. At the sametime, the paperaimsto testthe
Emegeny SIME onmeshegower systemstructuresin
additionto radialstructuresnvestigatedgsofar[7,8].

The paperis organizedasfollows. Section2 outlineses-
sentialsof the SIME approachto transientstability as-
sessmen{TSA) in general,thenfocuseson the differ-
encesbetweerpreventive andpredictive TSA. Section3
dealswith the two modesof closed-loopcontrol: pre-
ventive control, using preventive TSA, and emegeng
control, using predictive TSA. In both caseghe consid-
eredcountermeasuresoncernmachines’active genera-
tion power. Sectiond illustratesthe above two modeson
the 88-machineEPRI testsystemC [9]. Amongthere-
portedsimulationresultsof particularinterestis the vari-
ationof theamountof controlledpower necessaryo sta-
bilize asystenvsthe“control time”, i.e. thetime elapsed
betweerthecontingeng inceptionandthecontrolaction.

2 TRANSIENT STABILITY
ASSESSMENTBY SIME

2.1 SIME methodin general

SIME is a hybrid methodwhich replacesthe trajecto-
ries of a multimachinepower systemby the trajectory
of an one-machinénfinite bus (OMIB) equialent. This
OMIB resultsfrom themultimachinedecompositionnto
two groupsof machinesthe aggrejationof eachone of
theselatter into an equivalentmachine,andfinally the
replacemenof thesetwo machinesby an OMIB. The
OMIB parametersreinferredfrom thoseof the system
machinesyhile its identificationandstability properties
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Figurel. Principleof SIME’s TSA: illustration on the
stability caseof Sectiord

areinferredfrom the equal-are&riterion (EAC). OMIB
parametersnd stability propertiesare refreshedat the
rateof acquisitionof the multimachineparameters.

More preciselyfor a givenunstablescenario SIME pro-
posedo EAC afew number(say5) of candidateOMIBs;
in turn, EAC chooseghatcandidatevhich first meetsts
instability conditiong4]:

P,=P,-P.=0; P,>0. (1)

It thendeclareghis OMIB to betherelevantoneandrec-
ognizesthe machines'decompositionnto “critical” and
“non-critical” ones.Further it computeghe correspond-
ing (unstablemamin
5
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do
Figure 1 illustratesthe above descriptionsin the real-
world stability caseof Sectiond, simulatedn thepreven-
tive mode;the contingeny is a 3-¢ short-circuitcleared
at t. = 100ms by openingoneline. More specif-
ically, Fig.1a displaysthe multimachineswing curves
up to the “time to (reach)instability”, t, ; thisis the
time wherethe instability conditions(1) aremet. (Here,
t, = 635ms.) Thefirst OMIB to reachtheseconditions
is madeof 32 critical machinedCMs) and56 (88 — 32)
non-criticalmachinegNMs). It is interestingo notethat
of the32 CMs, afirst groupof 7 machiness significantly
moreadwancedrom theremaining25oneghanthesdat-
ter from the NMs; indeed,the angulardistancebetween
the lessadwvancedof the 7 machinesand the more ad-
vancedof the 25 machiness about32°, whereaghe an-
gular distancebetweerthe last CM andthe first NM is
of 3.8. Figurelb displaysthe OMIB P—§ represen-
tationin termsof P,, and P, . The normalizedsta-
bility mamgin, /M , computedaccordingto (2), equals
—1.044 (rad/s¥.

1
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2.2 Acronymsand notation
2.2.1 General

In theaboredescriptiongndthroughoutheremaindenf
thepaperthefollowing acrorymsandnotationareused.

EAC : equal-areariterion

OMIB : one-machinénfinite bus
TSA : transientstability assessment
CM : critical machine

NM : non-criticalmachine

Agce (Agec) : acceleratingirea(deceleratingirea)in the
P-4 plane

P, = P,,— P, : OMIB acceleratingpower, excessof its
mechanicapower, P,, , overits electricalpower, P,

d : (angular)distanceor differencebetweentwo succes-
sive machinessortedin decreasing@rderof theirangles;
in the context of the Preventive SIME d is measuredt
Ty
M : OMIB inertiacoeficient

t, : timeto (reach)instability, i.e. time wherethe unsta-
ble conditions(1) aremet

0 (te) : clearingangle(time)

do (6,,) : OMIB initial angle(angleat ¢, )

wy, . OMIB speedat ¢,

n : mamgin; n/M : normalizedmamgin

P. (AP,) : total active power of the CMs (variation of
P.).

2.2.2 Specificto the EmergencySIME

to = 0: beginningof theduring-faultperiod

t. : beginningof the post-fault period(here:100 ms)

At : time samplej.e. time betweertwo successie mea-
suremensetsacquisition(in Sectiord, At = 20 ms)

ty - timerelatve to thefirst setmeasurementcquisition
(here:135ms)

t; . currentprocessingime

t. : controltime,i.e., timeelapsedetweeracontingeny
inceptionandthe controlaction

tq . time delaybetweermeasurementgrocessingand
control'sapplication

0; = 6(t;) : OMIB angleat ¢;

w; = w(t;) : OMIB speedat t; .

2.3 Preventive vs EmergencySIME

Accordingto its principle SIME combinesinformation
aboutthe multimachinepower systemwith the EAC sta-
bility assessmermif the OMIB.

Dependinguponwhetherthe multimachineinformation
is obtainedfrom transientstability simulationsor from

measurementacquiredon the systempower plantsin
real-time yieldsthe Preventive or the Emeigeny SIME.

Both SIMEs aim at performing successiely two main
tasks: transientstability assessmerand control. But
while the Emegeny SIME attemptsto control the sys-
temjustafteracontingeng occurrencandits clearance,
soasto stabilizeit in time, the Preventive SIME aimsat
proposingcountermeasurgzeventively i.e. befoe ary
contingeny occurrence.

2.3.1 Preventivetransient stability assessment

Preventive TSA goesalongthetraditionalway of assess-
ing the systemrobustnessis-a-vis occurrencenf antic-
ipatedcontingencies.In an on-line contet, preventive
TSA should considerall plausible contingenciesjn a
horizon of, say 30 minutesahead: computationakeffi-
ciengy becomeshuscrucial.

On-line preventive TSA may effectively be decomposed
into contingeny filtering, to detectexistenceof harm-
ful contingenciesvhile discardinghe (largemajority of)
harmlessones,and assessmerdf theseharmful contin-
genciesjn particularof their degreeof severity.

Accordingto SIME, thesetasksareachievedusingtime-
domain simulationsto determinestability mamins and
critical machines[4,5,10]. The resultingfiltering and
ranking proceduresare significantly faster than those
relying on corventional pure time-domainapproaches.
Neverthelessthe paramountidwvantagdies in the possi-
bility of assessingnagins and critical machineswhich
openavenuego control. Thisissueis addresseth Sec-
tion 3 andillustratedin Sectior4.

2.3.2 Predictive transient stability assessment

Unliketo thepreventive TSA, thepredictve TSA hasnot
beenusedsofar, for two mainreasonson onehand,be-
causethis taskis hardly achievable- if atall - by con-
ventionalapproachespn the otherhand,becauséts in-

terestis directly linked to the feasibility of closed-loop
emepgeng control - and, again, this cannotbe handled
by conventionalapproaches.

Unlike to the Preventive TSA, the predictive TSA deals,
in real-time, with an event (or successiorof events)
which hasbeendetectedbut not necessarilyidentified,
andgenerallyautomaticallyclearedby the protective de-
vices. Thus,in orderto be effective, it mustpredictthe
systembehaiour early enoughso asto leave sufficient
time for determiningand triggering appropriatecontrol
actions,wheneer necessaryTo geta stability diagnos-
tic aheadof time, the predictive TSA relieson real-time
measurements.



More precisely the methodpredictsthe stability of the
systementeringits post-fault configurationj.e. afterthe
disturbancéanceptionandits clearanceusingthe multi-

machinedataavailableat successie time samplesAt’s

(e.g.,1 sampleevery 20ms). Thus,at eachtime sample,
anOMIB analysigs performedo decidewhetherthesys-
tem keepsstableor is drivento instability. The crux for

thisanalysigs thepredictionof theOMIB P, —4 curwe,

andhencethe predictionof the unstableangle, §,, , and
correspondingstability magin. The achierementof the
predictionbringsoutthefollowing two questions:

1. which arethemostdisturbedmachines?
2. is the systemdriven to (in)stability andto what ex-
tent?

Answersto thesequestiongrely on the following steps,
illustratedin Figs2.!

(i) At atime t; shortafter the disturbanceclearance,
(t; > te + 2At) considerthe incomingmeasurements
attimes t; — 2At , t; — At , t; , anduseTaylor seriesto
predicttheindividual machineanglesat sometime ahead
(e.g. 100ms). Sortthe machinesn decreasingrderof
theseanglesandconsideras candidatecritical machines
thoseadvancedmachinesvhichareabovethelargest(an-
gular)distancgseenotation,§ 2.2).

(ii) ConstructhecorrespondingdMIB, determinats pa-
rameters(d, w, v, P,) fromthecorrespondingparam-
etersof theindividual power plantsat times ¢; — 2A¢ ,
t; — At , t; , andapproximatehe P, — § curve by
solvingtheexpression:

P,(6) ~ ad®> + b5 +c 3
for a, b, ¢ atthesdimes?

(iii) Solve eq.(3) to find the OMIB angle §,, > 4(¢;)
which verifiesconditions(1).

(iv) Computethe stability mamgin, n , accordingto (2):3
Ou 1
n = —/ Podé — = Mw? . (4)
8 2
(v) If nisfoundto be negative or closeto zero,declare

the systemto be unstableand determinecontrol actions
(seeSection3).

IFigure2asketcheshe principle, while Fig. 2billustratesits appli-
cationto therealcasesimulatedn Section4. Noticethatthe curesin
Fig.2b aredravn afterthe disturbanceclearance (Actually, they start
beingdravn 10time samplesaftert ¢, thefirst acquisitionof measure-
mentset.)

2 Amongvariouspossiblesxtrapolationtechniquestheleastsquares
techniqueshawvs to be particularlyrobust.

SExpressior(4) is equivalentto but moreappropriate¢han(2), since
it reliesonthealreadycomputed P, cune.
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Figure2. Principleof thepredictve TSA

(vi) In thislattercasecomputethetimeto instability, ¢,, ,
i.e. thetimefor theOMIB to reachits unstableangle, d,, ,
i.e. to go unstable.This may be computedfor example,
by [11]:

e = t-+/6u “
8 \/%féi —P,dé + w}

where §; standgor 6(¢;) and w; for w(t;) .

(vii) In any caseacquirea new setof measurementand
continuemonitoringthe system.

Remark

Obviously, the above predictive stability assessment-
lies ontwo mainapproximations.

()

e First, the OMIB usedhere might not necessarilybe
the critical OMIB which would be identifiedat ¢, ,
i.e. whenthe OMIB actuallyreachests unstablean-
gle, 4, ; however, it is likely to contain (part of)
the mostdisturbedmachinesand certainly machines
whosecontrolwill (hopefully)stabilizethe system.

e Secondthe P, — § curverelieson a measurement-
basedprediction rather than accuratecomputation.
But its accurag may be assessetly observingthat,
by definition, for afixedclearingtime ¢, themamgin
(4) shouldbeconstantvhatever ¢; ; hencethemagin
valuesobtainedat successie t; 's shouldcorvergeto
a(nearly)constant.

Figure 2b shavs thatthe P, — & predictioncorverges
towardsthe exact P, —4 after aboutl14 time samples
after thefirst prediction;this corroboratesvhat Table 2

of Section4 shavs: the value of 15 stabilizesaround
435ms.



Further comments

1.- Computationallythe above strateyy is extraordinar

ily unexpensve andfast;indeed,at eachtime sample,t

merely requires(a) solving the individual Taylor series
to identify the OMIB; (b) computationof the OMIB pa-
rametersandof the P, curve (3); (c) solvingit to get
&y ; (d) computingthe mamgin (4). Obviously, all these
computationsequireonly fractionsof ms.

2.-Thetimeto instability, t,, , expressedy (5) isagood
indicator of the contingeng severity; moreower, it pro-
videsvaluableadviceaboutwhetherto actimmediately
thoughimperfectly or to wait for amoreaccurateassess-
ment.

3.- It may happenthatthe transientstability phenomena
take sometimeto getorganizedanddonotappeaclearly
enoughat the beginning of the post-fault transientsthus
yielding a confuseddiagnostic. However, in suchcases
instability is likely to develop ratherslowly; this leaves
timeto continuemonitoringuntil thephenomenaéecome
clearer (SeeTable2 of Sectiord.)

4.- Along thesamdines,acasewhich atthefirst timein-
stantsyieldsa stablemamgin mayactuallybe unstable It
is thereforeadvisableto continuemonitoringthe system
for aboutonesecondeforedeclaringit definitelystable.

5.- The above developmentsassumehat the individual
power plant, variablesmay be obtainedby synchronized
phasormeasuremendevicesplacedat eachpower plant
togethemwith somelocal processingpower to determine
generatoanglesspeedandaccelerations.

3 CLOSED-LOOP CONTROL

3.1 Generalprinciple

Transientstability control relies on the following two
propositions:

¢ the instability of a multi-machinepower systemis
measuredy the OMIB magin;

¢ stabilizingan unstablecaseconsistsof cancelingout
this mamgin, i.e. of increasingthe deceleratingarea
and/ordecreasindhe acceleratingareain the OMIB
P—¢6 plane(seeFig.1b).

Broadly, thismaybeachieved:

— eitherby reducingthe mechanicapower of the
OMIB* and henceof the CMs5 E.g., by us-

4unlessback-swingphenomenare of concern,in which casethe
CMs’ power shouldbeincreased.
5Indeed,t canbeshavnthat APoar1B = APca [6].

ing fast-walving, generatorshedding,generator
reschedulingetc.;

— or by increasingthe electricalpower. E.g., by
usingbrakingresistors DC links, thyristorcon-
trolled seriescompensatorandotherFACTS.
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Figure 3. General framavork for transientstability

closed-loopontrol. Takenfrom [12].

Theabove principleyieldsthe closed-loogontrolframe-
work portrayedn Fig. 3.

Thisgeneraframawvorkis appliedbelow to theparticular
casewherethe control consistsof reducingthe mechan-
ical power of the CMs; accordingto the modeof con-

trol, thisyieldsgeneratiomeschedulingpreventvecoun-
termeasuredr generatiorsheddinglemepgeng counter

measure).

More specifically cancellationof the (negative) magin
1o IS obtainedthroughthe generaliterative procedure
sketchedn Fig.4 andcommentedhereafter:

(i) determinea decreaseate AP, of P, , where
P, is thetotal active generatiorof CMs yielding

Mo



(i) using P,y = P.o—AP,q , re-runthestability case
andcomputethe new margin, 7,

(i) extra/interpolatelinearlyng, n; to getafirst-guess

(iv) accordingto the size and sign of #; , decide
whetherP, ;,,, maybedeemedaccurateenoughto
stopor to continueiterating.

Theaboveiterative patternis shovn to berobustandfast
for bothpreventveandemepgeng controls despitemary
importantdifferencesn its applicationto oneor theother
mode. In anticipation,we mentionthe following main
differences:

e in the preventive mode, the generationdecreasen
CMs mustbe compensatethy an (almost)equalin-
creaseon non-criticalmachinesjn orderto meetthe
desiredconsumptiorf. This compensatioris not re-
alizedin the context of emegeng control (at leastat
thefirst instantsfollowing this control)

e the way of assessinghe amountof generationde-
crease

¢ the way of assessinghe operatingconditionsresult-
ing from thegeneratiordecreasen CMs

e in the emegeny mode,the generationdecreasen
CMsis oftenmadestepwisdsheddingliscretegener
ation quantitiesby disconnectinginits, asis the case
for hydro power plants);in the preventive modethe
generatiordecreasenaybe continuous

e a priori, the total amountof generatiorwhich must
be removed from CMs to stabilizean unstablecase
is expectedo besignificantlylargerin theemegeny
modethanin thepreventive one. Thisis mainlydueto
thedelayin applyingthecontrol. Figure6 in Sectiord
illustratesthis aspect.

All thesedifferencesarediscussedelon andillustrated
in Sectiord.
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Figure4. Principleof theiterative controlprocedure

8This conditioncannotbe metalways,though.

3.2 Preventive control

Preventive controlrelieson theiterative procedurenen-
tionedin § 3.1 andillustratedin Fig.4. Notethat,asal-
readymentionedjn the preventve modethe generation
decreasen CMs mustbe compensatedy an (almost)
equalgeneratiorincreaseon NMs. This leavesmary de-
greesof freedomin the way of distributing the power
decreasen CMs, and of reporting (almost) equivalent
increaseon NMs. Generally SIME takes careof CMs’
reschedulingwhile an OPF programmay take care of
NMs reschedulind5,6]. This allows meetingdifferent
objective functionssuchastransienstability-constrained
congestiormanagemenir ATC calculations.Ref.[13]
elaborate®n suchissues.

Table 1 illustratesthe closed-looppreventive control on
the caseconsideredn Sectiond4 anddescribedn Fig. 1.
The iterative procedurestartswith an unstable(normal-
ized) magin 7y = —1.044 ; it correspondgo a to-
tal CMs’ generatiorof 24,623 MW. After reducingthis
powverby 3% (AP, = —739; P,; = 23,8384 MW),
a power flow is performed,followed by a stability run
which yields a positve magin (n; = 1.072) . Linear
interpolationof 7,1 yields P.rim = 24,258 MW .
The simulationmay be stoppedor pursued,depending
uponthe accurag sought. Note that the actualvalueis
of 24,183MW. Thus, accordingto the above computa-
tion, to stabilizetheconsidereaontingenyg scenariothe
CMs generatiormustbe decreasedby 365 (actually by
440) MW, i.e., by about1.5% (1.8%). Note that the
above stabilizationhasbeenobtainedby decreasinghe
power of the 7 most advancedCMs, proportionallyto
their inertia. (Rememberthereare32 CMs, seedescrip-
tion of § 2.1,andSection4.) Other additionalstabiliza-
tion patternsareconsideredn Section4, yielding coun-
termeasures.

Tablel. Closed-looppreventive control

1 2 3 4 5 6 7
Iter. n/M Nr of P APCk Pck+1 tobs
Nr |(rad./sf | CMs| (MW) |(MW) | (MW) | (ms)
0 | -1.044| 32 |24,623 -739 (23,884 635
1 1.072| 32 (23,884 Int. |24,2585,000

3.3 Emergencycontrol
3.3.1 Generalconsiderations

For unstablescenariosand correspondingiegative mar
gins,thequestionof concerris: which correctve actions
shouldbetakento satisactorily stabilizethe systent?

To answerthis question first rememberthat a negative



margin meansthat the deceleratingareain the P, — 4§
planeis notlargeenough.

Further obsene that thereis always an additionaltime
delay t4 , beforeactuallytriggeringthecorrectiveaction;
it correspond#o the sumof threeterms,viz.:

e the time needed to receve the real-time

measurements
o thetimeto transmitthe orderto the power plant(s),
¢ thetimeto applythecorrectie action®

Obserethatthelongerthetime delay thelargerthe size
of the corrective action (amountof generatiorpower to
beshed).Thisis corroboratedy Fig.6 in Sectior4.

Existenceof this delaymakesalsomoredifficult the han-
dling of real-timemeasurementshendesigningcontrol

actions. Indeed,for a periodof t4 s afterthe correctve

actionhasbeentaken, the incomingmeasurementsefer
to the uncontrolledsystem,while what actually matters
is the behaiour of the controlledsystem. This issueis

addressebelow.

3.3.2 Generationsheddingassessment

In the particularcaseof generatiorsheddingthe gener

atorsto be shedarechoseramongthe critical ones.The
concernis to appraisethe amountof generationto be
shed. Subsequentlyi.e. afterthe correspondingontrol
orderhasbeensentto the generatoplant, it is important
to continuerefiningthe assessmentisingnew real-time
measurementd.he purposes to assessvhetherthegen-
erationsheddingalreadyassessei indeedsufficient or,

otherwise how muchadditionalgeneratiorto shed.Ob-

viously, becausef the transmissiordelays,one should
anticipatethe changesntroducedby the control, based
oninformationgatheredgrior to this control.

To determinehow mary generatorso shed,Ref.[8] pro-
posesan approximatve expressionof the “controlled”
maugin in termsof the numberof generatorsshedand
solvesfor thelattersoasto yield a positive magin.

Thepredictionrelieson the following assumptions:

— the mechanicabower of the individual machinesis
not affectedby the generationshedding,during the
shorttime frameconsidered

— the remainingmachineswill take over the electrical
power initially generated;this amountsto neglect-
ing theincreasan the equivalenttransientandtrans-
formerreactanceghusleadingto optimisticerrors;if

7sincemeasurementsoncerninghesystemattime ¢; arereceved
with somedelay
8All inall, t; couldbeaboutl50ms.

thenumberof generatorshedis smallwith respecto
the total numberin operationandif the transmission
linesarelong, this approximatiorerrorwill however
benggligible.

Thus,the “indirect” procedurdor determiningthe num-
berof generatorso shedconsistof computingthe“con-
trolled mamgin” for decreasingiumbersof generatorsn
thecontrolledsystem.

Anotherpossibility is provided by a direct computation,
also proposedin [8]; this alsorelies on acceptableas-
sumptionswhich, however, underestimat¢he benefitof

thecontrolaction.

Whetherdirect or indirect, the closed-loopemegeng
control,andmoregenerallytheemegeny SIME follows
the patterndescribedelow.

1. OMIB identification
2. Predictionof the P,— & curve
3. Computatiorof §,
4. Computatiorof 7.
Theabove 4 stepsaredescribedn § 2.3.2.
5. Assessmentf thenumberof generatorso shed
6. Checkingtheaccuray of n : repeatbove stepq1) to

(4) for successie t;’'sto checkwhetherthe succes-
sive 1 valuescorvergeto a constantasthey should
(seeRemarkof § 2.3.2)or to continuefurther

7. Checkingthe effectivenessof the correctve action:
similarly, repeatstep5 with refreshedbarameteral-
uesto assessvhetherthe generatiorsheddinghasin-
deedstabilizedenoughthe power systemor whether
to shedmore.

4 SIMULATIONS

4.1 Simulationsdescription

ThesimulationsareperformedntheEPRItestsystentC,
having 434 buses2357linesand88 machinegof which
14 aremodelledin detail)[9]. Theconsideredasecase
hasatotal generatiorof 350,749MW.

The contingenyg consideredn both the preventive and
theemegeng approachess a3-¢ short-circuitappliedat
bus#15 (500kV); it is clearedlO0Omsafterits inception,
(te = 100) by openingtheline 1-15.

In the preventve mode, SIME is coupled with the
ETMSP program[14]. This programis alsousedin the
emegeng mode,in orderto createartificially real-time
measurementssince suchmeasurementare not avail-
able.



4.2 Preventive SIME

Part of the simulationresultshave alreadybeenreported
in previous sections2.1, 3.2. They are collectedbelow,
togethemith additionalones.

Simulation conditions: ¢, = 0 (contingeny incep-
tion); t. = 100 ms;

Simulation resultsof the preventive TSA: ¢, = 635ms
(seeFig.1a);ny = —1.044 (rad/s¥ ;

Simulation resultsof the preventive control: number
of CMs: 32; of them,7 aresignificantlymoreadvanced
thantheremaining25 ones,with respecto the groupof

NMs : theangulardistanceof the formeris 32° vs 3.8

for the latter (see§ 2.1); total power generatedby the
CMs: P, = 24,623 MW .

To stabilizethis scenarioyvariouspatternsmay be con-
sidered,dependingon the way of reportingon CMs the
power decrease 6 differentpatternsare consideredoe-
low. Theiriterative procedurehasthe commonstart,in-
dicatedin Table 1, whichis AP,y = —0.03P, =
—739 MW . Thesepatternsalongwith the correspond-
ing total power decreaseon CMs are summarizedas
follows?

e Powerdecreasenthe7 moreadvancedCMs,propor
tionallyto theirinertia. Assessetly SIME afterl iter-
ation: 365MW (seeTablel); actualvalue: 440MW.

e Powerdecreasenthe7 moreadvancedCMs, equally
reportedonthesemachines440MW.

e Paverdecreasenthe32 CMs proportionallyto their
inertias:980MW.

e Pawverdecreasen the 32 CMs, proportionallyto the
product d; x M; : 705MW. 10

e Power decreas®n thefirst moreadvancedCM (ma-
chine1877):430MW.

Notethatwheneer possiblethe correspondingowerin-
crease®n NMs is equallyreportedon NMs.

Obsene the existenceof significantdifferencef theto-
tal power decreasef variouspatterns.Obsenre alsothe
mary possibilitiessuggestedn the choice of machines
to control, and the correspondingpossibilitiesfor per
forming transientstability-constrainedongestionrman-
agementATC calculationsandthelike.

9A detailedaccounbf patternof pover systemdistribution onCMs
is given in the companionpaper[13]. Note thatthe contingenyg sce-
nariousedherediffers slightly from thatof contingeng 1 usedin [13];
contingeng clearingtime: 95 msvs 100 ms; contingeng clearance
by trippingline 5-15vsline 1-15.
104, denotesheangulardistanceof thei-th CM with respecto the
mostadwanced\M, and M; its inertiacoeficient.

4.3 EmergencySIME

The simulationsof the predictive TSA are displayedin
Fig.2b. On the otherhand, Table2 summarizeghe re-
sultsof both predictive TSA andclosed-loopemegeny
control.

Simulation conditions: ¢, = 0 (contingeny in-
ception); t. = 100ms; first setof data: acquiredat
ty = 135 ms; rateof dataacquisition: At = 20 ms.

Simulation resultsof the predictive TSA : the predic-
tive TSA computationsstartat ¢; = 135 + 2 x 20 =
175ms (rememberthree measuremensetsare neces-
saryfor runningthepredictve TSA (§ 2.3.2)).

Table2. Closed-loopemepgeng control
1 2 3 4 5

ti | Ou | tu | n/M | n/M after
(ms)| (rad.)| (ms)| (rad/sec}| shedding
375(1.094 788| -0.60
395|0.922 676| -0.81
Corrective decisionis taken (3 unitsshed
415|0.850 631| -0.88 0.271
435|0.822 614| -0.91 0.115
455|0.813 610| -0.91 0.092
475|0.820 617| -0.91 0.113
495|0.826/ 622| -0.90 0.151
515|0.836( 631| -0.90 0.234
535|0.850 642| -0.89 0.347
555|0.858/ 649| -0.89 0.376
Correctie actionis applied
575|0.861f 652| -0.89 0.352
595|0.860 652| -0.89 0.361
615|0.859 651| -0.89 0.373
635|0.861| 652| -0.89 0.384

At the beginning (175msup to 375ms), the simulations
do not provide a clearprediction(identificationof CMs
andcorrespondingnamgin): it seemsasthoughthe sys-
temis notgoingto losesynchronismButat ¢; = 375 ms
(i.e., ty + 13 At) thefirst unstablemamgin appearslong
with thecorrespondingroupof CMs: this groupis com-
posedof 33 machinespf which the 32 arethoseidenti-
fied by the Preventive SIME. Table2 summarizeshese-
guenceof eventsfrom 375msonwards.Obsene thatthe
predictedimeto instabilityis quiteshort:around670ms,
at t; = 395ms, i.e.,lessthan300mslater Thisiswhy a
correctve actionis decidedbeforewaiting for themamgin
to corvergeto a constanvalue,whichis (nearly)reached
at ¢; = 435ms.

Figure 2b illustratesthe above descriptionsjt alsosug-
geststhat:
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Figureb.

o thereisnomaminbeforet; = 375 ms(= ty + 12 At)

o thepredictionstartsbeingreliablearound435ms (=
t;+14 At) ; indeedthe P,— curvedravnat435ms
is foundto coincidewith the “exact” curve, obtained
by the preventive SIME.

It is interestingto compareresultsof the preventive and
predictve TSA:

e thetime to instability, ¢, , is foundto be of 635ms
by the preventive SIME, whereaghe predictive TSA
yields values varying between788ms (at ¢; =
375ms) and614ms(at t; = 435 ms);

e the normalizedmamin is found to be of —1.044
(rad/s§ by the preventive TSA, whereaghe predic-
tive TSA underestimatet slightly (around—0.9 by
thepredictve TSA).

Simulation resultsof the emergencycontrol: because
of theproximity to instability, it is decidedo take control
actionquiteearly(at ¢t; = 415 ms). Thetypeof actionis
sheddingCMs; thesizeof thisaction,assessedccording
to § 3.3, is found to be the 3 units amongthe 7 more
adwancedones correspondingo 2,463MW.!!

Table2 summarizeshesequencef theevents.

e Let us first focus on columns2 to 4 which refer to
the monitoring of the system,relying on the incoming
measurementat the rate of 20ms: rows t; = 415 to
555ms correspondo the measurementsf the uncon-
trolled systemthey suggesthatthepredictedossof syn-
chronismreachegoodaccurayg (themamgin valuestabi-
lizesaround—0.90 (rad/s¥) andthatit is imminent: the
t, valuestabilizesaround640ms. At ¢; = 575ms, i.e.

11 Themachineshedare1875(835MW), 1771(793MW) and1877
(835MW).

160msafterthecontroldecisionhasbeentaken,thecon-
trol (generatorsshedding)s actuallytriggered. But for
3 additionalsamplesupto t; = 635 ms, theincoming
measurementstill refer to the uncontrolledsystemdue
to thecommunicationslelay(supposedo be of 50ms).

e Considemow column5 of thetablewhichrefersto the
controlledsystem,i.e. to the systemevolution afterthe
sheddingof 3 units. They areall predictedresults:rows
correspondindgo t¢; = 415 upto 555ms) predictthe
systemevolution aswill be after the control triggering,
whereagsow t; = 575 ms assessethe systemevolution
afterthecontroltriggering.

Obsenre thatthe negative mamgin of column4 stabilizes
to a moreconstantvaluethanthe positve mamgin of col-

umn 5; this is dueto the fact that the negative mamgin

relieson acorrectexpressioneq.(2) or (4)), whereaghe

positive mamin resultsfrom an approximateexpression
[4].

Figure5 describeghe sequencef the closed-loopcon-

trol events:the controldecisionis takenat ¢; = 415ms

(correspondingo anangleof about0.57rad),relying on

stability conditionswherethe numberof CMsis 33. The

controlstartsactingat ¢; = 555 ms. It is sufficientto sta-
bilize thesystem the P, —§ curveexperiencesreturn
angleof about0.93rad;it correspond$o ¢, = 975 ms.

APC
(MW
1100
1000
900,
800,
700,
600,

500,

te(d)

Figure6.

4.4 Variation of control sizevs control time

It wassuggesteearlierthatthe total generatiorchange
(decreasepn CMs, AP, , necessaryo stabilizea sys-
tem subjectto a contingengy, is likely to dependon the
“time to control”, t. , i.e. thetime elapsedetweenhe
contingeny inceptionandthe actualcontrolaction?

12 An interestingdiscussioron preventive vs correctve countermea-
surescanbefoundin [15]



The AP, vst. curve hasbeencomputedon the contin-
geng scenaricconsideredn this section:firstin thepre-
ventive mode(onevalue),thenin the emegeny mode,
wheresimulationsare performedevery 10ms (totalling
60simulations).Theresultingcurveis displayedn Fig.6
andcommentedbelow.

e All AP, valuesareobtainedby distributing equally
thegeneratiordecreasenthe7 moreadvancedCMs.
Notethatthetime-domainprogramdecreasepropor
tionally thesemachines'inertia coeficientsand syn-
chronousreactancesTheresulting AP, valuesare
thusslightly overestimated.This, however, doesnot
changehegeneratrendof thecurwe.

e The AP, of thepreventive modeis givenat ¢, = 0
andequals399MW; actuallyit wascomputedabout
15searlier in orderto avoid thattransientspoilsthe
result.

5 CONCLUSION

This paperhasconsiderecandcomparedwo approaches
totransienstability control: thePreventveandtheEmer
geny SIMEs. They both processnformationaboutthe
multimachingpowersystento getanone-machinequi-
alent,andthusto compressnformationandextractsyn-
thetictransientstability assessmemtndandcontrol. But
while thePreventive SIME usegime-domairsimulations
of contingenciegrior to theiroccurrenceto appraiseor-
respondingpreventive countermeasureshe Emegeny
SIME usesreal-timemeasurement®llowing the actual
occurrencef acontingeny, to appraizecorrectve coun-
termeasuremdispensabldor the systemintegrity. The
size of countermeasures significantlymore important
for the correctve, emegeny modethanfor the preven-
tivemode;but preventiveactionsmightbeconsideredoo
costly giventhe generallylow probability of contingen-
cies’ occurrence.A goodtradeof might be found from
the combinationof the two typesof actions. In terms
of feasibility, the Preventive SIME is now sufficiently
maturefor its on-line application. On the other hand,
theEmegeny SIME, reliesontechnologicathallenges,
which however, areaboutto be overcome.
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